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Synaptmumct isaluted I’rum the adul ral hippocampua conlaln the 2 und j- su‘uspccm of profein kinase C (PKC). but nat the psubspecies which

i ubundintly expressed in the pyramidal cells in this brain région. Aliheugh the »subspecies ix known to respond significantly to free arachidanic

acid, it Ix found that Beth the 2. and Jaubipecies nre nlse activated deamatielly by arachidonie aeld in :yncrgmlc ustion with' diacylglycerol,

Qleie, linalele, and linolenie acids are ull aevive, 11 ix possible that unstwurated fany meids may take purt i the activation of ¢+ and f- lublpﬂ.’lél ‘
of PKC whieh ure present in the presyn.ipuc nerve endings lem\imumn atthe hippogampal pymmidn! cells.

Pratcin Kinuse C; Arachidenic acid

1. INTRODUCTION

The activation of protein kinase C (PKC) has been
proposed to play key roles in maintenance of long-term
potentiation (LTP) in the hippocampus (for reviews;,
see [1-4]). Growth-associated protein (GAP43, Fi,
B50, neuromodulin) has been known to be one of the
major target proteins of PKC which is associated with
presynaptic nerve endings {5,6]. Although the
biological function of this protein is not |dcnt|ﬂed its
phosphorylation by PKC is implicated in the control of
diverse synaptic processes, including transmitter release
(7], calmodulin sequestration {8], neuronal develop-
‘ment and regeneration {3-12], It has been suggested, on
the other hand, that unsaturated free fatty acids (FFAs)
such as arachidonic and oleic acids may play a role in
maintenance of LTP, particularly at the presynaptic
_portion of the hippocampus [13]. To explain this poten-
tial role of FFAs, the possibility has been discussed that

. FFAs activate PKC directly [13-19]. The y-subspecies,
in fact, shows properties that respond to FFAs to ex-
hibit enzymatic  activity [16,20,21]. Electron-
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microscopic analysis. with specific antibodies, however,
has shown that the y-subspecies is not present in the

" nerve endings which terminate at the adult rat hip-

pocampal pyramidal cells, although these cells express a
large guantity of this PKC subspecies [22,23].

The. biochemical studies described herein confu‘m
that synaptosomes isolated from the adult rat hip-
pacampus contain the «- and-B- but not y-subspecies, -
and that these PKC subspecies present in the synap-
tosomes are activated dramatically by synergistic action
of ari unsaturated FFA and diacylglycerol (DAG).

2. MATERIALS AND METHODS

Synap.'o.s'omes )

Spraqnc-[)awlcy rits (6-8 wacks) were used, The ccrcbrum and
hippocampus reglons were dissected,’ and syraptosomes were
prepared using lhc Percol! gradient method deacnbed by Dunkley et
al, [24). .

2.2, Anaiysis of PI\’C subspecias .

Synaptosomes were lysed in 20 mM Tris-HCI, pH 7.5, comammg
10 mM EGTA, 2 mM EDTA, | mM dithiothreitol, 1 mM
phenylmethylsulphonyl fluoride and 45 puM leupepun. followed by
sonication for 2 % 15s, and staining on ice for 20 min. Then, an equal
volume of the above solution containing, in addition, 2% (v/v)Tn iton
X-100 was added, and the nixture was sonicarted again for 2 X 135
and incubated for additional 20 min at 4°C with stirring to solubilize
membrane-bound PKC as much as possible. Following centrifugation
for 60 min at 100 000 X &, the soluble fraction was subjected'to PEC
subspecies analysis upon hydroxyapatite chromalography as describy-
ed [25]. The enzyme subispecies in the cerebrum and hippocampus
regions were analyzed under the same conditions except that these

. tissues were homogenized in 10 volumes of the buffer with e Teﬂun

glass homogenizer.

26!



