PHARM

aspet..

0026-895X/90/010075-05$02.00/0

Copyright © by The American Society for Ph
All rights of reproduction in any form reserved.
MOLECULAR PHARMACOLOGY, 87:75-79

logy and Experi | Therap

Central 5-Hydroxytryptamine Receptor-Linked Protein Kinase C
Translocation: A Functional Postsynaptic Signal Transduction

System

HOAU-YAN WANG and EITAN FRIEDMAN

Division of Neurochemistry, Departments of Psychiatry and Pharmacology, Medical College of Pennsylivania, Philadelphia, Pennsylvania, 19129

Received June 26, 1989; Accepted October 23, 1989

SUMMARY

The effect of 5-hydroxytryptamine (5-HT) receptor stimulation on
protein kinase C (PKC) activity and translocation was assessed
in slices or synaptosomes obtained from rat brain. Serotonin
(0.5-100 um) and the specific 5-HT. receptor agonist 14(2,5-
dimethoxy-4-iodophenyl)-2-aminopropane (DOI) (0.01-10 um)
but not the 5-HT,. or 5-HT,g agonists elicited time- and dose-
related translocations in cortical slices. The maximal transloca-
tion elicited by 5-HT (10-100 uMm, 15 min) or DOI (1 um, 10 min)
was similar to that achievable by the phorbol ester phorbol
myristate acetate (PMA) (162 nm). In synaptosomes, short ex-
posures to depolarizing concentrations of K* (45-65 mm) re-
sulted in PKC translocation. In addition, PMA but not serotonin

induced enzyme translocation in synaptosomes. In slices, sero-
tonin-stimulated PKC translocation was prevented by 5-HT,
antagonists but not by dopamine or a-adrenergic antagonists.
PKC translocation induced by serotonin but not by PMA was
inhibited by incubation of slices in a Ca?*-free medium. However,
addition of 0.5 mm ethylene glycol bis(8-aminoethyl ether)-
N,N,N’,N’-tetraacetic acid to the incubation mixture abolished
the effects of both serotonin and PMA. These results indicate
that, in cortical slices, serotonin operating via a 5-HT, postsyn-
aptic receptor can induce the translocation of PKC from cytosol
to membrane. This action of the neurotransmitter appears to be
dependent on extracellular Ca?*.

A wide variety of neurotransmitters and hormones have been
shown to activate the hydrolysis of PI through interaction with
their specific membrane receptors (1). Among these signals,
serotonin has repeatedly been shown to interact with 5-HT,
receptors to initiate the phospholipase C-catalyzed breakdown
of phosphoinositol 4,5-bisphosphate (2-8). This subsequently
generates two second messengers, DAG and inositol 1,4,5-
triphosphate. While inositol 1,4,5-triphosphate mobilizes intra-
cellular Ca?* (9), DAG activates PKC (10, 11).

PKC, a Ca®- and phospholipid-dependent enzyme, is dis-
tributed in both cellular cytoplasmic and membranous com-
partments. Upon activation, translocation of the enzyme from
cytosol to membrane occurs (12, 13). Physiologically, PKC
activation can be induced by DAG, which results from receptor-
mediated PI hydrolysis (10, 11). In several cultured cell lines,
various investigators have shown that receptor-mediated PI
hydrolysis leads to a cytosol to membrane redistribution of
PKC (14-17). Similarly, translocation of PKC has also been
observed in rat pituitary gonadotrophs (18), guinea pig exocrine
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glands (19), and primary cultures of cerebellar neurons (20)
following stimulation with gonadotropin-releasing hormone,
carbachol, and glutamate, respectively. In the present commu-
nication, we (a) demonstrate that stimulation with serotonin
induces a cytosol to membrane redistribution of PKC in various
regions of the rat brain and (b) characterize the serotonin
receptor subtype that is responsible for this effect in cerebral
cortex slices.

