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Abstract

Background/Aims: We have been probing bioactivities
of 8-[2-(2-pentyl-cyclopropylmethyl)-cyclopropyl]-oc-
tanoic acid (DCP-LA), a linoleic acid derivative with
cyclopropane rings instead of cis-double bonds, us-
ing a racemic modification. Racemic DCP-LA contains
possible 4 diastereomers. We, therefore, separately
synthesized DCP-LA diastereomers such as a,a-,
o,pB-, B,a-, and B,-DCP-LA and assessed the effects
of each diastereomer on protein kinase C (PKC) ac-
tivity and transmitter release. Methods: PKC activity
under the cell-free conditions and in PC-12 cells, and
glutamate, dopamine, and serotonin released from
rat brain slices were assayed with a high perform-
ance liquid chromatography (HPLC) system. Results:
Of 4 diastereomers «,3-DCP-LA selectively and di-
rectly activated PKC-¢, with the highest potency. a.,f3-
DCP-LA stimulated release of glutamate, dopamine,
and serotonin from rat hippocampal, striatal, and
hypothalamic slices, respectively, under the control
of PKC, possibly PKC-¢, and o7 nicotinic ACh

receptors, with the highest potency among 4
diastereomers. Conclusion: o,3-DCP-LA serves as a
selective and direct activator of PKC-¢, to stimulate
transmitter release by targeting a7 nicotinic ACh
receptors. This suggests that o,3-DCP-LA could be
developed as a promising drug for treatment of not
only dementia but neurodegenerative diseases and
psychiatric disorders due to reduction/deficiency of
neurotransmitters.

Copyright © 2011 S. Karger AG, Basel

Introduction

Accumulating evidence has shown that 8-[2-(2-
pentyl-cyclopropylmethyl)-cyclopropyl]-octanoic acid
(DCP-LA), an originally synthesized linoleic acid deriva-
tive with cyclopropane rings instead of cis-double bonds
[1], could ameliorate a variety of cognitive disorders in-
cluding Alzheimer disease. DCP-LA enhances activity
of presynaptic a7 acetylcholine (ACh) receptors by ac-
tivating protein kinase C (PKC), causing a marked in-
crease in glutamate release, and then leading to a long-
lasting facilitation of hippocampal synaptic transmission
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[2]. In addition, DCP-LA stimulates release of y-
aminobutyric acid (GABA) from hippocampal
interneurons as mediated via presynaptic a7 ACh
receptors under the influence of PKC [3]. DCP-LA, al-
ternatively, activates Ca?*/calmodulin-dependent protein
kinase II (CaMKII) by inhibiting protein phosphatase-1
(PP-1), to promote exocytosis of the a-amino-3-hydroxy-
5-methyl-4-isoxazole propionic acid (AMPA) receptor
subunits GluR1 and GluR2, resulting in the increased
number of AMPA receptors on the postsynaptic plasma
membrane in the hippocampus, which also contributes to
facilitation of hippocampal synaptic transmission [4]. The
facilitatory action of DCP-LA on hippocampal synaptic
transmission accounts for improvement of spatial learn-
ing and memory impairment induced by intraperitoneal
injection with scopolamine or intraventricular injection with
amyloid B, peptide [5] or improvement of age-related
cognitive decline [6]. Furthermore, DCP-LA neutralizes
impairment of long-term potentiation (LTP), a cellular
model of learning and memory, in the in vivo hippocam-
pus and spatial learning deficits, that are induced by a
considerably low dose of mutant amyloid B, ,, peptide
lacking glutamate-22 [7], suggesting the beneficial effect
of DCP-LA against Alzheimer dementia.

DCP-LA, on the other hand, is capable of protect-
ing neurons from oxidative stress-induced apoptosis by
inhibiting caspase-3/-9 activation [8]. This, in the light of
the fact that oxidative stress-induced neuronal apoptosis
is a critical factor for pathogenesis of neurodegenerative
diseases such as Alzheimer disease and Parkinson dis-
ease [9-11], further supports the possibility that DCP-LA
could be developed as a promising drug for treatment of
neurodegenerative diseases including Alzheimer disease.

Our previous studies indicate that PKC is the pri-
mary action site of DCP-LA. PKC isozymes include con-
ventional PKCs such as PKC-a., -BI, -BII, and -y, novel
PKCs such as PKC-9o, -¢, -1, -0, and -, and atypical
PKCs such as PKC-A/1 for mouse/human, -C and -v.
PKCs are activated through several pathways linked to
phospholipase C (PLC), phospholipase A, (PLA.), phos-
pholipase D (PLD), and phosphatidylcholine-specific PLC
[12-14]. PLC hydrolyzes phosphatidylinositol 4,5-
bisphosphate into diacylglycerol and inositol 1,4,5-
trisphosphate (IP,), the latter activating IP, receptors to
release Ca*" from intracellular calcium stores, and con-
ventional PKCs are activated by diacylglycerol and Ca?*
[13, 14]. Phosphatidylcholine-specific PLC produces
diacylglycerol by hydrolysis of phosphatidylcholine,
thereby activating PKC [12]. Cis-unsaturated free fatty
acids such as arachidonic, oleic, linoleic, linolenic, and
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Fig. 1. Structures of racemic DCP-LA and possible
diastereomers.

