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Phosphatidic Acid and Diacylglycerol
Generation Is Regulated by Insulin in
Cerebral Cortex Synaptosomes From

Adult and Aged Rats
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Insulin receptor associated with the cerebral cortex
(CC) has been shown to be involved in brain cognitive
functions. Furthermore, deterioration of insulin signaling
has been associated with age-related brain degenera-
tion. We have reported previously that aging stimulates
phospholipase D/phosphatidate phosphohydrolase 2
(PLD/PAP2) pathway in CC synaptosomes from aged
rats, generating a differential availability of their reaction
products: diacylglycerol (DAG) and phosphatidic acid
(PA). The aim of this work was to determine the effect
of aging on DAG kinase (DAGK), as an alternative path-
way for PA generation, and to evaluate the effect of
insulin on PLD/PAP2 pathway and DAGK. PLD, PAP2,
and DAGK activities were measured using specific
radiolabeled substrates in CC synaptosomes from adult
(4 months old) and aged rats (28 months old). In adult
animals, in the presence of the tyrosine phosphatase
inhibitor (sodium o-vanadate), insulin stimulated PLD
activity at 5 min incubation. DAGK activity was also
increased at the same time of incubation and PAP2
was inhibited. In aged animals, PLD activity was not
modified by the presence of insulin plus vanadate,
PAP2 was inhibited, and DAGK was stimulated by the
hormone. Insulin, vanadate, and the combination of
both induced protein tyrosine phosphorylation in adult
CC synaptosomes. Aged rats showed a lower level of
protein phosphorylation with respect to adult rats. Our
results show that insulin modulates PA and DAG avail-
ability through the regulation of PLD/PAP2 and DAGK
pathways in adult rat CC synaptosomes. Additionally,
we demonstrated that PA and DAG generation is regu-
lated differentially by insulin during aging.
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Insulin fulfills many functions in the central nerv-
ous system (CNS), which are different from its classical
role as a peripheral hormone. Insulin (I) and insulin
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receptors (IRs) are both present in the brain. Insulin is
transported actively across the blood—brain barrier and it
may be produced locally in the brain (Unger et al.,
1991; Schulingkamp et al., 2000). These receptor-medi-
ated functions regulate cognition and memory processes
(Zhao and Alkon, 2001). IRs are located at the synapse
where they regulate neurotransmitter release and recep-
tor recruitment, indicating a potential involvement of
insulin in synaptic plasticity (Abbott et al., 1999). Aged-
related changes in hormone levels have a key role in a
variety of human diseases. Clinical studies have demon-
strated links between Alzheimer’s disease (AD), insulin
resistance, and diabetes mellitus, indicating that the insu-
lin signaling pathway might directly influence the cellu-
lar and molecular events that underlie AD pathology
(Gasparini et al.,, 2002). IRs expression is increased in
Alzheimer brains whereas tyrosine kinase activity
coupled to IRs is reduced (Frolich et al., 1998). Recent
findings provide clear evidence that the function of the
neuronal insulin/insulin receptor signal transduction cas-
cade is of pivotal significance to maintain normal cere-
bral blood flow and oxidative energy metabolism. It has
become evident that normal metabolism of both amyloid
precursor protein and tau-protein are part of interactive
processes controlled by the neuronal I/IR signal trans-
duction cascade. In physiologic brain aging, the function
of this cascade starts to fail with respect to normal adult
brain. These processes as a whole may increase the vul-

Contract grant sponsor: Secretaria General de Ciencia y Tecnologia, Uni-
versidad Nacional del Sur; Contract grant sponsor: Consejo Nacional de
Investigaciones Cientificas y Técnicas.

*Correspondence to: Norma M. Giusto, Instituto de Investigaciones Bioqui-
micas de Bahia Blanca, Universidad Nacional del Sur and CONICET, C.C.
857, BSOOOFWB Bahia Blanca, Argentina. E-mail: ngiusto@criba.edu.ar

Received 2 February 2005; Revised 5 April 2005; Accepted 14 April
2005

Published online 9 June 2005 in Wiley InterScience (www.
interscience.wiley.com). DOI: 10.1002/jnr.20565



nerability of the aging brain and may facilitate the gener-
ation of late-onset sporadic AD.