Materials and Methods

PKC translocation was examined in brain slices or synaptosomes
prepared from cortex, hippocampus, or striatum. Brain tissues were
sliced (300 X 300 um) with a Mcllwain tissue chopper, separated, and
incubated for 15 min at 37° in oxygenated Krebs-Ringer solution
containing various concentrations of agonists. Serotonin receptor-me-
diated PKC translocation was also examined in a crude synaptosomal
preparation [P, fraction (21)] obtained from rat cerebral cortex. Syn-
aptosome suspensions were incubated in 0.32 M sucrose/5 mM HEPES
(pH 7.5) and treated in the following ways: (a) 15-min buffer, (b) 14.5-
min buffer/30-sec 65 mM K* stimulation, (c) 15-min buffer containing
serotonin, and (d) 15-min buffer containing PMA. Incubation was
stopped by the addition of, and sonication (1 min) in, cold 0.32 M
sucrose buffered with 20 mM Tris- HCl, pH 7.5, and containing 2 mM

ABBREVIATIONS: PI, phosphoinositides; PKC, protein kinase C; EGTA, ethylene glycol bis(8-aminoethyl ether)-N,N,N’ N’-tetraacetic acid; HEPES,
4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid; 5-HT, 5-hydroxytryptamine; DOI, 1+(2,5-dimethoxy-4-iodophenyl)-2-aminopropane; PMA, phorbol
myristate acetate; 8-OH-DPAT, 8-hydroxy-2-di-N-propylaminotetralin; DAG, diacyiglycerol; ANOVA, analysis of variance.
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EDTA, 0.5 mM EGTA, 50 ug/ml leupeptin, 0.2 mM phenylmethylsul-
fonyl fluoride, and 0.1% 2-mercaptoethanol. Slices were homogenized
in the same buffered sucrose solution. Homogenized slices (22) or
sonicated synaptosomes were centrifuged at 800 X g for 10 min at 4°.
The supernatant was decanted, sonicated (Kontes Micro Cell Disrup-
ter), and centrifuged at 25,000 X g for 15 min. The supernatant was
applied to DE52 anion exchange columns before measurement of PKC
activity (cytosol). The pellet was solubilized on ice for 1 hr in 200 ul of
the above buffer containing 1% Nonidet P-40, diluted, and recentri-
fuged at 25,000 X g for 15 min. The supernatant obtained was applied
to DE52 columns before PKC activity determination (membrane
bound). One-milliliter samples were placed on washed diethylamino-
methyl-cellulose columns (Whatman, DE52) and the columns were
washed with 5§ ml of buffer followed by 0.5 ml of buffer with 0.1 M
NaCl. Enzyme was eluted with 1.5 ml of buffer/0.1 M NaCl and used
immediately for determination of PKC activity. The final assay mixture
(volume of 260 ul) consisted of 20 mM Nacl, 0.1 mM EGTA, 0.4 mM
EDTA, 24 mM Tris-HCI, 0.03% 2-mercaptoethanol, 60 ug/ml leupep-
tin, 0.04 mM phenylmethylsulfonyl fluoride, 0.25 mg/ml histone type
III (lysine-rich, Sigma), 1.2 mM CaCl,, 20 ug of phosphatidylserine, 8.1
nM PMA, 10 mM Mg acetate, and 0.03 mM v [**P]ATP. Assay mixtures
were preincubated at 30°. Protein phosphorylation was initiated by the
addition of 25 ul of column eluate and performed for 1 min at 30°.
Reactions were terminated by transferring 25-ul aliquots of the incu-
bate to a 1 X 2 cm phosphocellulose strip (Whatmat p81) and immersing
it in 75 mM phosphoric acid (10 ml/sample). The strips were swirled
gently for 2 min, the phosphoric acid was decanted, and the phospho-
cellulose strips were washed two additional times. After drying in air,
the radioactivity was determined by liquid scintillation counting (LKB
1214). Enzyme blanks were assessed for each experiment. Activity
showed a greater than 81% sensitivity to phosphatidylserine/PMA. In
previous experiments, the reaction was linear for up to 3 min under
the identical conditions employed here. Protein was determined by the
method of Lowry et al. (23) using bovine serum albumin as the standard.