docosahexaenoic acid, that are produced by PLA,-
catalyzed hydrolysis of phosphatidylcholine, activate novel
PKCs in a Ca**-independent manner [13, 14]. Moreover,
the free fatty acids synergistically activate conventional
PKC:s or sustain activity of conventional PKCs activated
[13, 14]. We have earlier found that DCP-LA serves as
a selective and direct activator of PKC-¢, possibly by
binding to the phosphatidylserine binding site, independ-
ently of diacylglycerol and Ca* [15]. So far we have
carried out experiments using racemic modification of
DCP-LA. Racemic DCP-LA is thought to consist of 4
diastereomers such as aa (o,a)-, ab (a.,p)-, ba (B,a)-,
and bb (B,B)-DCP-LA (Fig. 1). Which DCP-LA
diastereomer exhibits an ideal effect remains to be ex-
plored.

To address this question, we synthesized a,o-,
o,p-, B,a-, and B,B-DCP-LA diastereomers, and assayed
the effect of each diastereomer on PKC activation and
neurotransmitter release. We show here that of 4
diastereomers o.,3-DCP-LA selectively and directly ac-
tivates PKC-g, and stimulates release of transmitters such
as glutamate, dopamine, and serotonin, with the highest
potency.

Materials and Methods

Animal care

All procedures have been approved by the Animal Care
and Use Committee at Hyogo College of Medicine and were in
compliance with the National Institutes of Health Guide for the
Care and Use of Laboratory Animals.

Cell culture
Rat PC-12 cells, that were obtained from RIKEN Cell Bank
(Tsukuba, Japan), were cultured in Dulbecco’s modified Ea-
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gle’s medium supplemented with 10% (v/v) heat-inactivated
fetal bovine serum, 10% (v/v) heat-inactivated horse serum,
penicillin (100 U/ml), and streptomycin (0.1 mg/ml) in a humidi-
fied atmosphere of 5% CO, and 95% air at 37°C.

In situ PKC assay

PKC activity in rat PC-12 cells was assayed by the method
as previously described [15]. Cells were treated with DCP-LA
diastereomers at 37°C for 10 min in an extracellular solution
[137 mM NaCl, 5.4 mM KCl, 10 mM MgCl,, 5 mM ethylene
glycol-bis(2-aminoethyl ether)-N,N,N’,N’-tetraacetic acid
(EGTA), 0.3 mM Na,HPO,, 0.4 mM K HPO,, and 20 mM 4-(2-
hydroxyethyl)-1-piperazine-ethanesulfonic acid, pH 7.2]. Then,
cells were rinsed with 100 pl of Ca*-free phosphate-buffered
saline (PBS) and incubated at 30°C for 15 min in 50 pl of the
extracellular solution containing 50 pg/ml digitonin, 25 mM glyc-
erol 2-phosphate, 200 uM ATP, and 100 uM synthetic PKC
substrate peptide (Pyr-Lys-Arg-Pro-Ser-Gln-Arg-Ser-Lys-Tyr-
Leu; MW, 1,374) (Peptide Institute Inc., Osaka, Japan). The
supernatants were collected and boiled at 100°C for 5 min to
terminate the reaction. Aliquot of the solution (20 pl) was loaded
onto a reversed phase high performance liquid chromatogra-
phy (HPLC) (LC-10ATvp, Shimadzu Co., Kyoto, Japan). A
substrate peptide peak and a new product peak were detected
at an absorbance of 214 nm (SPD-10Avp UV-VIS detector,
Shimadzu Co., Kyoto, Japan). It was confirmed that each peak
corresponds to non-phosphorylated and phosphorylated
substrate peptide in the analysis of matrix-assisted laser
desorption ionization time of flight mass spectrometry (Voy-
ager ST-DER, PE Biosystems Inc., Foster City, USA). Molecu-
lar weights were calibrated from the two standard spectrums,
bradykinin (MW 1060.2) and neurotensin (MW 1672.9). Areas
for non-phosphorylated and phosphorylated PKC substrate
peptide were measured (total area corresponds to concentra-
tion of PKC substrate peptide used here), and the amount of
phosphorylated substrate peptide was calculated. Phosphor-
ylated substrate peptide (pmol/l min/cell protein weight) was
used as an index of PKC activity.

Knocking-down PKC-¢&

The sequence for the small, interfering RNA (siRNA) to
silence the PKC-g-targeted gene used here was as follows: 5°-
CAC AUC AGU GAC GAA CUC AUT T-3’ and 5’-AUG AGU
UCG UCA CUG AUG UGT T-3’. The siRNA containing scram-
bled sequences with the GC content and nucleic acid composi-
tion same as those for the PKC-¢ siRNA was used as a nega-
tive control (NC) siRNA. PC-12 cells were transfected with the
PKC-¢ siRNA or the NC siRNA, and 24 h later after transfection
in situ PKC assay was carried out.