In the past years, strong evidence has been reported
about the involvement of insulin in phospholipid signal
transduction processes in nonneuronal tissues. Phospholi-
pase D (PLD) has been implicated in insulin signaling in
several cellular types (Donchenko et al.,, 1994; Slaaby
et al., 2000; Li et al., 2003). PLD generates phosphatidic
acid (PA) by phosphatidylcholine (PC) hydrolysis. PA
can be hydrolyzed further by PA hydrolase (PAP) to
produce diacylglycerol (DAG; Jamal et al., 1992). PLD
isoforms PLD1 and PLD2 are coupled mainly to PAP2
isoforms and they generate the bioactive PA and DAG
in a coupled mechanism that has been involved in multi-
ple signal transduction processes (Massenburg et al.,
1994; Liscovitch et al., 1999; Sciorra and Morris, 1999).

We have reported previously that PAP and PLD
activities were regulated differentially in cerebral cortex
(CC) and cerebellar subcellular fractions by the effect of
aging (Pasquaré et al., 2001, 2004; Salvador et al., 2002).
We also observed that aging stimulates the PLD/PAP2
pathway in cerebral cortical synaptosomes (Salvador
et al., 2002). Concomitantly, DAG lipase activity has
been shown to remain unchanged as age function (Salva-
dor et al., 2002). The increase in PLD/PAP2 pathway in
aged brain may provoke an increased DAG availability
that could not be removed efficiently by DAG lipases
(Salvador et al., 2002). Another important pathway for
DAG removal is diacylglycerol kinase (DAGK) activity
(Topham and Prescott, 1999). Because DAGK plays a
key role in balancing cellular DAG and PA levels, its
regulation represents a critical target for lipid signal
transduction mechanisms.

In view of the previous data, the aim of the present
work was to determine the effect of aging on DAGK
activity and to evaluate whether insulin has any effect on
PLD/PAP2/DAGK pathway in CC synaptosomes from
adult and aged rats.

MATERIALS AND METHODS

Wistar rats were kept under constant enVironmental con-
ditions and fed on a standard pellet diet. [2-"H]Glycerol (200
mCi/mmol), 1,2-dipalmitoyl-sn-glycero-3- phosgho [methyl-"H]-
choline (DPPC; 43 Ci/mmol), 1-palmitoil-2['*CJarachidonoyl-
sn-glycero-3-phosphocholine (55 mCi/mmol), [y-""P]JATP
(3,000 Ci/mmol), and Omnifluor were obtained from New
England Nuclear-Dupont (Boston, MA). All other chemicals
were from Sigma-Aldrich (St. Louis, MO). Monoclonal anti-
phosphotyrosine antibody PY99 was obtained from Santa Cruz
Biotechnology, Inc. (Santa Cruz, CA).

Preparation of Subcellular Fractions

Homogenates were prepared from the CC of 4-month-
old (adult) and 28-month-old (aged) rats. Rats were killed by
decapitation and cerebral cortices were dissected immediately
(24 min after decapitation). Synaptosomal fraction was
obtained as described previously by Cotman (1974) with slight
modifications (Salvador et al., 2002).
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Determination of Phosphatidylinositol-4,5-
Bisphosphate-Dependent PLD Activity

For the determination of phosphatidylinositol-4,5-
bisphosphate (PIP,) dependent PLD activity, PC hydrolysis
was assayed as described previously (Salvador et al., 2002).
Briefly, 50 pl of mixed lipid vesicles (phosphatidylethanol-
amme/ PIP,/PC, molar ratio 16:1.4:1) with [choline-methyl-
*HIDPPC to yield 200,000 cpm per assay were added to
100 pl of synaptosomal membranes (200 pg of protein) in a
total volume of 200 pl containing 50 mM HEPES (pH 7.5),
3 mM EGTA, 80 mM KCIl, and 2.5 mM MgCl,. The reac-
tion was incubated at 37°C for 2, 5, or 30 min and stopped
by the addition of 1 ml of chloroform/methanol/concentrated
HCI (50:50:0.3 by volume) and 0.35 ml of 1 M HCI/5 mM
EGTA. The aqueous phase was obtained after centrifugation
for 5 min at 3,000 rpm and choline was separated from the
other water-soluble products using thin-layer chromatography
(TLC) on silica gel G plates and a mobile phase made up of
methanol/0.5% NaCl/NH; (50:50:1 by volume; Salvador
et al.,, 2002). Choline was scraped oft the plate and quantified
by liquid scintillation spectroscopy. For measuring the trans-
phosphatidylation reaction catalyzed by PLD, assays were con-
ducted in the presence of phosphatidylcholine, 1-palmitoyl-2
['*Clarachidonoyl-sn-glycero-3-phosphocholine and 2% etha-
nol. Reactions were stopped by the addition of chloroform/
methanol (2:1, by volume), mixing, and centrifugation (Folch
et al., 1957). The aqueous phase was removed and the organic
phase was dried under a nitrogen stream. Phosphatidylethanol
(Peth) was separated by one-dimensional TLC on silica gel H
and developed with chloroform/methanol/acetone/acetic
acid/water (50:15:15:10:5 by volume), up to 70% of the plate.
To separate the neutral lipids, the plate was rechromato-
graphed up to the top of the plate using hexane/diethyl
ether/acetic acid (70:30:2.6 by volume) as the developing sol-
vent and the radioactivity of the lipid spots were determined
as described previously (Salvador and Giusto, 1998).