All results are presented as mean + standard error. The differences
between dose- or time-response curves were evaluated using ANOVA
analysis followed by Newman-Keuls tests. Statistical significance in
data was determined by the two-tailed Student’s ¢ test.

Results

Effects of serotonin on PKC translocation in cerebral
tissues. In cortical slices, 5-HT elicited translocation in a dose-
and time-dependent manner (Fig. 1; Table 1). Translocation in
response to 5-HT was potentiated by the application of the
monoamine oxidase inhibitor pargyline (50 uM) (Fig. 1). Direct

PKC activation with the phorbol ester PMA or depolarization
with K* elicited concentration-related enzyme translocations
in cortical slices (Table 2). Serotonin- and PMA-induced PKC
redistributions were completely inhibited by 0.5 mM EGTA.
However, when tested in Ca?*-free buffer, PMA-induced trans-
location was unaffected, whereas that elicited by 5-HT or the
5-HT agonist DOI was significantly inhibited (Table 3). In
contrast to the results obtained in brain slices, in synaptosomal
preparations obtained from the same brain region 5-HT failed
to induce PKC translocation. However, direct PKC activation
by PMA and K*-induced depolarization resulted in enzyme
translocation (Table 4).

Serotonin-induced PKC translocation was also investigated
in hippocampal and striatal slices. In both brain regions, the
neurotransmitter was found to elicit a dose-dependent redistri-
bution of the enzyme (Table 5). Enzyme activity was highest
in hippocampus > cortex = striatum.

Characterization of cortical serotonin-mediated PKC
translocation. In an attempt to characterize the specific 5-
HT receptor responsible for activation of PKC translocation,
the effects of specific 5-HT agonists were tested in rat cortical
slices. Whereas the 5-HT,, and 5-HT,p agonists 8-OH-DPAT
and RU24969 were found to be inactive at concentrations of
up to 10 uM, the specific 5-HT, agonist DOI (24) evoked a
concentration-dependent translocation of the enzyme at con-
centrations of 0.01-1.00 uM (Table 6). The effect of 1 uM DOI
was time related. Maximal PKC translocation was achieved
after 10 min of incubation with the drug (Fig. 2). Serotonin-
induced translocation was prevented by the 5-HT; antagonists
ketanserin and spiroperidol and was less effectively inhibited
by ritanserin, mianserin, and rauwolscine. The response to 5-
HT was not affected by the D, dopamine receptor antagonist
1-sulpiride (Table 7). These data support the results obtained
with the agonists studied and implicate the 5-HT, receptors as
those mediating the serotonin-induced PKC translocation in
cortical slices.

Discussion

The present results demonstrate that, in cortical, hippocam-
pal, and striatal slices, 5-HT induces the translocation of cy-
tosolic PKC to membrane-bound enzyme. In the cortex, this
effect of the amine appears to be mediated by postsynaptic 5-
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TABLE 1

Time course for serotonin-induced PKC translocation in cortical
slices

Cortical brain slices were exposed to 5-HT (10 um) for various time intervals.
Tissues were collected and homogenized and PKC activity was determined in
cytosol and membrane fractions. Each value represents the mean + standard error
derived from eight individual experiments. Statistical differences were determined
by the two-tailed Student's t test.

PKC activity
Cytosol Membrane-bound
pmol/min/ug of protein

Control (Kreb's-Ringer) 481 +0.09 3.26 + 0.11
5-HT (5 min) 4.04 + 0.02* 3.56 + 0.02°
5-HT (10 min) 3.43 + 0.02° 4.64 + 0.02°
5-HT (15 min) 243 +0.11¢ 5.47 + 0.08°
5-HT (20 min) 2.56 + 0.04° 5.59 + 0.02°

*p < 0.01, °p < 0.05, °p < 0.005, “p < 0.001, when compared with the
respective control value.