Real-time reverse transcription-polymerase chain reac-

tion (RT-PCR)

Total RNAs of PC-12 cells transfected with the PKC-¢
siRNA or the NC siRNA were purified by an acid/guanidine/
thiocyanate/chloroform extraction method using the Sepasol-
RNATT Super kit (Nacalai Tesque, Kyoto, Japan). After purifica-
tion, total RNAs were treated with RNase-free DNase I (2 units)

at 37°C for 30 min to remove genomic DNAs, and 10 pg of
RNAs was resuspended in water. Then, random primers, dNTP,
10x RT buffer, and Multiscribe Reverse Transcriptase (Applied
Biosystems, CA, USA) were added to an RNA solution and
incubated at 25°C for 10 min followed by 37°C for 120 min to
synthesize the first-strand cDNA. Real-time PCR was performed
using a SYBR Premix Ex Taq (Takara Bio, Otsu, Japan) and the
Applied Biosystems 7900 real-time PCR detection system (ABI,
Foster City, CA). Thermal cycling conditions were as follows:
first step, 94°C for 4 min; the ensuing 40 cycles, 94°C for 1 s,
65°C for 15 s, and 72°C for 30 s for PKC-g. The PKC-¢ mRNA
expression level was normalized by the GAPDH mRNA. Prim-
ers used for RT-PCR were as follows: 5’-GTT GTG GAT CCC
GAA CTT GTG GG-3’ and 5’-CTG AAA GCT TTC ATG ACC
AAG AAC CC-3’ for PKC-¢ (accession number NM_017171)
and 5°-CCT TCC GTG TTC CTA CCC CCA AT-3’ and 5’-CCT
CTC TCT TGC TCT CAG TAT CCT TGC T-3’ for GAPDH (ac-
cession number BC059110).

Western blotting

PC-12 cells transfected with the PKC-¢ siRNA or the NC
siRNA were homogenized with a sonicator in an ice-cold PBS
containing 1% (v/v) protease inhibitor cocktail (Nacalai, Kyoto,
Japan), and then centrifuged at 3,000 rpm for 5 min at 4°C. The
supernatants (20 pg of protein) were loaded on 10% (v/v) SDS-
polyacrylamide gel and electrophoresed. Separated proteins
were transferred onto polyvinylidene difluoride membrane. Blot-
ting membranes were blocked with TTBS (150 mM NacCl, 0.1%
Tween20 and 20 mM Tris, pH7.5) containing 5% (v/v) bovine
serum albumin (Wako, Osaka, Japan) and reacted with an anti-
PKC-¢ antibody (Chemicon, Temecula, CA, USA) or an anti-f3-
actin antibody (Sigma, St. Louis, MO, USA), followed by a
horseradish peroxidase (HRP)-conjugated goat anti-rabbit IgG
antibody or goat anti-mouse IgG antibody, respectively. Immu-
noreactivity was detected with an ECL kit (GE Healthcare,
Piscataway, NJ, USA) and visualized using a chemilumines-
cence detection system (FUJIFILM, Tokyo, Japan).

Cell-free PKC assay

PKC activity in the cell-free systems was quantified by
the method as previously described [15]. Briefly, synthetic PKC
substrate peptide (10 uM) was reacted with a variety of PKC
isozymes in a medium containing 20 mM Tris-HCI (pH 7.5), 5
mM Mg-acetate, 10 uM ATP, and DCP-LA diastereomers in the
absence of phosphatidylserine and diacylglycerol at 30°C for 5
min. Activity for novel PKCs such as PKC-9, —¢, —, and -p was
assayed in Ca’*-free medium and activity for the other PKC
isozymes in the medium containing 100 uM CaCl,. After load-
ing on a reversed phase HPLC (LC-10ATvp, Shimadzu Co.,
Kyoto, Japan), a substrate peptide peak and a new product
peak were detected at an absorbance of 214 nm. Areas for non-
phosphorylated and phosphorylated PKC substrate peptide
were measured (total area corresponds to concentration of PKC
substrate peptide used here), and the amount of phosphor-
ylated substrate peptide was calculated. Phosphorylated
substrate peptide (pmol/l min) was used as an index of PKC
activity.

Selective PKC-¢ Activator a,3-DCP-LA
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Fig. 2. Synthesis of possible diastereomers. Cyclopropyl methanol derivative (3) was obtained from commercial available
compound (2). Treatment of (3) with commercial available Lipase AK and vinyl acetate afforded high enatio-purity of B-cyclopropyl
derivative (3b) [>99.9% ee, 38% yield from (3)] with acetyl product (4) (76% ee). Hydrolysis of (4) using Lipase PS provided o.-
cyclopropyl derivative (3a) [99.0% ee, 28% yield from (3)]. (3a) and (3b) were converted to bicyclopropyl derivatives (5a) and (5b)
in 4 steps, respectively. Then, (5ab) (98.0% de) and (5bb) (>99.9% de) were produced from (5a) and (5b), respectively, together
with (6aa) and (6ba) in the presence of Lipase AK and vinyl acetate, and (6aa) and (6ba) were converted to (5aa) (98.0% de) and
(5ba) (98.0% de), respectively, by Lipase PS. Finally, (5aa), (5ab), (5ba), and (5bb) were converted to desired high enatiopure DCP-
LA derivatives (laa) (a,0-), (1ab) (a,p-), (1ba) (B,a-), and (1bb) (B,B-) in 6 steps, respectively. The [a]D23 values of them were
+0.47 (¢ =10),-9.9 (c = 1.0), 9.9 (¢ = 0.90), and -0.45 (c = 10). Conditions: a) H,/Pd-CaCO,, quinoline, b) Et,Zn, CH,1, ¢) Ph.P, L,
imidazole, d) HC=CCH,OTHP, nBuLi, ¢)TsOH, f) H/Pd-CaCO,, ethylenediamine, g) KO,CN=NCO,K, AcOH, and h) Joness
oxidation.