Preparation of Radioactive 1,2-Diacyl-sn-
Glycerol-3-Phosphate

Radioactive PA was obtained from [2-"H]phosphatidyl-
choline, which was synthesized from bovine retinas incubated
with [2-"H]glycerol (200 mCi/mmol) as described previously
(Pasquaré de Garcia and Giusto, 1986). Lipids were extracted
from the tissue as described in Folch et al. 1957. [2-"H]Phos-
phatidylcholine was isolated by one-dimensional TLC and
eluted therefrom (Arvidson, 1968). [Z—SHlPC was hydrolyzed
with cabbage PLD, in order to obtain [2-"H]phosphatidic acid
(PA). PA was purified by one-dimensional TLC on silica gel H
developed with chloroform/methanol/acetic acid/acetone/
water (9:3:3:12:1.5 by volume). The substrate was eluted from
silica gel with neutral solvents to avoid the formation of lyso-
phosphatidic acid and was converted subsequently into free acid
by washing it twice using an upper phase containing 0.1 M sul-
furic acid and then an upper phase containing water. Radioac-
tivity and phosphorous content (Rouser et al., 1970) were
measured to determine specific radioactivity. [2-"H]PA had a
specific radioactivity of 0.1-0.2 pCi/pmol. To determine PAP2
activity, the substrate was prepared by sonicating 0.6 mM



246 Salvador et al.

[2->’H]PA (0.1-0.2 pCi/pmol) in 5.56 mM EGTA and 5.56
mM EDTA (Jamal et al., 1991).

Determination of PAP Activity

For the determination of NEM-insensitive PAP activity
(PAP2), each assay contained 50 mM Tris-maleate buffer, pH
6.5, 1 mM DTT, 1 mM EDTA plus 1 mM EGTA, 4.2 mM
NEM, and 100 pg of membrane or cytosolic protein in a vol-
ume of 200 pl. The reaction was started by adding 0.6 mM of
[2-’H]phosphatidate (Jamal et al., 1991).

For the determination of PAP2 activities, all assays were
conducted at 37°C as a function of time (2, 5, or 30 min).
The enzyme assays were stopped by adding chloroform/meth-
anol (2:1 by volume). Blanks were prepared identically, except
that membrane fractions were boiled for 5 min before being
used. Lipids were extracted with chloroform/methanol (2:1
by volume) and washed with a 0.2 volume of CaCl, (0.05%;
Folch et al., 1957). Neutral lipids were separated by gradient-
thickness TLC on silica gel G (Giusto and Bazan, 1979) and
developed with hexane/diethyl ether/acetic acid (35:65:2.6 by
volume). To separate monoacylglycerol (MAG) from phos-
pholipids, the chromatogram was rechromatographed up to
the middle of the plate by using hexane/diethyl ether/acetic
acid (20:80:2.3 by volume) as developing solvent. Once the
chromatogram was developed, [2-’H|PA and phospholipids
were retained at the spotting site. Lipids were visualized by
exposure of the chromatograms to iodine vapors and scraped
off for counting by liquid scintillation as described previously
(Pasquaré de Garcia and Giusto, 1986).