Valume 79, mr.mi:er 2

2. PKC subsprelon st m o3Iy
“The ar, # and y-subxpecies of PKC empluyﬂl were purlfiﬂl from

thie rat brain saluble Fragiion as deveribed (28], and all preparations

were praclically pure. The ensyme activhiy wan-awayed with salf
"Ihymus F | histone as phesphale devepror, The reactlon misture (0.35
mi} cantained 20 mM Tei-HC! (pH 7.5, 10 mM MaCh, 10 xM
{y-"PJATP (1000 cpnmvnmial), 10°* M CaCly, 100 5 H 1 histane, en-
2yme, PS, DAG and FFA as indiceed in esch sxperiment. PS and
DAG were mixed first in chloroform, and dried under a nitrogen
stream. The revidue was then wonieated in a buffer solution Lo prepare
lipid vesicles axdeseribed [21]. FFA adrmally dissolived In ¢thanal wis
directly added o the reggtion mixiuse. Neither the arder af addition
gl these lipkdx nor the prior mising of FFA whily PS/RAG sffevied
sigrificantly the reaction velochy, The reaction was staried by the ad:
ditien of enzymie. After. invubation for 3 min a1 €, the acid-
" precipitable radienctivity was determined Ay deseribed (26]. One unit
of PKC was defined as that amount af ¢nzyme which iuz.orpﬂmltd
ane nnol of phosphate rmm ATP inm histane under the assay condis
‘tons.

24, Tnumunoblor anelysis
Antibodies that recognize specilically caeh PKC snbspecies were
preparesd, and immunablor nmlysus was carried out ns‘desnrlbed [24).

2.5. Chemiculs
All chiemicals were of analyncnl grade, [+>P)ATP was a pruduct

of New England Nuclear, Call thymus H1 histane was prepared as -

described {27), PS, DACGs and FFAs were obtained from Serdary
‘ Rcsunrch Labcramn:s

3, RESULTS

3.1. PRC subbpecie.é in hippacampal synaprosamés |
‘Biochemical analysis with a hydroxyapatite column
revealed that the rat hippocampus contained n large

_quantity of the y-subspecies ity addition to the «~ and 3- .

subspecies (Fig. 1 A). The synaptosomes prepared from
'this brain region, however, contained a little or no y-
subspecies (Fig. 1 B). These findings are consistent with

thase obtained by electron-microscopic analysis with

specific antibodies {22,23). The x- and- B-subspecies
were expressed both in synaptosomes (nerve endings)
and in post-synaptic pyramidal cells [22]. The whole
cerebruin and synaptosomes isolated therefrom con-
tajned the three PKC subspecies (Figs. 1C and 1D).

These subspecies were all identified by 1mmunobloti

analysis with specific antibodies.

3.2, Synergisric action of arachidonic acid and DAG
Although arachidonic acid and Ca®* could activate
- significantly theé ~- but not a- and 8-subspecies, both
the o- and @8-, particularly «-subspecies, were found to
respond highly to arachidonic acid in the presence of
DAG and Ca?" (10~ M) to exhibit an enzymatic ac-
tivity nearly equivalent to that obtained in the presence.
of PS and DAG (Fig, 2 and Table I), It did not appear,
however, that arachidonic acid exerted this effect simp-

ly be being substituted for PS. The maximum activity -
was obtained at approximately 50 uM arachxdomc acid -

(Fig. 3).

3.3, Specificity of Jatty acid

The synergistic action of fatty amd and DAG was .
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"Fig. 1. Chromatographic profiles of PKC subspecies in rat brain

tissues and synaptosomes. The detailed experimental cendijtions e
isolate and identify the PKC subspecies are described in section 2. «,
8 and ¥ the an, B and y-subspeeies of PRC, respectively. {A) PRC
subspevies From the aduls rat lippecampus tissue; (B) PKC subspecios
in the synaptosames from the adult rat hipposampusx; (¢} PKC
subspecies fram the adult rat cerebrum; and (D) PKC subspecies in

‘the sypaptotomes from the adult rat cerbrun. (8=} assayed with

10™* M Ca¥", 8 pg/mi PS and 6.8 ug/ml DAG; and (6~0) assayed
with EGTA (0.5 mM) instead of C‘n’ . PS and DAG,

observed not only with arachidonic acid but also with
other unsaturated FFAs such as oleic, linoleic and
linolenic aclds (Table [). Lonolenic acid was leds active
for the A- and y-subspecies at 10~* M Ca®*, In the
absence of DAG, unsaturated FFAs activated the y-

Protein Kinase C Activity (units)

o1 2 3 4
Diolein (pg/ml)

- Fig. 2, Acuvauon of PKC subspecies by arachidonic acid in the

presence of various concentrations of DAG. The enayme activity was.

assayed under the standard conditions with 50 uM arachidonic acid

and diolein as indicated. (A) the a-subspecies; (B) the @-subspecies; .

and (C) the'4~subspecies. (*~-#) assayed with Ca?* and arachidonic

acid; (°—0°) assayed with arachldomc aijd; and (e~ assayed with
Ca’+
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, Table |
Simulaion of PKC activity by uavsiurated fauy nwielx‘ '

Each PRC mh'\pules was wevayed under the standzard conditiont in the presence of 0.8 wg/my divlein and 30 kN FEA s Indieated, Numbers
show (he acid-previphable radma-.livlw tepm), and s in parentheses shaw pereentages of (har shiakied in i wmn« af 107" M CuCly, 8
adsmt PY and 0.8 pasmil dialein ax 100%, .