Assay of glutamate, dopamine, and serotonin Results

The hippocampus, striatum, and hypothalamus were iso-
lated from the rat brain (male Wistar rat, 6 weeks) and sliced at
400 pm in thickness for assay of glutamate, dopamine, and
serotonin, respectively. Slices were incubated in a standard

artificial cerebrospinal fluid (ACSF) (117 mM NacCl, 3.6 mM

Selective optical resolution from racemic DCP-
LA
Neither chiral column chromatography nor chiral re-

KCl, 1.2 mM NaH_PO,, 1.2 mM MgCL, 2.5 mM CaCl,, 25 mM
NaHCO,, 11.5 mM glucose) oxygenated with 95% O, and 5%
CO, at room temperature for 1 h followed by at 34°C for 50 min.
Then, slices were transferred to a chamber filled with 1 ml of
ACSF oxygenated with 95% O, and 5% CO, containing tetro-
dotoxin (TTX) (0.5 uM) in the presence and absence of nico-
tine (1 uM) and DCP-LA diastereomers together with and with-
out GF109203X (100 nM) or a-bungarotoxin (a-BgTX) (100
nM) at 34°C for 20 min. After treatment, external solution was
collected and glutamate released was labeled with 4-fluoro-7-
nitrobenzofurazan (NBD-F). Then, 20 pl of NBD-F-labeled so-
lution was injected onto the column (150 X 4.6 mm), and loaded
onto the HPLC system. NBD-F was detected at an excitation of
wavelength of 350 nm and an emission wavelength of 450 nm
using a fluorescence detector.

solving agents were available for selective optical reso-
lution from racemic DCP-LA. We, therefore, separately
synthesized DCP-LA diastereomers through roots as
described in Fig. 2, and successfully obtained 4
diastereomers such as a,o-, o,B-, B,o-, and B,3-DCP-
LA.

o, B-DCP-LA selectively and directly activates

PKC-¢, with the highest potency among 4

diastereomers

To examine the effect of DCP-LA diastereomers
on PKC activation, we initially carried out in situ PKC
assay using PC-12 cells. In the reversed phase HPLC
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Fig. 3. o,B-DCP-LA activates PKC in PC-12 cells with the
highest potency. PC-12 cells were untreated and treated with
racemic DCP-LA or DCP-LA diastereomers at a concentration
of 100 nM in the presence and absence of GF109203X (GF)
(100 nM), and PKC activity was assayed. (A) Reversed phase
HPLC profiles. A new peak (Product) is found after treatment
with racemic DCP-LA and DCP-LA diastercomers. Substrate,
substrate peptide peak. (B) In the graph, each column repre-
sents the mean (= SEM) PKC activity (pmol/min/pug protein)
(n=6). ***P<(0.001 as compared with each PKC activation
induced by a,a-, B,a-, or B,3-DCP-LA in the absence of
GF109203X, Dunnett’s test. (C) Cells were treated with o,p3-
DCP-LA at concentrations as indicated, and PKC activity
was assayed. Each point represents the mean (+ SEM) PKC
activity (pmol/min/pug protein) (n=6).

profiles, racemic DCP-LA and all the DCP-LA
diastereomers at a concentration of 100 nM produced a
new peak, that corresponds to phosphorylated substrate
peptide (Fig. 3A) and the effect was abolished by
GF109203X (100 nM), a PKC inhibitor (Fig. 3B), indi-
cating PKC activation due to racemic DCP-LA and DCP-
LA diastereomers. o,-DCP-LA activated PKC to an
extent similar to racemic DCP-LA, and notably, the acti-
vation was significantly higher than other DCP-LA
diastereomers (Fig. 3B). a,3-DCP-LA activated PKC
in a bell-shaped concentration (1 nM-100 uM)-depend-
ent manner, with the maximal effect at 100 nM (Fig. 3C).
These results indicate that a,f-DCP-LA is capable of
activating PKC in PC-12 cells, with the highest potency
among 4 diastereomers.