Determination of DAGK Activity

DAGK activity was determined in the synaptosomal
membranes either measuring radioactive phosphate incorpora-
tion into PA using [y-""P]JATP and synaptosomal DAG as
substrates or determining PA synthesis from ["H]DAG as
radioactive substrate and ATP. The standard assay contained
in a volume of 150 pl, 50 mM HEPES, pH 7.4, 20 mM
NaF, 10 mM MgCl,, 1 mM DTT, and 1 mM ATP. When
radioactive DAG was added to the assay, it was resuspended
in 1% dimethylsulfoxide (DMSO) and detergent was at a final
assay concentration of 0.3%. Reactions were carried out at
37°C during 2, 5, and 30 min. Reactions were stopped by
adding chloroform/methanol/1 N HCI (2:1:0.2 by volume)
and lipids were extracted as described by Folch et al. (1957).
Blanks were prepared identically, except that membrane frac-
tions were boiled for 5 min before being used. Lipids were
separated by TLC on silica gel G (Giusto and Bazan, 1979)
and developed with hexane/diethyl ether/acetic acid (30:70:1
by volume). When [PH]DAG was used as precursor, for sepa-
rating ["H]MAG, the plate was rechromatographed up to the
middle by using hexane/diethyl ether/acetic acid (20:80:2.3
by volume) as developing solvent. Lipids were visualized by
exposure of the chromatograms to iodine vapors and scraped
off for counting by liquid scintillation spectroscopy as
described bellow.

Preparation of Radioactive 1,2-Diacyl-sn-Glycerol

Radioactive DAG was obtained from bovine retinas
incubated with [2-’H]glycerol (200 mCi/mmol) as described
previously (Pasquaré de Garcia and Giusto, 1986). Lipids were

extracted from the tissue as described in Folch et al. (1957).
[2-’H|DAG plus cholesterol was isolated by one-dimensional
TLC in silica gel G plates and with a solvent system of hex-
ane/ether/acetic acid (60:40:2.3 by volume). Lipids were
eluted (Arvidson, 1968) and DAG was purified by one-
dimensional TLC on silica gel G developed with chloroform/
methanol/acetic acid (98:2:1 by volume). The substrate was
eluted as above from the silica gel and stored in chloroform
solution to avoid the production of 1,3-diacyl-sn-glycerol.

SDS-PAGE and Immunoblot Analysis

SDS-PAGE was carried out using 7.5 or 10% gels
according to Laemmli (1970). Resolved proteins were trans-
ferred to plastic-backed nitrocellulose sheets (0.2 pm) or
Immobilon P membranes using a Mini Trans-Blot cell elec-
troblotter (Bio-Rad, Hercules, CA) for 1 hr. Membranes were
blocked overnight with Tris-buffered saline (20 mM Tris-HCI
and 300 mM NaCl), pH 7.5, containing 0.1% Tween 20 and
5% crystalline grade bovine serum albumin (BSA). Incubations
with primary antibody (monoclonal anti-phosphotyrosine anti-
body, PY99; Santa Cruz Biotechnology) were carried out for
2-3 hr at room temperature. Immunoreactions were detected
either with horseradish peroxidase conjugated to goat anti-
rabbit or goat anti-mouse IgG, followed by enhanced chemi-
luminescence substrates (ECL; Amersham Biosciences, Inc.).
In some experiments, immunoblots were stripped by incuba-
tion in 200 mM Tris-HCl buffer, pH 6.7, containing
100 mM B-mercaptoethanol and 2% SDS for 1 hr at 50°C
with gentle agitation. Blots were reblocked with 5% BSA in
Tris-buffered saline and probed as described above.

Other Methods

Protein and lipid phosphorus were determined accord-
ing to Bradford (1976) and Rouser et al. (1970), respectively.

Statistical Analysis

Statistical analysis was carried out using Student’s f-test,
with the values representing the mean * standard deviation
(SD) of six individual samples per condition. Each sample was
obtained from a different adult or aged animal.

RESULTS

Effect of Insulin on PLD Activity in CC
Synaptosomes From Adult and Aged Rats

To determine the effect of insulin on synaptosomal
PIP,-dependent PLD, enzyme activity was evaluated as a
time function (2, 5, and 30 min) in the presence and
absence of the hormone. PLD activity was measured
using metabolically active synaptosomes from adult and
aged rats as an enzyme source. Radiolabeled exogenous
PC prepared as a mixed micelle with PIP, (4.5 uM) was
used as substrate. Using choline-labeled PC, choline
generation was measured as the enzyme product,
whereas when PC radiolabeled in fatty acid moiety was
used as substrate, Peth was quantitated as PLD product.
The time-course of insulin (100 nM) effect on PLD
activity in CC synaptosomes from adult rats is shown in
Figure 1. At all times assayed, insulin alone (100 nM)
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Fig. 1. Effect of insulin and vanadate on cerebral cortex synaptosomal
phospholipase D (PLD) activity from adult rats. PLD activity was
determined using a mixed lipid vesicle formed by phosphatidylethanol-
amine (PE)/phosphatidylinositol-4,5-bisphosphate (PIP2)/1,2-dipalmi-
toyl-sn-glycero-3-phospho[methyl->H]choline (DPPC) as substrate in a
molar ratio 16:1.4:1 with [PH]DPPC (200,000 cpm). PLD activity was
measured as a time function in the presence of vehicle (control), insu-
lin (A), vanadate (B), or insulin plus vanadate (C). The enzyme activ-
ity was expressed as DPM per mg protein of [H]choline or
["*C]phosphatidylethanol (["*C]Peth). Each value is the mean * stand-
ard deviation corresponding to six individual samples per condition.
Each sample was obtained from a different adult animal.