TABLE 2

PKC translocation in cortical slices in response to various stimuli
Cortical slices were incubated under the conditions indicated in the table. Tissues
were collected and homogenized and cytosolic and membrane-associated PKC
activities were assessed. Each value represents the results obtained from 4 to 10

individual experiments. Statistical significances were evaluated using two-tailed
Student's t test.

PKC activity
Cytosol Membrane-bound
pmol [min/ug of protein

Control (Kreb’s-Ringer) 5.25 +0.10 3.76 + 0.21
PMA (81 nm, 20 min) 3.57 + 0.06* 5.45 + 0.09*
PMA (162 nm, 20 min) 2.81 +0.15° 6.13 £ 0.21°
K* (45 mm, 30 sec) 4.32 + 0.06° 4.81 + 0.05°
K* (65 mm, 30 sec) 3.83 +0.03* 5.47 + 0.06*
5-HT (1 um, 15 min) 3.38 + 0.04° 5.72 + 0.20°
5-HT (10 um, 15 min) 2.68 + 0.04* 6.16 + 0.03*

*p <0.001,°p < 0.005,° p < 0.01, when compared with control (Kreb's Ringer)

TABLE 3

Effect of Ca* availability on PKC translocation in cortical slices

Cortical slices were incubated for 20 min with 162 nm PMA, 10 um 5-HT, or 1 um
DO in the presence or absence of 1.2 mm extracellular Ca** and with or without
EGTA.Tissues were collected and homogenized and cytosolic and membrane-
associated PKC activities were assessed. Each value represents the resuits
obtained from 4 to 10 individual experiments. Statistical significances were evalu-
ated using two-tailed Student's t test.

Concentration PKC activity

Ca** EGTA Cytosol Membrane-bound

mM pmol[min/ug of protein

Control (Kreb’s-Ringer) 12 0 511+0.09 3.70+0.09
Ca?*-free Kreb's-Ringer 0 05 488+005 3.79+0.06
PMA 12 0 274+0.06* 5.54+0.09*
PMA 0 0 3.06 + 0.06* 5.32+0.11*
PMA 0 0.5 4.80+0.14° 3.61+0.05°
5-HT 12 0 264+0.06* 5.71+0.08*
5-HT 0 0 423 + 0.10°° 4.32 + 0.10°%°
5-HT 0 0.5 488+0.06° 3.93+0.06°
DOI 12 0 269+ 0.09* 589 +0.12*
DOI 0 0 398+0.05°° 4.41+0.04°

*p <0.001,°p < 0.01, when compared with PKC activity in the control fraction.
°p < 0.001 when compared with the respective response induced in the
presence of 1.2 mm of Ca?*.

HT receptors, as suggested by the fact that 5-HT was unable
to induce redistribution of PKC in synaptosomal preparations
obtained from the same brain area and by the 5-HT response
observed in-cortical slices taken from animals with serotonergic

Serotonin-induced Protein Kinase C Translocation 77

TABLE 4

Effect of various stimuli on PKC translocation in cortical
synaptosomes

Synaptosomes were prepared from rat cortex and exposed to various agents as
indicated. Reaction was terminated by diluting with 0.5 mm EGTA-containing Ca**-
free buffer and immediately sonicated. Cytosolic and membrane-bound fractions
were obtained by centrifugation and PKC activities were assessed. Each value
represents the mean + standard error of four to six individual experiments.
Statistical differences were evaluated by two-tailed Student's ¢ test.

PKC activity

Cytosol Membrane-bound

ppmol/min/ug of protein

Control (Kreb’s-Ringer) 3.60 + 0.05 2.69 + 0.03
K* (65 mm, 30 sec) 1.82 + 0.07* 4.45+0.13°
PMA (162 nm, 15 min) 2.29 + 0.07* 416 £ 0.21°
5-HT (107 m, 15 min) 354 +0.14 2.82 + 0.08
5-HT (10™* m, 15 min) 3.47 £ 0.05 2.35 £ 0.05

*p < 0.005 when compared with control value.

TABLE §

Serotonin-induced PKC translocation in various brain areas
Brain slices were exposed to various concentrations of serotonin. Tissues were

jectedtoone—factorANOVA(p<oo1 for cortex and hippocampus, p < 0.05 for
striatum) followed by Neuman-Keuls test.

