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Detergent-resistant membranes (DRMs) are a class of specialized microdomains that compartmentalize
several signal transduction processes. In this work, DRMs were isolated from cerebral cortex synaptic
endings (Syn) on the basis of their relative insolubility in cold Triton X-100 (1%). The lipid composition and
marker protein content were analyzed in DRMs obtained from adult and aged animals. Both DRM
preparations were enriched in Caveolin, Flotillin-1 and c-Src and also presented significantly higher
sphingomyelin (SM) and cholesterol content than purified Syn. Total phospholipid-fatty acid composition
presented an increase in 16:0 (35%), and a decrease in 20:4n-6 (67%) and 22:6n-3 (68%) content in DRM
from adults when compared to entire synaptic endings. A more dramatic decrease was observed in the
20:4n-6 and 22:6n-3 content in DRMs from aged animals (80%) with respect to the results found in adults.
The coexistence of phosphatidylcholine-specific-phospholipase C (PC-PLC) and phospholipase D (PLD) in
Syn was previously reported. The presence of these signaling pathways was also investigated in DRMs
isolated from adult and aged rats. Both PC-PLC and PLD pathways generate the lipid messenger
diacylglycerol (DAG) by catalyzing PC hydrolysis. PC-PLC and PLD1 localization were increased in the
DRM fraction. The increase in DAG generation (60%) in the presence of ethanol, confirmed that PC-PLC was
also activated when compartmentalized in DRMs. Conversely, PLD2 was excluded from the DRM fraction.
Our results show an age-related differential fatty acid composition and a selective localization of PC-derived
signaling in synaptic DRMs obtained from adult and aged rats.
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1. Introduction

Membrane rafts are small (10–200 nm), heterogeneous, sterol-
and sphingolipid-enriched domains. Although enrichment in choles-
terol (Chol) and sphingolipids is the main characteristic of membrane
rafts, they also contain specific subpopulations of membrane pro-
teins often being enriched in glycophosphoinositol-linked proteins
(GPI-proteins), specific tyrosine kinases, heterotrimeric G-proteins,
cholesterol-linked and palmitoylated proteins [1–3]. Membrane rafts
compartmentalize important cellular processes such as cell adhesion
and endocytosis and have been proposed as signal transduction
platforms and as key regulators of several signaling pathways [3–5].

One of the first methods originally used for the study of these
domainswas based on their insolubility in non-ionic detergent such as
TritonX-100 [6]. These detergent-resistantmembranes (DRMs) can be
isolated from most mammalian cells. DRMs, like membrane rafts, are
also rich in Chol and sphingolipids and are in the liquid-ordered phase.
Moreover, the tight acyl chain packing and the enrichment in
sphingomyelin (SM) and Chol are probably responsible for their
detergent insolubility [7,8]. In spite of the existence of detergent-free
methods andmodernmicroscopy techniques, isolation of DRMs is still
one of themostwidely usedmethods for studying certain properties of
membrane rafts. Certainly there remains a large degree of controversy
surrounding the purity, the physiological importance, and even the
existence of DRM in intact cells [9]. It is also possible that DRM
preparations do not reflect the exact composition of the membrane
rafts in intact cells, however, the purification of such domains has led
to significant progress in understanding the functional architecture of
biological membranes and in the dissection of signal transduction
pathways [10].

DRM localization of phosphatidylinositol 4,5-bisphosphate (PIP2)-
metabolizing enzymes, several isoforms of PIP2 specific phospholipase
C (PLC), as well as phospholipase D (PLD) suggests a specific role of
these specialized microdomains in lipid signaling [11–16].

Lipid messengers are generated by the concerted action of
phospholipases and lipid kinases on membrane phospholipids.
Phosphatidylcholine (PC), the most abundant glycerophospholipid in
themembrane, plays a key role in cellular signaling since it is themain
substrate for several signaling enzymes such as: PLD, phospholipase C
(PC-PLC) and PLA2 [17–19]. Phosphatidic acid (PA) generated by PLD
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can be further hydrolyzed by lipid phosphate phosphatases (LPPs) to
generate the lipid second messenger diacylglycerol (DAG). Besides,
DAG derived from PC can be generated by PC-PLC action. The wave of
DAG elicited from PC hydrolysis is generated more slowly than that
reported for PIP2-PLC activity and it occurs without elevation of
intracellular Ca2+.

The coexistence of PLD and PC-PLC pathways has already been
reported in cerebral cortex synaptic endings specific, sites heavily
concentrated in signaling molecules [20]. Moreover, the synaptic
endings appear to be the first target of neuronal damage in several
neurodegenerative disorders. In this sense, the identification and
characterization of signaling pathways have gained priority in order
to understand how synaptic signaling operates both under normal
and/or pathological conditions. We have also reported the activation
of synaptic PLD and PC-PLC pathways under oxidative stress condi-
tions and a differential regulation of PLD during aging [21–23].

In this work, we characterized the lipid and protein composition of
synaptic endings and of DRMs obtained from cerebral cortex synaptic
endings isolated from adult (4 month old) and aged (28 month old)
rats. We also described for the first time the presence and the dif-
ferential localization of PC-derived signaling pathways (PC-PLC and
PLD) in these specialized microdomains.

2. Materials and methods

Wistar-strain adult (4 months old) and aged (28 months old) rats
were kept under constant environmental conditions and fed on a
standard pellet diet ad libitum until decapitation.

1-[14C]palmitoyl-2-[14C]palmitoyl-sn-glycero-3-phosphocholine
([14C]-DPPC) (111 mCi/mmol), was purchased from New England
Nuclear-Dupont, Boston,MA,USA. Preblendeddryfluor 2a70 (98%PPO
and 2% bis–MSB) was obtained from Research Products International
Corp., USA. Triton X-100 (octyl phenoxy polyethoxyethanol), GTPγS
(Guanosine 5′-[gamma-thio]triphosphate) and DL-propranolol were
obtained from Sigma-Aldrich St. Louis, MO, USA. The kit (Colestat
enzimático AA) for measuring cholesterol was from Wiener laborato-
ry, Rosario, Argentina. The kit for measuring protein content (DC
protein assay) was from Bio-Rad Life Science group. Rabbit polyclonal
anti-Caveolin 1 antibody was from BD Biosciences, rabbit polyclonal
anti-PLD1 antibodywas fromCell Signaling,mousemonoclonal anti-c-
Src antibody, polyclonal anti-Flotillin-1 antibody, polyclonal horse
radish peroxidase (HRP)-conjugated goat anti-rabbit IgG and poly-
clonal HRP-conjugated goat anti-mouse IgG were purchased from
Santa Cruz Biotechnology, Inc. (Santa Cruz, CA, USA). Anti-PLD2 was a
kind gift fromDr. Raben, Johns Hopkins University School of Medicine,
Baltimore, USA. Rabbit polyclonal anti-PC-PLC antibody raised against
Bacillus cereus PC-PLC was generously provided by Dr. Goldfine,
University of Pennsylvania, Philadelphia, USA. All other chemicals
were of the highest purity available.

2.1. Preparation of synaptosomal fraction

Total homogenates were prepared from the cerebral cortex (CC) of
4 month old (adults) and 28 month old (aged) rats. Rats were killed
by decapitation and CC was immediately dissected (2–4 min after
decapitation). All proceedings were in accordance with Principles of
Use of Animals and Guide for the Care and Use of Laboratory Animals
(NIH regulation).