did not modify PIP,-dependent PLD activity in adult
rats with respect to control conditions (Fig. 1A). In the
presence of the tyrosine phosphatase inhibitor sodium
vanadate (Na;VOy; 0.1 mM), PLD activity was stimu-
lated at all times assayed and was maximal at 30 min of
incubation (60% increase with respect to control condi-
tions; Fig. 1B). Insulin plus vanadate caused significant
Peth production with a maximum at 5 min incubation,
stimulating PLD activity by 100% with respect to the
activity levels found in the presence of vanadate alone
(Fig. 1C). Figure 2 shows the same experiment as that in
Figure 1 except that CC synaptosomes were used from
aged rats as enzyme source. As it occurred in adult ani-
mals, the presence of insulin produced no significant
changes in synaptosomal PLD activity from aged animals
(Fig. 2A). Vanadate slightly stimulated synaptosomal
PLD activity from aged animals by 34% at 5 min of
incubation, after which activity levels returned to control
values at 30 min incubation (Fig. 2B). The presence of
insulin plus vanadate produced no significant changes in
synaptosomal PLD activity from aged animals (Fig. 2C).

Effect of Insulin on PAP2 Activity in
Adult and Aged Rat Synaptosomes

PA, the product of PLD activity, can be addition-
ally hydrolyzed to DAG by PAP2 action. One of the
queries in the present research was whether insulin had
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Fig. 2. Effect of insulin and vanadate on cerebral cortex synaptoso-
mal Phospholipase D (PLD) activity from aged rats. PLD activity was
determined using a mixed lipid vesicle formed by phosphatidyletha-
nolamine (PE)/phosphatidylinositol-4,5-bisphosphate  (PIP2)/1,2-dipal-
mitoyl-sn-glycero-3-phospho[methyl->H]choline (DPPC) as substrate in
a molar ratio 16:1.4:1 with [?’H|DPPC (200,000 cpm). PLD activity
was measured as a time function in the presence of vehicle (control),
insulin (100 nM; A), vanadate (0.2 mM; B), or insulin plus vanadate
(C). The enzyme activity was expressed as DPM per mg protein of
[*H]choline or ["*C]phosphatidylethanol (['*C]Peth). Each value is
the mean * standard deviation corresponding to six individual sam-
ples per condition. Each sample was obtained from a different aged
animal.

any effect on DAG generation from exogenously added
PA. We demonstrated previously that the only PAP iso-
form present in CC synaptosomes was PAP2 (Salvador
et al., 2002). Figure 3 shows the effect of insulin, vana-
date, and insulin plus vanadate on CC synaptosomal
PAP2 activity from adult animals. Insulin alone did not
produce any effect on PAP2 activity whereas vanadate
inhibited PAP2 activity at all times assayed (Fig. 3A,B).
Insulin plus vanadate inhibited PAP2 activity by 20% at
5 min incubation (Fig. 3C). Figure 4 shows PAP2 activ-
ity in aged rats under the same experimental conditions
depicted in Figure 3. PAP2 activity was not modified by
insulin nor by vanadate at any time of incubation com-
pared to control conditions (Fig. 4A,B). Figure 4C
shows that insulin plus vanadate inhibits the enzymatic
activity to the same extent as that observed in adult ani-
mals at 2 min of incubation.

DAGK Activity in Synaptosomes From
Adult and Aged Rats

To evaluate the levels of DAGK activity in CC
synaptosomes from adult and aged rats, two experimental
approaches were followed. In the presence of
[7-°P]ATP, we could measure DAGK activity using
synaptosomal endogenous DAG. This type of assay
depends on the DAG availability in the system because
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Fig. 3. Effect of insulin and vanadate on cerebral cortex synaptosomal
phosphatidic acid (PA) hydrolase (PAP)2 activity from adult animals.
For the determination of PAP2 activity, the assay was carried out by
preincubating the membranes with 4.2 mM NEM for 10 min. The
reaction was started by adding 0.6 mM [2->HJPA. PAP2 activity was
measured as a time function in the presence of vehicle (control), insu-
lin (100 nM; A), vanadate (0.2 mM; B) or insulin plus vanadate
(C).The enzyme activity was expressed as DPM per mg protein of
[2—3deiacylglycerol (DAG) plus [2—3Hjmonoacylglycerol (MAG).
Each value is the mean * standard deviation corresponding to six
individual samples per condition. Each sample was obtained from six
different adult animals.