In our earlier study, racemic DCP-LA selectively
and directly activated PKC-¢ [15]. We next examined
whether o,3-DCP-LA selectively activates PKC-¢. To
address this question, we constructed the siRNA to si-
lence the PKC-¢-targeted gene. In the real-time RT-PCR
analysis and Western blot analysis, expression of the PKC-
€ mRNA and protein for PC-12 cells transfected with
the PKC-¢ siRNA was significantly reduced as com-
pared with the expression for cells transfected with the
NC siRNA (Fig. 4A, B), which confirms PKC-¢ knock-
down. For PC-12 cells transfected with the NC siRNA,
a,3-DCP-LA significantly activated PKC, but for cells
transfected with the PKC-¢ siRNA no activation of PKC
was found (Fig. 4C), supporting the note for selective
PKC-¢ activation by o,3-DCP-LA.

To obtain further evidence for this, we assayed PKC
in the cell-free systems. Of the 9 PKC isozymes exam-
ined here (a, BI, BIL, v, 6, €, K, N, and §), a,B-DCP-LA
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(10 uM) activated PKC-¢ in the absence of 1,2-dioleoyl-
sn-glycerol, a diacylglycerol, dioleoyl-phosphatidylserine,
and Ca*", with the potency strikingly greater than that for
other PKC isozymes (Fig. 5A, B). Like the result
from in situ PKC assay, o,3-DCP-LA (10 uM) acti-
vated PKC to an extent similar to racemic DCP-LA

Selective PKC-¢ Activator a,3-DCP-LA
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Fig. 4. o,p-DCP-LA activates PKC-¢ in PC-
12 cells. PC-12 cells were transfected with A C
the NC siRNA or the PKC-¢ siRNA, and 24 h 051 — ,w‘
later after transfection real-time RT-PCR and L 041 10 P=0.002
Western blotting were carried out. (A) Real- S s N
time RT-PCR analysis. Each column repre- § ' S 81
sents the mean (= SEM) expression of PKC- o %% >0
¢ mRNA normalized by expression of the * o 2 S 67
GAPDH mRNA (n=6). P value, unpaired 0+— 5 ® < NS
t-test. (B) Western blot analysis. Each col- IEARENA. RGeS Q E 4
umn represents the mean (= SEM) intensity B SIRNA o _E 5
of PKC-¢ protein normalized by B-actin N Peer =3
intensity (n=4). P value, unpaired r-test. (C) PO 0 :
Cells transfected with the NC siRNA or the ractin em——— o,B-DCP-LA - + - +
PKC-¢ siRNA were untreated and treated - .
with a,3-DCP-LA at a concentration of 100 = v —— A PKC-¢ siANA
nM, and PKC activity was assayed. Each 208
column represents the mean (+ SEM) PKC £ o8
activity (pmol/min/pg protein) (n=6). P val- ‘E—f 0.4
ues, unpaired #-test. NS, not significant. § 0.2
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Fig. 5. a,p-DCP-LA selectively activates
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Reversed phase HPLC profiles. (B) In the £ oo J i gg 67
graph, each column represents the mean (+ 41
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(£ SEM) PKC activity (pmol/min) (n=6). Retenion time (min) s,
*#%P<0.001 as compared with each PKC- Frn ;:i:; smm 2
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(10 uM)(Fig. 5C). Other DCP-LA diastereomers (10 uM)
also activated PKC-¢, but to lesser extent as compared
with o,B-DCP-LA-engaged activation (Fig. 5C). PKC-
¢ activation induced by all the DCP-LA diastereomers

was abolished by GF109203X (100 nM) (Fig. 5C). a,3-
DCP-LA activated PKC-¢ in a bell-shaped concentra-
tion (0.1-100 uM)-dependent manner, with the maximal
effect at 25 uM (Fig. 5D). Taken together, these results
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Fig. 6. o,3-DCP-LA stimulates hippocampal glutamate release
under the control of PKC and a7 ACh receptors with the high-
est potency. (A) Rat hippocampal slices were untreated and
treated with racemic DCP-LA or DCP-LA diastereomers at a
concentration of 100 nM in the presence of nicotine (1 uM),
and glutamate released was assayed. Each point represents
the mean (= SEM) glutamate concentrations (n=6). ***P<0.001
as compared with each glutamate release induced by a,a-,
B,a-, or B,B-DCP-LA, Dunnett’s test. (B) Slices were treated
with o,3-DCP-LA at concentrations as indicated in the pres-
ence of nicotine (1 uM), and glutamate released was assayed.
Each point represents the mean (£ SEM) glutamate concentra-
tions (n=6). (C) Slices were treated with o, -DCP-LA (100 nM)
in the presence and absence of nicotine (1 pM) together with
and without GF109203X (GF) (100 nM) or a-BgTX (100 nM),
and glutamate released was assayed. Each point represents
the mean (= SEM) glutamate concentrations (n=6). P values,
Dunnett’s test.

indicate that o,-DCP-LA serves as a selective and di-
rect activator of PKC-¢, with the highest potency among
4 diastereomers.