Synaptosomal fraction (Syn) was obtained as previously described
by Cotman with slight modifications [22,24]. Briefly, CC homogenate
(20%, w/v) was prepared in a medium containing 0.32 M sucrose,
1 mM EDTA, 10 mM HEPES buffer (pH 7.4) in the presence of 1 mM
DTT, 2 µg/ml leupeptin, 1 µg/ml aprotinin, 1 µg/ml pepstatin, and
0.1 mM PMSF. The cerebral cortex was homogenized by 10 strokes
with a Thomas tissue homogenizer. The homogenate was centrifuged
at 1800×g for 7.5 min at 4 °C using a JA-21 rotor in a Beckman J2-21
centrifuge. The pellet was discarded, and the supernatant was
retained and centrifuged at 14,000×g for 20 min at 4 °C. The resulting
pellet was washed and resuspended in 3 ml of 0.32 M sucrose isola-
tion buffer, layered over a discontinuous ficoll gradient (8.5% pH 7.4,
13% pH 7.4 ficoll solutions, each prepared in isolation buffer) and spun
at 85,500 g for 30 min at 4 °C using a SW 28.1 rotor in a Beckman
Optima LK-90 ultracentrifuge. Synaptosomes in the 8.5%–13% ficoll
interface were removed, resuspended in isolation buffer, and centri-
fuged at 33,000×g for 20 min at 4 °C using a JA-21 rotor in a Beckman
J2-21 centrifuge. For the experiments, synaptosomes were diluted in
Tris base buffer medium (TBM) containing: 120 mM NaCl, 5.0 mM
KCl, 1.0 mM MgCl2, 5 mM NaHCO3, 1.2 mM Na2HPO4, 10 mM glucose,
20 mM Tris (pH 7.2) and protein content was determined by a
previously published method [25] using the DC protein assay kit from
Bio-Rad.

2.2. Isolation of detergent-resistant membranes (DRMs)

The isolation of the DRM fraction from entire synaptosomes was
based on the procedure previously described by Brown and Rose and
by Molander-Melin et al. [6,26], with slight modifications to our
experimental system. Briefly, the synaptosomal pellet obtained from
3 CC was resuspended in 5 ml of iced-cold (0–4 °C) lysis buffer
consisting of 1% TritonX-100 in DRMbuffer (10 mMTris–HCl (pH 7.4),
70 mMNaCl, 2 mMMgCl2 and 0.5 mM EDTA) with protease inhibitors
added (1 mM DTT, 2 µg/ml leupeptin, 1 µg/ml aprotinin, 1 µg/ml
pepstatin, and 0.1 mM PMSF). The suspension was homogenized by
passing it through a 21 ga×1.5 in. needle 4–5 times and it was
incubated at 4 °C for 30 min. The homogenization was repeated after
15 min of incubation. Then, the homogenate was centrifuged at
1000×g for 15 min at 4 °C (2500 rpm, Beckman JA-21 rotor, Beckman
J2-21 centrifuge). The supernatant was diluted 1:1 in 80% (w/v)
sucrose, divided into two samples and placed at the bottom of
ultracentrifuge tubes. On top of this, 20 ml of 30% (w/v) sucrose were
layered, followed of 8 ml 5% (w/v) sucrose. All the sucrose solutions
were handled at 0–4 °C and diluted in the DRM buffer (without Triton
X-100) containing protease inhibitors (1 mM DTT, 2 µg/ml leupeptin,
1 µg/ml aprotinin, 1 µg/ml pepstatin, and 0.1 mM PMSF). Samples
were centrifuged for 20 h at 120,000×g (27,000 rpm, Beckman SW 28
rotor in a BeckmanOptima LK-90 ultracentrifuge) at 4 °C. A visible and
floating band (present in the 5–30% sucrose interface) was collected
and transferred to a new centrifuge tube, which was filled up with
DRM buffer and centrifuged for 1 h at 120,000×g. The pellet contain-
ing DRMs was resuspended in TBM buffer and protein content was
determined by a previously published method [25] using the DC
protein assay kit from Bio-Rad.

2.3. Determination of DAG generation from PC

PC hydrolysis was determined using lipid vesicles containing [14C]-
DPPC and cold DPPC to yield 100,000 dpmand 0.125 mMper assay in a
buffer containing 0.2% Triton X-100 and 0.1 M Tris (pH 7.2). 100 μl of
these lipid vesicles were added to 100 μl of Syn or DRMs (150 μg of
protein) in a final volume of 200 μl. The reaction was carried out at
37 °C for 20 min and stopped by the addition of 5 ml of chloroform:
methanol (2:1, v/v). Blanks were prepared identically, except that
membranes were boiled for 5 min before use. Lipids were extracted
and separated as described below [20,21]. To evaluate the contribution
of the PC-PLC and PLD pathways to total DAG formation, the enzyme
reaction was carried out under control conditions (vehicle) and in the
presence of 2% ethanol or 1.5 mM DL-propranolol [21,22,27].

2.4. Lipid separation

After the enzyme reaction lipids were extracted according to Folch
[28]. Briefly, the lipid extract was washed with 0.2 volumes of 0.05%
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CaCl2 and the lower phase was obtained after centrifugation at 900×g
for 5 min. Neutral lipids (NLs): monoacylglycerol (MAG), diacylgly-
cerol (DAG), and free fatty acid (FFA) were then separated by one-
dimensional thin-layer chromatography (TLC) using silica gel G plates
(Merck) in a mobile phase consisting of hexane: diethyl ether: acetic
acid (50:50:2.6, v/v). PC was retained at the spotting site. Lipids were
visualized by exposure of the plate to iodine vapors and DAG spots
were scraped off the plate and radioactivity was determined by liquid
scintillation as previously described [27].

To analyze the phospholipid (PLs) composition, total lipids from
synaptosomes and DRMs were extracted according to Bligh and Dyer
[29]. Total PLs were separated from NLs by one-dimensional TLC on
silica gel G plates using a mobile phase consisting of hexane: diethyl
ether: acetic acid (80:20:1, v/v). Individual PLs were separated by
two-dimensional TLC on silica gel H plates (Merck) using a mobile
phase consisting of chloroform: methanol: ammonia (65:25:5, v/v)
for the first dimension and chloroform: acetone: methanol: acetic
acid: water (30:40:10:10:4, v/v) for the second one, as previously
described by Rouser et al. [30].

To resolve and visualize neutral and polar lipids in the same plate,
a three-solvent method was performed. The first solvent system was
chloroform:methanol: ammonia (65:25:5, v/v) up to 3/4 of the plate,
then the plate was turned 90° and Chol and ceramide (CM) standards
were loaded in the other 1/4 of the plate. Then NLs were resolved
using hexane: diethyl ether: acetic acid (60:40:2.3, v/v). Then, the
plate was divided in two and a fragment of silica was removed to
prevent the third solvent system from dragging the NLs that were
already resolved. Finally, the third solvent system (chloroform:
acetone: methanol: acetic acid: water, 30:40:10:10:4, v/v) was used
to end the resolution of PLs.