DAG generated by different enzyme pathways (PLD/
PAP, PC-PLC, and PIP»,-PLC) could be DAGK sub-
strate. In the micellar assay, exogenously added DAG in
DMSO was used. In this case, PA generation is inde-
pendent of the endogenous DAG levels. Figure 5 shows
DAGK activity in CC synaptosomes from adult and aged
rats, using the two DAGK assays. In the presence of
[v-32P]ATP, synaptosomal PA synthesis from aged rats
was decreased 40% with respect to values found in adult
animals (Fig. 5A). Using the micellar assay, DAGK
inhibition by aging was more pronounced. Under these
assay conditions, PA generation decreased by 60% with
respect to the values found in adult animals (Fig. 5B).

Insulin Action on DAGK Activity in Synaptosomes
From Adult and Aged Rats

Figure 6 shows insulin action in DAGK activity in
adult rats under experimental conditions similar to those
described previously for PLD and PAP2. To evaluate
insulin effect on DAGK activity, the micellar assay con-
taining DMSO was used as detergent. The enzyme
activity was stimulated significantly by insulin at 5 min
incubation (46%), as compared to that with control con-
ditions (Fig. 6A). The presence of vanadate alone in the
incubation medium also stimulated DAGK activity with
respect to control conditions (Fig. 6B). Vanadate effect
on DAGK was also evaluated through [**P] incorpora-
tion from [y->*P]ATP into PA. Under this experimental
condition, DAGK activity was stimulated strongly (by
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Fig. 4. Effect of insulin and vanadate on cerebral cortex synaptosomal
phosphatidic acid (PA) hydrolase (PAP)2 activity from aged animals.
For the determination of PAP2 activity, the assay was carried out by
preincubating the membranes with 4.2 mM NEM for 10 min. The
reaction was started by adding 0.6 mM [2-H]PA. PAP2 activity was
measured as a time function in the presence of vehicle (control), insu-
lin (100 nM; A), vanadate (0.2 mM; B) or insulin plus vanadate (C).
The enzyme activity was expressed as DPM per mg protein of
[2->H]diacylglycerol (DAG) plus [2-’H]monoacylglycerol (MAG).
Each value is the mean * standard deviation corresponding to six
individual samples per condition. Each sample was obtained from six
difterent aged animals.

100%) with respect to control conditions (Fig. 7D). The
percentage of DAGK stimulation by insulin and vanadate
was the same; however, insulin plus vanadate exerted an
effect similar to that exerted in the presence of vanadate
alone (Fig. 6C). The same experiment carried out in
aged rats is depicted in Figure 7. Insulin stimulated
DAGK activity by 50% with respect to control condi-
tions at 5 min incubation (Fig. 7A). As it was shown in
Figure 5, however, DAGK activity levels in aged animals
were lower than were those in adult animals. Vanadate
strongly stimulated DAGK activity at short incubation times
(2 and 5 min; Fig. 7B). In the presence of [y-""P|ATP, vana-
date did not activate synaptosomal DAGK from aged ani-
mals, whereas when ["H|DAG was used as substrate, the
tyrosine phosphatase inhibitor stimulated DAGK from aged
animals to the same extent as that in adult animals (Fig. 7D).
Insulin slightly increased the vanadate-stimulated DAGK
activity at 30 min incubation (Fig. 7C).