o, B-DCP-LA stimulates glutamate release in a

PKC- and a7 ACh receptor-dependent manner,

with the highest potency among 4 diastereomers

We earlier found that racemic DCP-LA activates
PKC, to enhance activity of presynaptic a7 ACh
receptors, thereby increasing presynaptic glutamate re-
lease, responsible for facilitation of hippocampal synaptic
transmission [2]. This prompted to assess the effect of
a,B-DCP-LA on glutamate release from neurons. Nico-
tine (1 uM) alone, to activate nicotinic ACh receptors, or
each DCP-LA diastereomer alone had no effect on gluta-
mate release from rat hippocampal slices (Fig. 6A,C).
Each diastereomer (100 nM) together with nicotine (1
1M) increased glutamate release, and the most marked
increase was obtained with a,3-DCP-LA (Fig. 6A). The
extent for o,,3-DCP-LA was similar to that for racemic
DCP-LA (Fig. 6A). This, in the light of the fact that gluta-
mate released was assayed in the presence of TTX (0.5
p1M), an inhibitor of voltage-dependent Na* channels, in-
terprets that of 4 diastereomers o,3-DCP-LA has the
highest potency to stimulate glutamate release from hip-
pocampal neurons.

o,3-DCP-LA increased glutamate release from
hippocampal slices in a bell-shaped concentration (1 nM-
100 uM)-dependent manner, with the maximal effect at
100 nM (Fig. 6B). Amazingly, the concentration-
dependent effect was in well agreement with the effect
of a,B-DCP-LA on PKC activation. The increase in

>

0.187
0.16
0.144
0.121
0.101
0.08+
0.06+
0.04+
0.02+

Glutamate
(pmol/min/ug protein)

5

oo opf Bo PP
DCP-LA diastereomer

EOJG-

% 0.14+

g 0.127

20.10

g 0.08

= 0.067

<]

£ 0.04+ §“|
a

|_||_|_""""'"'F_""""'r_""""1_"“““'r_"""""1

0 103102107 100 10" 102uM

DCP-LA (
Racemate

Glutamate
u

o,3-DCP-LA
C P=0.0104
]
P=0.0163
P=0.0078
0.184 1
= 0.16
% 0.14+
% a 0.121
% g 0.10+
S £ 0.08
G = 0.061
(]
€ 0.041
o
~ 0.021
3 5k
+ @
<]
+
Nicotine
o,3-DCP-LA

glutamate release induced by a,f-DCP-LA (100 nM)
was clearly inhibited by GF109203X (100 nM) or a-BgTX
(100 nM), an antagonist of a7 ACh receptors (Fig. 6C).
Overall, these results lead to a conclusion that o, 3-DCP-
LA stimulates hippocampal glutamate release under the
control of PKC, possibly PKC-¢, and a7 ACh receptors,
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Fig. 7. o,p-DCP-LA stimulates striatal dopamine release un-
der the control of PKC and a7 ACh receptors with the highest
potency. (A) Rat striatal slices were untreated and treated with
racemic DCP-LA or DCP-LA diastereomers at a concentration
of 100 nM in the presence of nicotine (1 uM), and dopamine
released was assayed. Each point represents the mean (+ SEM)
dopamine concentrations (n=6). ***P<0.001 as compared with
each dopamine release induced by a,a-, B,a-, or B,3-DCP-LA,
Dunnett’s test. (B) Slices were treated with o,3-DCP-LA at con-
centrations as indicated in the presence of nicotine (1 uM),
and dopamine released was assayed. Each point represents
the mean (+ SEM) dopamine concentrations (n=6). (C) Slices
were treated with o,3-DCP-LA (100 nM) in the presence and
absence of nicotine (1 pM) together with and without
GF109203X (GF) (100 nM) or a-BgTX (100 nM), and dopamine
released was assayed. Each point represents the mean (+ SEM)
dopamine concentrations (n=6). P values, Dunnett’s test.

with the highest potency among 4 diastereomers. This
suggests that o,,3-DCP-LA could ameliorate a variety of
dementia such as Alzheimer disease, age-related cognitive
decline, and vascular dementia by facilitating hippocampal
synaptic transmission as a results of increased glutamate
release, with a more beneficial efficacy than other
diastereomers.

o, B-DCP-LA stimulates dopamine release in a

PKC- and a7 ACh receptor-dependent manner,

with the highest potency among 4 diastereomers

We have found that racemic DCP-LA stimulates
presynaptic release of not only glutamate but GABA [3].
Then, we thought that DCP-LA might still stimulate re-
lease of other neurotransmitters such as dopamine and
serotonin. To answer this question, we assayed dopamine
released from rat striatal slices in a TTX (0.5 uM)-con-
taining extracellular solution. Nicotine (1 uM) alone or
each DCP-LA diastereomer alone had no effect on
dopamine release (Fig. 7A, C). In contrast, all the DCP-
LA diastereomers (100 nM) increased dopamine release
in the presence of nicotine (1 uM), with the most promi-
nent effect for o,f-DCP-LA (Fig. 7A). The extent for
o,B-DCP-LA was similar to that for racemic DCP-LA
(Fig. 7A).