2.5. Lipid phosphorus measurement

In order to determine lipid phosphorus (lipid P), PLs were
visualized by exposure of the plate to iodine vapors and lipid P was
determined in each spot (and previously in total lipid extracts) using
the chemicals and reactions described by Rouser et al. [30].

2.6. Cholesterol measurement

Total cholesterol content was measured in aliquots of the lipid
extracts corresponding to 5 µg lipid P, using a commercial kit (Colestat
enzimático AA) from Wiener laboratory. The aliquots were dried
under N2 gas and resuspended in 100 µl of isopropyl alcohol, and then
the manufacturer's instructions were followed. Briefly, the method is
based on a series of enzyme reactions: first cholesterol esterase
hydrolyzes cholesterol esters to cholesterol and FFA, then cholesterol
oxidase oxidizes cholesterol to cholesten-3-one plus H2O2 which
reacts with 4-aminophenazone to generate a red compound (quino-
nimine) that can be measured spectrophotometrically at 505 nm.

2.7. Fatty acid derivatization and gas–liquid chromatography (GLC)

To analyze the fatty acid composition, phospholipids were
separated as described above and visualized under UV light after
spraying the plates with an N2-driven solution of dichlorofluorescein
in methanol and spots were scraped off the plate. After visualization
with dichlorofluorescein, lipids were eluted by thoroughly mixing
this silica three times with chloroform: methanol: water (5:5:1, v/v)
and centrifuging the samples. The three eluates were pooled, mixed
with four volumes of water, and separated into phases, to recover the
lipids in the organic phase. The solvents used in the preparative and
analytical steps were HPLC-grade.

The fatty acid composition of the lipids was determined by GLC of
their fatty acid methyl ester (FAME) derivatives. The methyl esters
from the fatty acids esterified to glycerol were obtained by subjecting
aliquots from the total polar lipid fraction or the isolated phospho-
lipids to acid methanolysis, as described above (fatty acids that were
amide-bound to sphingolipids were excluded from this preparation).
The sphingolipid sphingomyelin was dried and treated (under N2)
with one volume of 0.5 N NaOH in anhydrous methanol at 50 °C for
10 min, to remove any potential lipid contaminant with ester-bound
fatty acids. After mild alkaline treatment, one volume of chloroform
and one volume of 0.5 N HCl were added, and the tubes were
centrifuged to recover the organic phases. These samples were rapidly
dried and the SM was separated once again by TLC using chloroform:
methanol: acetic acid: 0.15 M NaCl (20:10:3.2:1, v/v).

The phospholipids were converted to methyl esters by placing the
dry lipid samples overnight at 45 °C with one volume of 0.5 N H2SO4

in anhydrous methanol under N2 in Teflon-lined, screw-capped tubes
[31]. Methyl heneicosanoate was added as an internal standard for
quantitative analysis. Before GLC, all of the methyl ester samples were
purified by TLC using hexane: ethyl ether (95:5, v/v) on silica gel G
plates that had been previously washed with methanol: ethyl ether
(75:25, v/v). The methyl ester spots were located under UV light after
spraying with dichlorofluorescein, scraped into tubes, and recovered
into hexane after thoroughly mixing the silica support withmethanol:
water: hexane (1:1:1, v/v; three successive hexane extractions). The
combined hexane extractions were dried, the methyl esters were
dissolved, and aliquots of the methyl ester solutions were taken for
analysis. Nitrogen gas was used to protect the samples throughout the
procedures used and all the solvents used in the preparative and
analytical steps were HPLC-grade.

A Varian 3700 gas chromatograph equipped with two (2 m×2 m)
glass columns packed with 10% SP 2330 on Chromosorb WAW 100/
120 (Supelco Inc., Bellefonte, PA) was used. The column oven tem-
perature was programmed from 155 °C to 230 °C at a rate of 5 °C/min,
and then kept at this final temperature for about 30 min. The injector
and detector temperatures were set at 220 °C and 230 °C, respectively,
and N2 (30 ml/min) was the carrier gas. The fatty acid peaks were
detected with flame ionization detectors, operated in the dual-
differential mode, and quantified by electronic integration (using a
Varian workstation).

2.8. Sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) and Western blot (WB) assays

Samples were denatured with Laemmli sample buffer at 100 °C for
5 min [32]. Equivalent amounts of synaptosomal and DRM proteins
(25 µg) from adult and aged animals were separated by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) on
10% polyacrylamide gels and then transferred to polyvinylidene
fluoride (PVDF) membranes (Millipore, Bedford, MA) which were
blocked with 5% non-fat dry milk in TTBS buffer [20 mM Tris–HCl
(pH 7.4), 100 mM NaCl and 0.1% (w/v) Tween 20] for 2 h at room
temperature (Salvador et al., 2005). Membranes were then incubated
with primary antibodies [anti-Caveolin 1 (1:1000) for 2 h at room
temperature, anti-c-Src (1:1000) overnight at 4 °C, anti-Flotillin-1
(1:500) 2 h at room temperature, anti-PLD1 (1:300) overnight at 4 °C
and anti-PLD2 (1:300) overnight at 4 °C, anti-PC-PLC (1:100) over-
night at 4 °C], washed three times with TTBS and then exposed to the
appropriate HRP-conjugated secondary antibody (anti-rabbit or anti-
mouse) for 2 h at room temperature. Membranes were washed again
three times with TTBS and immunoreactive bands were detected by
enhanced chemiluminescence (ECL, Amersham Biosciences) using
standard X-ray film (Kodak X-Omat AR).

2.9. Detection of GM1 ganglioside

GM1 was detected by Slot Blot. Briefly, synaptosomal and DRM
proteins (3 µg) were transferred to a nitrocellulose membrane using
the Bio-Dot SF (Bio-Rad). The membrane was then incubated with
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cholera toxin subunit B-HRP-conjugated (CTB-HRP, Sigma-Aldrich)
for 1 h at room temperature using a 1:30,000 dilution. The GM1-CTB
specific union was detected by enhanced chemiluminescence.

2.10. Detection of PC-PLC by Dot Blot assay

Equivalent amounts of synaptosomal and DRM proteins (2 µg)
from adult and aged animals were transferred to a nitrocellulose
membrane. The membrane was blocked and incubated with anti-PC-
PLC antibody (1:100) for 2 h at room temperature. Then the mem-
brane was incubated with the secondary antibody for 1 h at room
temperature and immunoreactive spots were detected by enhanced
chemiluminescence.

2.11. Statistical analysis

Statistical analysis was performed using two-way ANOVA followed
by Bonferroni's test to compare means. p-values less than 0.05 were
considered statistically significant.

3. Results

3.1. Characterization of DRMs isolated from cerebral cortex synaptic
endings from adult and aged rats

DRMs can be isolated frommembranes of different tissues and cell
types mainly based on their detergent insolubility at low temperature
and low buoyant density upon discontinuous sucrose density gradient
centrifugation. We isolated DRMs from entire synaptic endings
obtained from the individual cerebral cortex of 4 and 28 month old
Wistar rats using 1% Triton X-100 at 4 °C [6,26]. After 20 h of centri-
fugation at 120,000×g, a visible band appeared in the interface of 5%
and 30% sucrose. This band was named DRM and it was collected for
the determination of lipid and protein content. Data obtained from
DRMs were analyzed and compared to those obtained from whole
synaptosomes, from adult as well as from aged rats.