Effect of Insulin and Vanadate on Synaptosomal
Protein Tyrosine Phosphorylation From
Adult and Aged Rats

To evaluate the effect of insulin and vanadate on
synaptosomal protein tyrosine phosphorylation, synapto-
somes from adult and aged rats were incubated under
the above-described conditions. After incubation, sam-
ples were lysed in Laemmli buffer and subjected to SDS-
PAGE. Levels of tyrosine phosphorylation were eval-
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Fig. 5. Diacylglycerol (DAG) kinase (DAGK) activity in cerebral cor-
tex synaptosomes from adult and aged rats. DAGK activity was deter-
mined in synaptosomal membranes from cerebral cortex. The standard
assay contained in a volume of 150 pl, 200 pg of synaptosomal protein
resuspended in 50 mM HEPES, pH 7.4; 20 mM NaF; 10 mM MgCl,;
1 mM DTT, as follows: enzymatic activity was measuring [*°P] incor-
poration into phosphatidic acid (PA) through [y->*P]ATP (60 uM
ATP) and synaptosomal DAG as substrates (A) or PA synthesized from
[PH]DAG as radioactive substrate (20 uM) and 1 mM ATP (B). Data
were the mean * standard deviation from three individual samples and
are expressed as DPM per mg synaptosomal protein.

uated by Western blot using an anti-phosphotyrosine
antibody (PY99).

Insulin (100 nM) alone induces tyrosine phosphory-
lation of different molecular weight proteins in synapto-
somes from adult rats. The presence of vanadate alone also
produced an increased level in protein tyrosine phosphor-
ylation. Insulin plus vanadate enhanced protein tyrosine
phosphorylation. This effect was more pronounced at
early times of incubation (2 and 5 min; Fig. 8). When
tyrosine phosphorylation was evaluated in aged mem-
branes under basal conditions, levels of protein phosphor-
ylation were lower than were those observed in adult ani-
mals. Vanadate and insulin stimulated tyrosine protein
phosphorylation as a function of time, in agreement with
the results obtained for adult animals. Under all conditions
assayed, however, aged rats showed a lower level of pro-
tein phosphorylation than adult rats did (Fig. 8).

DISCUSSION

We present evidence indicating that insulin regu-
lates PA and DAG generation by different enzymatic
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Fig. 6. Effect of insulin and vanadate on cerebral cortex synaptoso-
mal diacylglycerol (DAG) kinase (DAGK) activity from adult rats.
DAGK activity was measured as specified in Figure 5B, using a
micellar assay containing DMSO (final concentration: 0.3%)
[PHIDAG (30,000 DPM/sample and specific activity A: 5,000 DPM/
nmol) and 1 mM ATP. Enzyme activity was measured as a time
function in the presence of vehicle (control), insulin (100 nM; A),
vanadate (0.2 mM; B), or insulin plus vanadate (C). Data were the
mean * standard deviation from three individual adult animals and
they are expressed as DPM per mg protein.

pathways in CC synaptosomes from adult rats. Addition-
ally, we demonstrate a different insulin effect on PLD,
PAP2, and DAGK activities in aged rat synaptosomes.

The insulin effect on PA production in synaptoso-
mal membranes was evaluated by measuring PLD and
DAGK activities. Peth formation by PLD activity was
stimulated by insulin in the presence of vanadate at 2
and 5 min incubation. The maximal levels of PA pro-
duction by DAGK in the presence of insulin were
observed at the same time as described by PLD. These
data are in accordance with previous findings that dem-
onstrate an insulin-targeted first wave of PA production
through PLD activation in rat hepatocytes (Donchenko
et al., 1994). Additionally, insulin plus vanadate inhibited
PAP2 activity at all incubation times. The analysis of the
results observed in adult rat synaptosomes led us to infer
that in the presence of insulin, the principal event is PA
formation. This occurred by the stimulation of two dif-
ferent pathways: (1) PC breakdown by PC-PLD; and (2)
DAG phosphorylation by DAGK activity. It is therefore
possible either that DAGK operates downstream PAP2
for the “recovery’” of PA generated by PLD/PAP2 path-
way or that insulin initiates several signaling pathways
mediated by different PA species through PLD and
DAGK activation.

PA itself is an intracellular lipid second messenger
that mediates multiple biological effects. It induces DNA
synthesis, myc/fos expression, and hormone secretion
(Yu et al., 1988; Van Corven et al., 1992). Different cel-
lular targets for PA include PI-4-kinase, PKCz, MAP
kinase, protein tyrosine phosphatases, and raf-1 (Moritz
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128 ' \ We found that basal DAGK activity is inhibited
90 . . strongly in CC synaptosomes from aged rats. This activ-
60 ' ity measured through PA synthesis from [y**P]ATP rep-
resented 60% of values from adult rats. As mentioned
45 ' ! ' above, this experiment led us to evaluate DAGK activity
35 with the endogenous DAG available. In addition, we
i - - * - have reported that PLD/PAP2 pathway is increased in
synaptosomes from aged rats, thus suggesting increased
adult aged  adult aged adult aged DAG availability (Salvador et al., 2002). DAGK inhibi-