As is the case with glutamate release, ao,p-DCP-
LA increased dopamine release in a bell-shaped concen-
tration (1 nM-100 uM)-dependent manner, with the maxi-
mal effect at 250 nM (Fig. 7B). The increase in dopamine
release induced by o,B-DCP-LA (100 nM) was pre-
vented by GF109203X (100 nM) or a-BgTX (100 nM)
(Fig. 7C). Collectively, these results indicate that o, [3-

A 0.087

0.06+
0.04+

0.02

Dopamine
(pmol/min/ug protein)

<
E

oo opf Bo BP
DCP-LA diastereomer

DCP-LA (-
Racemate

B 0.087

0.06-
0.04-
0.02 &4
L DA A AR AR

Dopamine
(pmol/min/ug protein)

0 10°102107 109 10" 102uM

o,3-DCP-LA
C P=0.0280
1
P=0.0237
P=0.0165
i
0.087
=
Q
+§ 0.06-
ga
E 2 _
g S 0.04
o £
g 0.02
a
0 % ﬁ
+ @
+
Nicotine
,B-DCP-LA

DCP-LA stimulates striatal dopamine release under the
control of PKC, possibly PKC-¢, and a7 ACh receptors,
with the highest potency among 4 diastereomers. This
raises the possibility that o,f-DCP-LA could exert its
beneficial action on Parkinson disease, diffuse Lewy body
disease, and extrapyramidal disorders due to reduction/
deficiency of dopamine.
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Fig. 8. a,3-DCP-LA stimulates hypothalamic serotonin release
under the control of PKC and a7 ACh receptors with the high-
est potency. (A) Rat hypothalamic slices were untreated and
treated with racemic DCP-LA or DCP-LA diastereomers at a
concentration of 100 nM in the presence of nicotine (1 uM),
and serotonin released was assayed. Each point represents
the mean (£ SEM) serotonin concentrations (n=6). ***P<0.001
as compared with each serotonin release induced by a,o-, B,
a-, or 3,3-DCP-LA, Dunnett’s test. (B) Slices were treated with
o,B-DCP-LA at concentrations as indicated in the presence of
nicotine (I uM), and serotonin released was assayed. Each
point represents the mean (£ SEM) serotonin concentrations
(n=6). (C) Slices were treated with o,3-DCP-LA (100 nM) in the
presence and absence of nicotine (1 pM) together with and
without GF109203X (GF) (100 nM) or a-BgTX (100 nM), and
serotonin released was assayed. Each point represents the
mean (£ SEM) serotonin concentrations (n=6). P values,
Dunnett’s test.

o, B-DCP-LA stimulates serotonin release in a

PKC- and a7 ACh receptor-dependent manner,

with the highest potency among 4 diastereomers

We finally examined the effect of DCP-LA on se-
rotonin release. Nicotine (1 uM) alone or each DCP-LA
diastereomer alone had no effect on serotonin released
from rat hypothalamic slices ina TTX (0.5 uM)-contain-
ing extracellular solution (Fig. 8A, C), but all the DCP-
LA diastereomers (100 nM) increased serotonin release
in the presence of nicotine (1 uM), with the most great-
est effect for a,B-DCP-LA (Fig. 8A). The extent for
a,3-DCP-LA was similar to that for racemic DCP-LA
(Fig. 8A).

o,3-DCP-LA increased serotonin release in a bell-
shaped concentration (1 nM-100 pM)-dependent manner,
with the maximal effect at 100 nM (Fig. 8B). The increase
in serotonin release induced by o,3-DCP-LA (100 nM)
was blocked by GF109203X (100 nM) or a.-BgTX (100
nM) (Fig. 8C). Taken together, these results show that
a,3-DCP-LA stimulates hypothalamic serotonin release
under the control of PKC, possibly PKC-¢, and a7 ACh
receptors, with the highest potency among 4
diastereomers. This suggests that o,-DCP-LA could
improve depression, panic disorder, sleep disturbance, and
mental irritation, which is caused by reduction/deficiency
of serotonin as the major factor.

Discussion

Enantiomers or diastereomers contained in a racemic
modification of drugs might exert different actions each
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other, and therefore, a racemate could exhibit an unex-
pected effect. For example, a-methyl-N(a)-
phthalimidoglutarimide (thalidomide), containing 2
enantiomers such as (S)- and (R)-form, was clinically
used as a hypnotic, but (S)-form thalidomide caused the
serious side-effect teratogenesis [16]. Racemic DCP-
LA contains 4 possible diastereomers. In the present
study, we have established roots for selective optical reso-
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lution from racemic DCP-LA and succeeded to synthe-
size 4 diastereomers such as a,a-, o,p-, B,0-, and B,B-
DCP-LA. This is of great value and indispensable to as-
sess the bioactivities and side-effects of each DCP-LA
diastereomer.

The results of the present study demonstrate that
bioactive potentials of DCP-LA vary, depending upon its
diastereomers. Of 4 diastereomers o,3-DCP-LA selec-
tively and directly activated PKC-g, with the highest po-
tency. Notably, a,B-DCP-LA increased release of
neurotransmitters such as glutamate, dopamine, and se-
rotonin in a similar fashion, i.e., in a PKC- and -a.7 ACh
receptor-dependent manner. This suggests that o, 3-DCP-
LA stimulates transmitter release by targeting presynap-
tic a7 ACh receptors through PKC-¢ activation. o, 3-

DCP-LA, thus, could be developed as a promising drug
for treatment of not only a variety of dementia including
Alzheimer disease but neurodegenerative diseases such
as Parkinson disease, diffuse Lewy body disease, and
extrapyramidal disorders, and psychiatric impairments
such as depression, panic disorder, and mental irritation
due to reduction/deficiency of neurotransmitters. This may
shed a bright light upon huge numbers of patients with
those disastrous diseases.