Quantification of the DRMmarker cholesterol show an enrichment
of approx. 35% in this lipid in DRM membranes with respect to the
values obtained from synaptic endings. Cholesterol content did not
change when compared in DRMs from adult and aged animals
(Fig. 1A). DRMs from adult and aged animals were also enriched in SM
content by 120% and 66%, respectively (Fig. 1B). It is noticeable that
SM content in Syn and DRMs obtained from aged rats was 79% and
36% higher than in Syn and DRMs from adults, respectively. The other
raft lipid marker GM1 ganglioside was also studied by Slot blot
experiments. However, there were no significant differences in GM1
content between Syn and DRM preparations (Fig 1E). DRMs are con-
sidered specialized domains rich in phospholipids (PLs) with a
predominant saturated fatty acyl composition. Phospholipid/protein
ratio was increased more than 3 times in DRMs with respect to Syn.
This enrichment in PLs content was similar in adult and aged animals
(Fig. 1C).

SDS-PAGE analysis of DRMs and Syn showed a differential protein
profile. Proteins with a molecular weight of approximately 90, 60 and
20 kDa were absent in the DRM fraction, whereas 40 and 30 kDa
proteins turned out to be more concentrated in the same fraction
(Fig. 1D). Specific marker proteins for DRMs differ from cell to cell,
however, most of Src-family tyrosine kinases are associated with
DRMs.Using amonoclonal antibody against c-Src, a single 60 kDaband
both in Syn andDRMpreparationswas detected byWestern blot. c-Src
was highly concentrated in the DRM fractions with respect to Syn. No
differences in c-Src localization were observed when comparing adult
versus aged animals (Fig. 1E). Additionally, Caveolin p21 (a specific
marker for a subset of specialized microdomains) and Flotillin-1 were
also enriched inDRMs fromadult and aged rats (Fig. 1E). Flotillin-1 and
2 (originally discovered in neurons during axon regeneration) were
independently identified as markers of membrane rafts in flotation
assays [33–35]. In order to control the amount of protein loaded in
each sample, membranes were stained with 0.5% Ponceau S in 1%
acetic acid before the incubation with the primary antibodies.

3.2. Phospholipid composition of Syn and DRMs from adult and aged rats

TLC separation of total lipids from Syn and DRM fractions was
performed using a three-solvent method as described in Section 2.
Fig. 2A and B showed visible differences in the phospholipid profile
between the two fractions. PC and SM spots were more stained in
the DRM fraction. A spot with a Rf similar to that of ceramide (CM)
standard was not detected in Syn fraction, but it was visualized in the
DRM fraction (Fig. 2A and B, indicated with arrows).

Quantitative analysis of individual phospholipids scraped off the
plate was performed by measuring lipid phosphorus (lipid P) as
described by Rouser et al., [30]. Distribution of phospholipid classes in
Syn and DRMs obtained from adult and aged rats is shown in Fig. 2C
and D, respectively. PC and phosphatidylethanolamine (PE) were the
major phospholipids in the Syn fraction. They represented 42% and
40% of the total Syn PLs, respectively. As minoritary PLs: phosphati-
dylserine (PS), SM, phosphatidylinositol (PI) and PA represented
10; 2,2; 1,6 and less than 0,5% of total PLs, respectively (Fig. 2C).
No significant differences were observed in the percentage phospho-
lipid distribution of Syn obtained from aged rats when compared with
adults, except for SM, which was 80% higher in Syn from aged rats
than that from adults (Fig. 2C and D).

Relative to Syn, DRM fractionwas enriched in PC (by 28%) whereas
PE and PS levels diminished (by approx. 25%) in adult rats.
Phospholipid distribution in DRMs from aged animals did not show
significant differences with respect to that observed in adults, except
for SM content as previously mentioned (Fig. 1B). Regarding the
parent Syn fraction, the DRM fraction had a higher PC/PE ratio (1.5
versus 1) both in adult and aged animals. DRMs from aged animals
registered the highest SM/PC ratio value, (0.12) with respect to DRMs
from adults (0.08) and entire Syn (0.05 and 0.09, respectively). This
quantitative analysis confirmed the differences observed in the TLC
plates between Syn and DRMs.

3.3. Phospholipids fatty acyl composition in Syn and DRMs obtained
from adult rats

The fatty acid content of total PLs and of individual phospholipids
in Syn and DRMs obtained from adult rat cerebral cortex are
compared in Fig. 3. Total phospholipid-fatty acid composition from
DMRs showed an increase in the saturated fatty acid, 16:0 (35%), and a
decrease in the polyunsaturated fatty acids (PUFA), 20:4n-6, 22:4n-6
and 22:6n-3 content by 67%, 60% and 68%, respectively with respect to
isolated Syn (Fig. 3A). The increase in 16:0 content and the dramatic
decrease in PUFA were reflected in the fatty acyl composition of PC
(Fig. 3B).

PE and PS from DRMs did not show any significant change in their
fatty acyl composition when compared with Syn (Fig. 3C and D). SM
showed an increase in 18:0 (19%) and 20:0 (27%) and a decrease in
16:0 (59%) (Fig. 3E), while PI only showed a decrease in 18:1 content
(23%) with respect to Syn (Fig. 3F).

3.4. Phospholipid-fatty acid composition in Syn and DRMs obtained from
aged rats

Fig. 4 shows the fatty acid content of total and individual
phospholipids in Syn and DRMs obtained from aged rat cerebral
cortex. Relative to Syn, DRM PLs from aged animals were enriched in
16:0 (34%) and showed a significant decrease (80%) in the content of
20:4n-6 and 22:6n-3 (Fig. 4A). The decrease in PUFA content observed
in the total phospholipid fraction from DRMs was reflected in PC fatty



Fig. 1. Characterization of DRMs isolated from synaptic endings from adult and aged rat cerebral cortex. DRMs were obtained from isolated CC Syn from adult and aged rats by their
relative insolubility in cold Triton X-100. Total lipids from Syn and DRMs were extracted according to Bligh and Dyer [29]. (A) Cholesterol content in Syn and DRMs: total cholesterol
was measured in aliquots of the lipid extracts corresponding to 5 µg lipid phosphorus using an enzymatic method. Results are expressed as µg Chol/µg lipid P. (B) SM content in Syn
and DRMs: SM was isolated from other phospholipids by two-dimensional TLC and quantified by determining the lipid P. Results are expressed as nmol/100 µg lipid P. (C) µmol of
PLs per µg of protein ratio in Syn and DRMs. (D) Protein profile from Syn and DRMs: Syn and DRM proteins (25 µg) were resolved by SDS-PAGE on a 10% gel. Proteins were visualized
by Coomassie blue staining. Numbers to the left indicate the molecular weights of commercial standards. (E) Caveolin, c-Src, Flotillin-1 and GM1 content in Syn and DRMs: to
evaluate Caveolin, c-Src and Flotillin-1 presence, Syn and DRM proteins (25 µg) were resolved in a 10% SDS-PAGE and transferred to a PDVF membrane. Membranes were blocked,
incubated with primary and secondary antibodies as detailed in Section 2. Immunoreactive bands were detected by enhanced chemiluminescence. Numbers to the right indicate
molecular weights. GM1 content was evaluated by Slot blot: 3 µg of Syn and DRM proteins were transferred to a nitrocellulose membrane which was then incubated with CTB-HRP.
For A, B and C: data represent the mean value±SD of at least three independent experiments using a pool of three animals on each occasion. Results from Syn and DRMs were
compared each experiment was performed three times in duplicate, using a pool of three animals on each occasion (***p<0.001; **p<0.01). For D and E: data shown is a
representative result of three independent experiments. Detailed descriptions are found in the Section 2.
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acyl composition where 20:4n-6 and 22:6n-3 diminished by 64% and
73% respectively (Fig. 4B). Moreover, SM was enriched in 18:0 and
20:0 in the DRM fraction (Fig. 4E). PI fatty acyl composition from DRM
fraction presented also an increase in 16:0 content (46%) and a
decrease in 20:4n-6 by 64% (Fig. 4F). Similarly to the observations
made in adult animals, PE and PS did not show any difference in their
fatty acid composition between Syn and DRMs from aged rats (Fig. 4C
and D).