Fig. 8. Effect of insulin on protein tyrosine phosphorylation in cere-
bral cortex synaptosomes from adult and aged rats. Synaptosomal
fraction was incubated in the presence of vehicle (control), insulin
(100 nM), and vanadate (0.2 mM). After incubation, synaptosomes
were boiled in Laemmli buffer and proteins were resolved by SDS-
PAGE and transferred to Immobilon membranes. Adult: Immunoblot
of synaptosomal fraction from adult rats using anti-phosphotyrosine
antibody PY99 (1:500; Santa Cruz Biotechnology). Each line con-
tained 50 pg protein. Aged: Immunoblot of synaptosomal fraction
from aged rats using anti-phosphotyrosine antibody PY99. Each line
contained 50 pg protein.

et al., 1992; Zhao et al.,, 1993; Jenkins et al., 1994;
Limatola et al., 1994; Ghosh et al., 1996). It has been
reported that the acyl groups composition of PA pro-
duced from PC contains mainly saturated and monoun-
saturated species whereas PA produced by DAGK activ-
ity may be saturated or unsaturated (Pettitt et al., 2001).
The potency of PA in cell systems in which species con-

tion in aged rats may indicate: (1) that DAGs from PC
are not DAGK substrates; (2) that DAGK activity is
properly decreased; or (3) DAG production and DAG
phosphorylation occur in different compartments. Tak-
ing into account that only DAGKe presents substrate
selectivity (DAG containing stearoyl-arachidonoyl spe-
cies), option 1 may be ruled out. PA synthesis measured
by using exogenous DAG showed a more pronounced
inhibition than did that found with [y->*P]JATP and
endogenous DAG. This may indicate that DAGs pro-
duced by PLD/PAP pathway are DAGK substrates. The
basal increase in DAG production by the PLD/PAP2
pathway along with the inhibition of DAGK activity
pointed to a higher availability of DAG during aging.

[t has been reported recently that endogenous
DAG inhibits the nicotine-induced current in neuronal
nicotinic acetylcholine receptor (nAChR; Andoh et al.,
2004). This finding was reported as a novel, PKC-inde-
pendent nAChR regulatory pathway. The previously



described DAG/PA imbalance through PLD/PAP2
pathway during aging (Salvador et al., 2002) as well as
the DAGK inhibition reported in the present study
could be related to the modulatory mechanism exerted
by DAG in the nAChR function.

Despite DAGK stimulation by insulin, in aged ani-
mals this hormone modified neither PLD nor PAP2
activities. The absence of insulin effects on PLD activity
in aged rat synaptosomes and the basal DAGK inhibi-
tion suggest a strong alteration in the DAG/PA balance
during aging. These findings suggest that PA signaling
pathways are affected strongly by aging in CNS. It has
been reported recently that PA produced by PLD is
implicated in the exocytosis regulation in various secre-
tory cell types (Humeau et al, 2001; Vitale et al.,
2001). More precisely, PLD1 accumulates in neuronal
regions that are known to exhibit high levels of exo-
endocytosis activities, such as varicosities that release
neurotransmitter and growth cones that sprout or retract
by membrane incorporation or retrieval (Humeau et al.,
2001).

Insulin, vanadate, or the combination of both
induced tyrosine phosphorylation of different molecular
weight proteins in adult membranes whereas a lower
degree in tyrosine phosphorylation occurred in aged syn-
aptosomes. PLD activity was stimulated by the presence
of vanadate in adult animals; however, the enzyme activ-
ity was inhibited in synaptosomes from aged animals.
Interestingly, vanadate inhibited PAP2 and stimulated
DAGK activity in aged animals. It can therefore be con-
cluded that non-receptor-mediated tyrosine phosphoryla-
tion promotes different pathways for PA generation as
an age function. The results presented here suggest that
in adult rats, synaptosomal PA comes from PLD,
whereas in aged animals synaptosomal PA is generated
through DAGK activity.

PA inhibits the insulin receptor tyrosine kinase
activity in detergent lipid micelles or reconstituted mem-
branes (Arnold and Newton, 1996). This selective sensi-
tization suggests that the receptor-mediated generation
of PA in the plasma membrane is a negative modulator
of insulin receptor function (Arnold and Newton, 1996).
Taking into account this fact and the results reported in
the present study, the insulin modulation of PA genera-
tion by PLD and DAGK seems to have a key role in
insulin-mediated signaling in CNS.
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