' n-Subsrwem - Subspexics 4 Subspecies
+ DAG ~DAG +DAG - =DAG +DAG «DAG
Ps 29 §80 27 280 7180
(YO0 {100) (16a! .
None san . g90 900 100 IR 1110
(3) (3) L] (4} %) 4]
Eleie neld 26 170 L 19 370 6730 26 460 2 170
. : (88 o) on (25) (42) . (63)
Linaleic neld 23 120 2700 16480 4230 - 28 210 13 800
o) (9) on {8) o8} @
Linelenle iicid 17 920 2480 2430 3580 S 140 7 53¢
: R G 14) (20) Bk} . (2 (23}
Atachidonle ncid 14330 2670 14 270 4663 16 100 8280
(48) ) {52) (17) (50) (28)

subspecies most efficiently. Saturaed FFAs, palmitic

and stearic acids, were practlcally inactive for ali en--

zyme subspecies.
4. DISCUSSION

Routtenberg and co-workers [13] have proposed that
oleic acid may be involved in the maintenance of LTP
by activating PKC, Bliss and collaborators [28) have
postulated a possible role for arachidonic acid as a
retrograde messenger from the postsynapiic to the

presynapuc pomon to maintain LTP. Although the
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Fig. 3. Acilvation of PKC subspecies by DAG in the ptﬁcsenée of
various concentrations of arachidonic acid. The enzyme aclivity was
assayed under the standard conditions with 0.8 xg/ml diolein and

arachidonic acid as indicated. (A) the a-subspecies; (B) the 8- -
. subspecies; and (C) the y-subspecies, (*—s) assayed with diolein; and

(6—o) assayed without diclein.

biochemical ‘mechanism of developing LTP and ika
precise role of PKC in synaptic transmission have not

_yet been clarified, one of the puzzles resulting from.

immuno-cytochemical studies is thiat the y-subspecies of
PKC, which is most s¢nsitive to unsaturated FFAs for
its activation, is locallzed in the postsynaptic portion
but not in the presynaptic nerve ¢ndings, at least in the
adult rat hippocampus [22]. The biochemical analysis
described above supports this uneven distribution of the
4-subspectes in the hippocampal pre- and postsynaptic
portions, and further shows that the o- and &-

" subspecies, which are clearly present in the presynaptic

portion, respond to unsaturated FFAs such as
arachidonic and oleic ac1ds in the presence of a small
quantity of DAG, s
Verkest et al. [7] have described that the mixture of
PKC subspecies obtained from the rat brain and from
the bovine spleen is greatly . activated by the
simultaneous addition of oleic acid and DAG. Seifert et
[18] and Touny et al. [19] have subsequently
reported that some unsaturated FFAs and DAG

synergistically activate platelet PKC, although platelets .

contain another structurally unknown, FFA-sensitive.
type of PK.C [29]. Seifert et al. [30] and Szamel et al.
[31] have described some evidence suggesting that un-
saturated FFAs may have potentials to enhance the ac-

"tivation of human platelets and lymphocyies, respec-
“tively, presumably through the PKC signal pathway. It
is possible that these obervations made by these.

previous authors are related to those described in the -
present report.

Such synergistic action of unsaturated FFAs and
DAG on the PKC activation appears to imply a poten-
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tial role of FFAs in the activation of PKC, pantlcularly
ity er-subspeeles universally present in all tissues and celt
types. [t has been recently shown that phospholipase Ax
- s indeed acvivated ina signal-dependent manner (o pro-
duge unsaturated FFAx (32], More recently, Felder et
al, (23] have demonstrated the release of arachidonic

acid in the hippocampal neuron by activation of

phosphelipase A; with serctonin. Then, it is attractive

“to surmise that several phospholipases may be involved
“in the regulation of ¢ell functions, and that activation of
“the PKC family is integrated into the dezrndmmn
¢nscade of various membrane phosphohpids which is
elieited by emrncellular signals,
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