Fig. 2. Percentage phospholipid composition of Syn versus DRMs. Total lipids from Syn and DRMs from adult and aged rats were extracted as described in Fig. 1. Lipids
(corresponding to 15 µg lipid P) were separated by TLC using a three-solvent system, individual lipids were revealed with iodine vapors, scraped and quantified by determining the
lipid P of each spot. (A) TLC of Syn lipid extract. (B) TLC of DRM lipid extract. (C) Percentage phospholipid composition of Syn versus DRMs from adult animals. (D) Percentage
phospholipid composition of Syn versus DRMs from aged animals. Detailed descriptions are found in the Section 2. Data represent the mean value±SD of at least three independent
experiments using a pool of three animals on each occasion. Results from Syn and DRMs were compared (***p<0.001; **p<0.01).
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3.5. Age-associated changes in phospholipid-fatty acyl composition of
Syn and DRMs

Tables 1 and 2 show the detailed fatty acyl composition from total
and individual PLs in Syn and DRMs obtained from adult and aged rats.
Compared to adults, Syn from aged animals presented a dramatic
decrease in 20:4n-6 and 22:6n-3. In the total PL fraction from Syn
20:4n-6 content diminished by 54% whereas 22:6n-3 decreased by
62%. These changes were reflected in the PUFA content and the
unsaturation index (UI) that diminished by 58% and 50%, respectively
(Table 1). Compared to adults, the Syn PLs from aged animals that
presented the most dramatic diminution in the 22:6n-3 content were
PS, PC and PE (70%, 42% and 32%, respectively. See Tables 1 and 2). Syn
PI from aged animals presented themost striking diminution (by 50%)
in 20:4n-6 content when compared with the values found in adults.
PC and PE showed a minor but significant decrease in 20:4n-6 content
(31 and 21%, respectively) in aged Syn.

Regarding DRM fraction from aged animals, total phospholipids
presented a significant decrease in 20:4n-6 and 22:6n-3 when com-
pared to DRMs from adults (Table 1). These differences are also
reflected in the decrease of PUFA content and in the UI in DRMs from
aged rats (71 and 65%, respectively). With respect to adults, 18:1
content only decrease in the DRM fraction from aged animals while no
differences were seen in entire Syn (Table 1). The greatest difference
between DRMs from adult and aged animals was the 5-fold decrease
in 22:6n-3 in PS in DRMs from aged animals over DRMs from adults
(Table 2). Similar results were observed in PI 20:4n-6 content that
presented 4-fold decrease in DRM from aged over DRMs from adult
animals (Table 2). SM did not show any age-associated change in its
fatty acid composition, both in Syn as well as in DRMs.

3.6. Localization of PC- derived signaling pathways in DRMs and Syn

In order to study the localization of PC hydrolyzing enzymes WB
assays were performed in DRM and Syn obtained from adult and aged
animals. Fig. 5A shows that PLD1 isoform is highly enriched in DRM
from adult and aged rats when compared to isolated synaptic endings.
On the contrary, PLD2 is excluded from the DRM fraction from adults
as well as from aged rats (Fig. 5A).

Although the molecular structure of eukaryotic PC-PLC is still
lacking, it was demonstrated that antibodies prepared to Bacillus
cereus PC-PLC cross-react with a PC-PLC from mammalian cells



Fig. 3. Comparison of fatty acid composition of total and individual phospholipids between Syn and DRMs from adult rats. Total lipids from Syn and DRMs from adult rats were
extracted as described in Fig. 1. Phospholipids (corresponding to 50 µg lipid P) were separated, isolated and derivatised as described in Section 2. FAME derivatives were analyzed by
GLC. (A) Total PLs fatty acid composition. (B) PC fatty acid composition. (C) PE fatty acid composition. (D) PS fatty acid composition. (E) SM fatty acid composition. (F) PI fatty acid
composition. Detailed descriptions are found in the Section 2. Results are expressed as mol% and data represent the mean value±SD of at least three independent experiments using
a pool of three animals on each occasion. Results from Syn and DRMs were compared (***p<0.001; **p<0.01; *p<0.05).
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[20,36–38]. The detection of synaptosomal PC-PLC by Western blot
assay using a polyclonal antibody raised against the bacterial PC-PLC
showed two close bands corresponding to 66 kDa in Syn from adult
and aged rats (Fig. 5B). Clostridium perfringens PC-PLC (PC-PLCCp)
was used as a positive control for the antibody since the N-terminal
domain of this protein shows structural similarity to B. cereus PC-PLC
[39]. Dot blot assays showed that PC-PLC is also enriched in DRMs
from adult and aged animals with respect to synaptosomes (Fig. 5C).

3.7. DAG generation from PC in DRMs and Syn

We have previously reported that DAG generated from PC can be
produced by PLD and PC-PLC activities in synaptic endings [20,21].
As it has been extensively reported, in the presence of primary
alcohols PLD exclusively catalyzes a transphosphatidylation reaction
yielding phosphatidylalcohols instead of PA [40,41]. For this reason, to
study the contribution of synaptic PC-PLC and PLD pathways to DAG
generation, ethanol was included in the enzyme assays. Under these
experimental conditions, the generation of phosphatidylalcohols
blocks LPPs action and allows the measurement of DAG gener-
ation exclusively from PC-PLC activity [20,21]. Moreover, besides its
β-adrenergic antagonist effect, DL-propranolol is also able to inhibit
LPPs activity when it is used in high concentrations [17,42,43] (See the
schema in Fig. 6A).