In summary, the results of the present study show
that o, 3-DCP-LA selectively and directly activates PKC-
¢ and stimulates release of glutamate, dopamine, and se-
rotonin in the hippocampus, striatum, and hypothalamus
under the control of PKC-¢ and a7 ACh receptors, with
the highest potency among 4 diastereomers.

References

1 Tanaka A, Nishizaki T: The newly syn- 5 Nagata T, Yamamoto S, Yaguchi T, Iso 11 Nunomura A, Moreira PI, Lee HG, Zhu
thesized linoleic acid derivative H, Tanaka A, Nishizaki T: The newly X, Castellani RJ, Smith MA, Perry G:
FR236924 induces a long-lasting facili- synthesized linoleic acid derivative DCP- Neuronal death and survival under
tation of hippocampal neurotrans- LA ameliorates memory deficits in ani- oxidative stress in Alzheimer and
mission by targeting nicotinic acetylcho- mal models treated with amyloid-B pep- Parkinson diseases. CNS Neurol Disord
line receptors. Bioorg Med Chem Lett tide and scopolamine. Psychogeriatrics Drug Targets 2007;6:411-423.
2003;13:1037-1040. 2005;5:122-126. 12 Isakov N: Activation of murine

2 Yamamoto S, Kanno T, Nagata T, Yaguchi 6 Yaguchi T, Nagata T, Mukasa T, Fujikawa lymphocytes by exogenous phosphatidy-
T, Tanaka A, Nishizaki T: The linoleic H, Yamamoto H, Yamamoto S, Iso H, lethanolamine- and phosphatidylcholine-
acid derivative FR236924 facilitates hip- Tanaka A, Nishizaki T: Linoleic acid de- specific phospholipase C. Cell Immunol
pocampal synaptic transmission by en- rivative DCP-LA improves learning im- 1993;152:72-81.
hancing activity of presynaptic a7 ace- pairment in SAMPS8. Neuroreport 13 Nishizuka Y: Intracellular signaling by
tylcholine receptors on the glutamatergic 2006;17:105-108. hydrolysis of phospholipids and activa-
terminals. Neuroscience 2005;130:207- 7 Nagata T, Tominaga T, Mori H, Yaguchi tion of protein kinase C. Science
213. T, Nishizaki T: DCP-LA neutralizes mu- 1992;258:607-614.

3 Kanno T, Yaguchi T, Yamamoto S, tant amyloid B peptide-induced impair- 14  Nishizuka Y: Protein kinase C and lipid
Yamamoto H, Fujikawa H, Nagata T, ment of long-term potentiation and spa- signaling for sustained cellular responses.
Tanaka A, Nishizaki T: 8-[2-(2-pentyl- tial learning. Behav Brain Res FASEB J 1995;9:484-496.
cyclopropylmethyl)-cyclopropyl]-octa- 2009;206:151-154. 15 Kanno T, Yamamoto H, Yaguchi T, Hi
noic acid stimulates GABA release from  § Yaguchi T, Fujikawa H, Nishizaki T: Li- R, Mukasa T, Fujikawa H, Nagata T,
interneurons projecting to CA1 pyrami- noleic acid derivative DCP-LA protects Yamamoto S, Tanaka A, Nishizaki T: The
dal neurons in the rat hippocampus via neurons from oxidative stress-induced linoleic acid derivative DCP-LA selec-
pre-synaptic a7 acetylcholine receptors. apoptosis by inhibiting caspase-3/-9 ac- tively activates PKC-¢, possibly binding
J Neurochem 2005;95:695-702. tivation. Neurochem Res 2010;35:712- to the phosphatidylserine binding site. J

4 Kanno T, Yaguchi T, Nagata T, Tanaka 717. Lipid Res 2006;47:1146-1156.

A, Nishizaki T: DCP-LA stimulates 9 Law A, Gauthier S, Quirion R: Say NO to 16 Blaschke G, Kraft HP, Fickentscher K,
AMPA receptor exocytosis through Alzheimer’s disease: the putative links Kohler F; Chromatographische Race-
CaMKII activation due to PP-1 inhibi- between nitric oxide and dementia of the mattrennung von Thalidomid und
tion. J Cell Physiol 2009;221:183-188. Alzheimer’s type. Brain Res Rev teratogene Wirkung der Enantiomere.
2001;35:73-96. Arzneimittelforschung 1979;29:1640-
10 Loh KP, Huang SH, De Silva R, Tan BK, 1642.
Zhu YZ: Oxidative stress: apoptosis in
neuronal injury. Curr Alzheimer Res
2006;3:327-337.
158 Cell Physiol Biochem 2011;27:149-158 Shimizu/Kanno/Tanaka/Nishizaki