Fig. 6B shows that in Syn from adult and aged rats, [14C]-DAG
formation from [14C]-DPPC was reduced by 35% when the enzyme
reaction was carried out in the presence of 2% ethanol. This result
demonstrates that in the synaptic endings about 35% of DAG
generated from PC is due to PLD/LPP pathway and 65% is due to PC-
PLC activity. A similar decrease was observed when Syn were
incubated with 1.5 mM DL-propranolol, confirming the contribution
of PLD/LPP pathway. Conversely, in the DRM fraction DAG formation



Fig. 4. Comparison of fatty acid composition of total and individual phospholipids between Syn and DRMs from aged rats. Total lipids from Syn and DRMs from aged rats were
extracted, treated and analyzed as described in Fig. 3. (A) Total PLs fatty acid composition. (B) PC fatty acid composition. (C) PE fatty acid composition. (D) PS fatty acid composition.
(E) SM fatty acid composition. (F) PI fatty acid composition. Detailed descriptions are found in the Section 2. Results are expressed asmol% and data represent themean value±SD of
at least three independent experiments using a pool of three animals on each occasion. Results from Syn and DRMs were compared (***p<0.001; **p<0.01; *p<0.05).
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did not decrease in the presence of ethanol, in spite of the enrichment
in PLD1 in the detergent-resistant fraction (Fig. 6C). Therefore, under
our experimental conditions, no PLD activity was detected in DRMs.
On the other hand, PC-PLC specific activity (measured as DAG genera-
tion in the presence of ethanol) was 76±20% and 45±16% higher in
DRMs compared to Syn from adult and aged rats, respectively
(Fig. 7A). It is important to note that no significant differences in
PC-PLC activity were observed between adults and aged animals, in
Syn as well as in the DRM fraction.

As it is well known, GTPγS stimulates PLD1 by activating small
G-proteins that can modulate the enzyme activity [44,45]. In this
regard, the presence of 100 µM GTPγS plus ethanol allowed us to
evaluate DAG generation under optimal PLD1 activity condi-
tions. Fig. 7B shows that in DRMs isolated from adult rats [14C]-DAG
levelswere notmodified in the presence of 100 µMGTPγS plus ethanol
with respect to the control condition. However, the presence of
100 µM GTPγS plus 2% ethanol decreased by 28% the DAG generation
from PC in DRMs from aged animals (Fig. 7B). The presence of 100 µM
GTPγS alone did not modified DAG generation with respect to the
control condition (data not shown). This result suggests the activation
of PLD1 only in DRM isolated from aged animals (See schema in
Fig. 7C).

4. Discussion

In this work we present evidence for the distinct composition of
Syn and DRM fractions obtained from adult and aged animals. We also
demonstrate a differential localization of PC-PLC and PLD isoforms in
DRMs and entire Syn.

The DRM fraction obtained from the CC synaptic endings presented
typical characteristics of membrane rafts like the higher content of SM
and Chol and the enrichment in Caveolin, c-Src and Flotillin-1, three
proteins widely used as markers of membrane rafts [5,33–35,46–48].
GM1 ganglioside was present in Syn as well as in DRMs. However, no



Table 1
Comparison of fatty acid composition of total PLs, PC and PE from adult and aged rats.
Fatty acid composition was analyzed as described in Fig. 3. Results are expressed as
mol% and data represent themean value±SD of at least three independent experiments
using a pool of three animals on each occasion. Results from adult and aged rats
were compared (***p<0.001; **p<0.01; *p<0.05). Unsaturation Index (UI), defined as
Σ (number of double bonds in each fatty acid)×(mol% of each fatty acid).

Syn DRM

Adults Aged Adults Aged

Total PLs
16:0 40.62±3.65 44.64±1.20 54.92±1.97 59.81±0.32**
16:1 Nd Nd Nd Nd
18:0 32.75±1.50 37.85±1.73* 30.60±1.26 34.75±1.12*
18:1 13.63±1.74 11.48±0.62 8.92±2.18 4.83±0.88*
18:2n-6 0.61±0.14 0.18±0.14 0.39±0.01 0.2±0.01
18:3n-6 Nd Nd Nd Nd
20:4n-6 4.51±0.04 2.08±1.05*** 1.48±0.36 0.38±0.01***
22:4n-6 1.35±0.13 0.78±0.29 0.54±0.08 0.29±0.01
22:5n-6 Nd Nd Nd Nd
22:6n-3 6.13±0.35 2.33±1.43*** 1.94±0.32 0.39±0.01***
MUFA 13.63±1.74 11.48±0.62 8.92±2.18 4.83±0.88**
PUFA 12.60±0.38 5.37±2.91** 4.35±0.75 1.26±0.04*
UI 75.06±4.23 37.26±14.84*** 29.42±5.84 10.25±1.04***

PC
16:0 47.22±0.34 57.23±7.39*** 54.64±1.60 64.20±4.42***
16:1 1.83±0.40 Nd** 1.58±0.28 Nd***
18:0 12.18±0.26 12.29±1.45 12.58±0.13 13.68±1.32
18:1 24.65±0.38 20.24±3.85* 23.06±0.27 17.59±2.25***
18:2n-6 0.98±0.19 0.97±0.63 0.77±0.19 0.42±0.19
20:4n-6 6.19±0.03 4.31±1.49** 3.05±0.37 1.56±0.33***
22:4n-6 0.74±0.07 0.47±0.15 0.38±0.06 0.19±0.04
22:6n-3 4.42±0.39 2.59±0.80** 2.18±0.04 0.72±0.29***

PE
16:0 10.10±0.26 12.48±0.12* 11.75±1.53 13.48±0.01
16:1 0.63±0.27 0.14±0.20 0.61±0.17 0.48±0.20
18:0 30.00±1.55 40.58±2.28*** 32.23±2.92 39.29±0.36***
18:1 10.71±1.08 10.33±1.32 9.48±0.21 10.48±0.94
18:2n-6 0.27±0.01 0.37±0.21 0.29±0.16 0.32±0.21
18:3n-6 0.10±0.04 0.20±0.08 0.15±0.07 0.17±0.13
20:4n-6 15.14±0.21 12.51±2.04* 13.55±1.65 12.08±1.14
22:4n-6 5.33±0.19 4.19±0.48*** 4.93±0.61 4.40±0.30
22:6n-3 26.51±0.50 18.04±1.32*** 25.41±2.05 16.91±3.11***

Bold data are used in order to highlight significant results.

Table 2
Comparison of fatty acid composition of total PS and PI from adult and aged rats. Fatty
acid composition was analyzed as described in Fig. 3. Results are expressed as mol% and
data represent the mean value±SD of at least three independent experiments using a
pool of three animals on each occasion. Results from adult and aged rats were compared
(***p<0.001; **p<0.01; *p<0.05).

Syn DRM

Adults Aged Adults Aged

PI
16:0 13.78±0.29 16.18±1.61* 14.14±3.75 23.68±3.07***
16:1 1.93±0.79 0.27±0.30** 1.71±0.97 0.1±0.07
18:0 40.70±2.56 58.26±0.72*** 42.27±0.23 63.73±5.34***
18:1 7.39±0.11 5.50±1.21** 5.73±0.82 5.12±1.92
18:2n-6 0.41±0.05 0.12±0.12 0.45±0.11 0.23±0.16
20:4n-6 32.66±1.46 16.24±0.90*** 32.16±5.02 5.85±0.49***
22:4n-6 0.44±0.23 0.52±0.04 0.57±0.03 0.40±0.13
22:6n-3 2.23±0.19 1.39±0.52 2.44±0.12 0.62±0.27*

PS
16:0 6.16±3.29 4.71±1.04 3.36±0.17 6.37±0.67***
16:1 0.82±0.02 0.27±0.30 0.53±0.04 0.36±0.40
18:0 52.24±10.64 73.95±5.87*** 47.67±0.15 74.95±1.83***
18:1 10.53±0.90 10.10±0.59 11.62±0.10 10.37±0.60
18:2n-6 0.23±0.01 0.16±0.20 0.33±0.07 0.32±0.40
20:4n-6 1.57±0.60 0.91±0.60 1.20±0.19 0.49±0.08***
22:4n-6 2.74±0.66 1.44±0.62 2.61±0.19 1.11±0.23
22:5n-6 0.78±0.06 0.61±0.35 0.88±0.12 0.63±0.25
22:6n-3 24.61±13.39 7.72±4.44** 31.49±0.36 5.09±0.95***

Bold data are used in order to highlight significant results.

Fig. 5. Localization of PC-derived signaling pathways in DRMs and Syn. (A) PLD isoforms
localization: Syn and DRM proteins (25 µg) were resolved in a 10% SDS-PAGE and
transferred to a PDVF membrane. Membranes were blocked, incubated with primary
(anti-PLD1 or anti-PLD2) and secondary antibodies as detailed in Section 2.
Immunoreactive bands were detected by enhanced chemiluminescence. Numbers to
the right indicate molecular weights. (B) Determination of synaptosomal PC-PLC by
WB: Syn proteins (25 µg) were resolved in a 10% SDS-PAGE and transferred to a PDVF
membrane. Membranes were blocked and incubated with the primary and secondary
antibodies as detailed in Section 2. (C) PC-PLC localization: Syn and DRM proteins
(2 µg) were transferred to a nitrocellulose membrane. Membranes were blocked,
incubated with the primary and secondary antibodies as detailed in Section 2. Data
shown is a representative result of three independent experiments.
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difference in this ganglioside content was detected between the two
fractions. This fact could be due to the high levels of gangliosides
present in the nervous system membranes [8,26].

Compared to Syn, the detergent-resistant fraction showed and
enrichment in PC and SM and a decrease in PE and PS, both in adult
and aged animals. A similar phospholipid distributionwas observed in
DRMs obtained from photoreceptor outer segments [49] and the
enrichment in PC content was also seen in membrane rafts isolated
from whole rat brains [50].

The highly saturated lipid environment of membrane rafts favors
the localization of proteins acylated with saturated fatty acids
including G-protein α, Src-family tyrosine kinases and caveolins
[51]. DRM fraction obtained from CC Syn presented a more saturated
fatty acid composition than synaptosomes, with a great decrease in
the PUFA content and in the UI. These changes in the total PLs acyl
composition were probably mainly due to the acyl composition of PC.
Nevertheless, it cannot be discarded that differences in the relative
phospholipid abundance between Syn and DRMs could be also con-
tributing to themore saturated composition of the DRM fraction, since
the percentage of the most unsaturated phospholipids (PE and PS) is
decreases in DRMs with respect to entire Syn. A similar profile in
the fatty acid composition was observed in DRMs obtained from
photoreceptor outer segments [49].

Brain aging is characterized by the decline of several physiological
functions and it is accompanied by changes in the overall composition
of membrane lipids that initiate alterations in the physicochemical
properties of biological membranes [52–54]. No age-associated differ-
ences were observed in the phospholipid composition of the synaptic
endings or the DRM fraction, with the exception of SM content.
Similar results were also previously reported in the whole rat cerebral



Fig. 6. DAG generation from PC in DRMs and Syn. (A) Schematic view of DAG generation under the different experimental conditions. Full arrows indicate active pathways while
dotted lines indicate non active or inhibited pathways. (B) Syn from adult and aged rats were resuspended in Tris base buffer medium (TBM). The enzyme reaction was started by
adding 100 µl synaptosomal suspensions (150 µg proteins) to 100 µl of lipid vesicles (containing [14C]-DPPC and non-radiolabeled DPPC to yield 100,000 dpm and 0.125 mM per
assay) in the presence of vehicle (control condition), 2% ethanol or 1.5 mM DL-Propranolol. After 20 min incubation at 37 °C, the enzyme reaction was stopped, lipids were extracted
and isolated and [14C]-DAG quantified as described in Section 2. (C) DRMs from adult and aged rats were resuspended in TBM and the enzyme reaction was carried out as described
in Fig. 6B in the presence of vehicle (control condition) or 2% ethanol. Results are expressed as dpmDAG×(mg protein×20 min)−1 andwere compared to the control condition. Data
represent the mean value±SD of at least three independent experiments using a pool of three animals on each occasion (***p<0.001; **p<0.01).
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cortex obtained from adult and aged rats [52,55]. However, SM
content also increased in the cerebral hemispheres from aged rats
[56].

The drastic changes in the fatty acid composition observed in total
and individual PLs of Syn and DRMs from aged animals, were mainly
due to a huge decrease in PUFA (20:4n-6 and 22:6n-3). In previous
work from our laboratory it was showed that 20:4n-6 (arachidonic
acid) and 22:6n-3 (docosahexaenoic acid) content had also decreased
in lipids isolated from the entire cerebral cortex from aged rats [55].
Noticeably, results presented here demonstrated that aged animals
underwent a dramatic decrease in PUFA content in Syn and DRM
fractions. Our results show that changes in 20:4n-6 content were
observed in PC and PE but mostly in PI, and were even more
pronounced in PI from aged rats DRM. This decrease in arachidonic
acid (AA) could induce changes in arachidonic-derived signaling in
the synaptic endings during aging.

Docosahexaenoic acid (DHA), in particular, is the most abundant
polyunsaturated fatty acid in the brain, essential for optimal neuronal
and retinal function, and PS contains an exceptionally high proportion
of this fatty acid [57,58]. In neural cells, DHA influences vital signaling
events in neuronal survival and differentiation [58,59]. Moreover,
transformation of DHA to Neuroprotectin D1 (NPD1) rescues neuronal
cells from cell death under pathological conditions. It has been also
indicated that low levels of DHA in the brain are associated with
neurodegenerative diseases, such as generalized peroxisomal dis-
orders [60] and Alzheimer's disease [61]. Furthermore, it was demon-
strated that DHA prevents neuronal apoptosis by facilitating Raf-1 and
Akt translocation/activation [62]. The decrease in DHA observed in
aged animals was mainly due to changes in PS and in a minor propor-
tion in PE. Changes in PS composition were even more pronounced in
DRMs from aged rats. A similar decrease in DHA content in PE and PS
was reported for young and old rat frontal cortex and hippocampus
[63]. In view of this, the loss of DHA during aging or pathological states
may diminish the protective capacity in the central nervous system.

PC-PLC and PLD generate the lipid mediator DAG through the
hydrolysis of PC. This sustainedwave of DAG occurs without elevation
of intracellular Ca2+ and might be related to the activation of Ca2+-
independent isoforms of protein kinase C (PKC) [18]. PC-PLC and PLD
coexistence and their activation by oxidative stress in rat cerebral
cortex synaptosomes have been already studied in our laboratory



Fig. 7. (A) PC-PLC specific activity in Syn and DRMs from adult and aged rats was measured as DAG formation in the presence of 2% ethanol. The enzyme reaction was carried out as
described in Fig. 6A. Results are expressed as dpm DAG×(mg protein×20 min)−1 and were compared between Syn and DRMs. (B) PC hydrolysis in DRMs from adult and aged rats
was measured as described in Fig. 6A in the presence of vehicle (control condition) or 2% ethanol plus 100 µM GTPγS. (C) Schematic view of PLD1 activity in the DRM fraction under
the different experimental conditions. Full arrows indicate active pathways while dotted lines indicate non active or inhibited pathways. Results are expressed as dpm DAG×(mg
protein×20 min)−1 and were compared to the control condition. Data represent the mean value±SD of at least three independent experiments using a pool of three animals on
each occasion (***p<0.001; **p<0.01; *p<0.05).
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[20,21]. Nevertheless, the results presented in the present work
constitute the first evidence of PC-PLC and PLD localization in DRM
fraction from the cerebral cortex synaptic endings. A differential
localization of PC-PLC and PLD isoforms in DRMs and Syn was
observed; whereas PLD1 and PC-PLC were concentrated in DRMs,
PLD2 was excluded from this fraction.

Using ethanol (as a transphosphatidylation reagent) and pro-
pranolol (as a LPPs inhibitor) we demonstrated that DAG generation
from PC is due to PC-PLC and PLD activities in synaptic endings. It is
important to notice that some of the biological events that had been
attributed to PC-PLC could be due to SM synthase (SMS), an enzyme
involved in SM and ceramide metabolism which transfers a phos-
phocholine group from PC to CM generating SM and DAG [64,65].
However, the kinetic of DAGproduction by SMS is significantly different
from that of DAG production by PC-PLC or PLD/LPPs pathways. SMS-
mediated DAG production is a much slower process and needs the addi-
tion of exogenous CM to be evidenced. Moreover, when [3H-choline]-
DPPC was used as a labeled substrate, no SM formation from PC was
detected in synaptosomes under our experimental conditions [20].
Surprisingly, in the DRM fractionDAG formationwas not decreased
in the presence of ethanol indicating that no PLD activity was detected
in DRMs even though PLD1 was concentrated in this fraction. It is well
known that PLD1 has a very lowbasal activity and that it is activated by
small G-proteins (ARF and Rho) and by PKCα. On the contrary, PLD2
has a higher basal activity [66,67]. Moreover, it was reported that PLD1
is inhibited by Triton X-100 [68]. PLD1 activity was only detected in
DRMs from aged rats when DAG formation was measured in the
presence of ethanol plus GTPγS. The activation of PLD1 in DRMs from
aged rats suggests a differential regulation mechanism since that
neither PLD1 localization, nor its substrate availability were altered by
aging. Our results also suggest that PLD2 isoform (that harbors a high
basal activity and was absent in DRMs) would be the responsible for
the PLD activity observed in entire Syn under our experimental
conditions. PLD1 was also located in DRM from mononuclear cells
[69,70] and in caveolae from 3Y1 and COS-7 cells [13,14]. It was
proposed that PLD1 localization in membrane rafts could constitute a
strategy to inhibit its activity, since disruption of these domains results
in relocalization and activation of the enzyme [69]. Furthermore, itwas
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demonstrated that PLD1 purified from rat brain directly binds to
Caveolin-1 and that this union is able to inhibit PLD1 basal and PKCα-
dependent activity [13]. Results obtained regarding PLD1 activity
suggest that in spite of the enzyme enrichment in the DRM fraction, its
localization in membrane specialized domains could be inhibiting its
activity under basal conditions.

We have previously reported that PC-PLC activity was located in
the synaptosomal plasma membrane fraction [20]. Here, we demon-
strate that PC-PLC is enriched and active in the DRM fraction. The
localization of this enzyme in membrane rafts was only previously
reported in Natural Killers cells [71]. The higher substrate availability
in DRMs could be also contributing to the enhanced activity of the
enzyme. It is important to notice that PC-PLC activity seems not to be
influenced by the lipid environment, since no differences in activity
were detected between aged and adult animals in spite of the drastic
changes observed in the fatty acid composition.

Even though the physiological relevance of DRMs is largely
controversial their study has provided important advances in the
field of signal transduction. Results presented here show a selective
localization of PC-derived signaling between DRMs and synaptic
endings. This work constitutes the first evidence of PC-PLC localiza-
tion and activity in these specialized domains in the central nervous
system.Moreover, the distinct fatty acyl composition in Syn andDRMs
from aged rats could be responsible, at least in part, for the signaling
impairment and neuronal dysfunction observed during aging.
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Glossary

AA: arachidonic acid
CC: cerebral cortex
CM: ceramida
Chol: cholesterol
CTB-HRP: cholera toxin subunit B-HRP-conjugated
DAG: diacylglycerol
DHA: docosahexaenoic acid
DPPC: dipalmitoylphosphatidylcholine
DRMs: detergent-resistant membranes
DTT: dithiothreitol
EDTA: ethylenediaminetetraacetic acid
FAME: fatty acid methyl ester
FFA: free fatty acid
GLC: gas–liquid chromatography
GTPγS: Guanosine 5′-[gamma-thio]triphosphate
HEPES: 4-(2-hydroxyethyl)-1-piperazine ethanesulfonic acid
HRP: horseradish peroxidise
lipid P: lipid phosphorus
LPPs: lipid phosphate phosphatases
MAG: monoacylglycerol
NLs: neutral lipids
PA: phosphatidic acid
PAP: phosphatidic acid phosphohydrolase
PC: phosphatidylcholine
PC-PLC: phosphatidylcholine-specific-phospholipase C
PE: phosphatidylethanolamine
PI: phosphatidylinositol
PIP2: phosphatidylinositol bisphosphate
PKC: protein kinase C
PLD: phospholipase D
PLs: phospholipids
PMSF: phenylmethylsulfonilfluoride
PS: phosphatidylserine
PUFA: polyunsaturated fatty acids
PVDF: polyvinylidene fluoride
SDS: sodium dodecyl sulfate
SDS-PAGE: sodium dodecyl sulfate-polyacrylamide gel electrophoresis
SM: sphingomyelin
SMS: sphingomyelin synthase
Syn: synaptosomes
TBM: tris buffer medium
TLC: thin-layer chromatography
UI: unsaturation index
WB: Western blot


	Selective localization of phosphatidylcholine-derived signaling in detergent-resistant membrane.....
	Introduction
	Materials and methods
	Preparation of synaptosomal fraction
	Isolation of detergent-resistant membranes (DRMs)
	Determination of DAG generation from PC
	Lipid separation
	Lipid phosphorus measurement
	Cholesterol measurement
	Fatty acid derivatization and gas–liquid chromatography (GLC)
	Sodium dodecyl sulfate-polyacrylamide gel electrophoresis �(SDS-PAGE) and Western blot (WB) ass.....
	Detection of GM1 ganglioside
	Detection of PC-PLC by Dot Blot assay
	Statistical analysis

	Results
	Characterization of DRMs isolated from cerebral cortex synaptic endings from adult and aged rat.....
	Phospholipid composition of Syn and DRMs from adult and aged rats
	Phospholipids fatty acyl composition in Syn and DRMs obtained from adult rats
	Phospholipid-fatty acid composition in Syn and DRMs obtained from aged rats
	Age-associated changes in phospholipid-fatty acyl composition of Syn and DRMs
	Localization of PC- derived signaling pathways in DRMs and Syn
	DAG generation from PC in DRMs and Syn

	Discussion
	Acknowledgements
	References