PKC activity
Cytosol Membrane-bound
pmol/min/ ug of protein

Cerebral cortex

Control 4.45 + 0.07 3.19 £ 0.08

5-HT (107 wm) 3.05+0.11* 5.10 + 0.06*

5-HT (1075 m) 243+ 0.11° 5.47 + 0.08°

5-HT (10~ m) 1.75 + 0.06° 6.03 + 0.07°
Hippocampus

Control 6.26 + 0.02 3.78 £ 0.06

5-HT (107° m) 3.94 + 0.09* 6.47 +£ 0.19*

5-HT (1075 m) 3.22 + 0.07° 7.14 £ 0.09°

5-HT (107*m) 2.68 + 0.03° 8.02 + 0.07°
Striatum

Control 4.14 + 0.02 3.12+0.06

5-HT (107° wm) 3.24 + 0.02° 4.38 + 0.05°

5-HT (1075 m) 2.78 + 0.09°¢ 5.18 + 0.20°

5-HT (10~* m) 2.51 + 0.03° 5.60 + 0.16°

*p <0.005, ®p <0.001, °p < 0.01, when compared with the respective control
value.

neuronal lesions induced by the neurotoxin 5,7-dihydroxytryp-
tamine.! PKC translocation in synaptosomal preparations was,
however, induced by direct enzyme stimulation with phorbol
ester or by K*-induced depolarization. The data, therefore,
suggest that in brain slices PKC translocation may be initiated
via both presynaptic (depolarization) and postsynaptic (neu-
rotransmitter receptor) mechanisms. The findings of PKC
translocation at these sites are consistent with physiological
roles for PKC-mediated phosphorylation in neurotransmitter
release (25, 26) and in postsynaptic receptor-mediated func-
tions (27).

The 5-HT-stimulated PKC translocation in cortical slices
appears to be mediated by a serotonin receptor with pharma-
cological properties compatible with those of 5-HT, receptors.
This is supported by the findings that (a) the selective 5-HT,
agonist DOI but not the 5-HT,. and 5-HT,s agonists 8-OH-
DPAT and RU24969 elicited PKC translocation and (b) 5-HT-

! Unpublished data.
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TABLE 6
Effect of specific 5-HT agonists on PKC translocation in cortical
slices

Cortical brain siices were exposed to various concentrations of serotonin agonists.
Tissues were collected and and PKC activities were determined in
cytosol and membrane fractions. Each value represents the mean + standard error
derived from 10-24 individual experiments. DOI dose-response curves were found
to be significant in one-factor ANOVA followed by Neuman-Keuls test.

TABLE7

Effect of antagonists on serotonin-induced PKC translocation in
cortical slices

Cortical brain slices were exposed to 10 um serotonin or the combination of
serotonin and antagonists (10 um). Tissues were collected and homogenized and
PKC activities were determined in cytosol and membrane fractions. Each value
represents the mean + standard error derived from 8-24 individual experiments.
Statistical differences were determined by the two-tailed Student's t test.

PKC activity PKC activity
Cytosol Membrane-bound Cytosol Membrane-bound
pmol fmin/ug of protein pmoi/min/ug of protein
Control 481 +0.09 3.26 + 0.11 Control 481 +0.09 3.26 + 0.11
5-HT,a 5-HT 243 +0.11* 5.47 = 0.08°
8-OH-DPAT (1 um) 455 + 0.05 3.41 £ 0.09 5-HT + ketanserin 4.31 + 0.06° 3.32 + 0.04°
8-OH-DPAT (10 um) 439 +0.14 3.42 + 0.08 5-HT + spiroperidol 4.26 + 0.07° 2.94 + 0.14°
5-HTqp 5-HT + mianserin 2.87 + 0.05¢ 5.00 + 0.04°
RU 24969 (1 um) 470+ 0.09 3.42 + 0.08 5-HT + ritanserin 2.89 +0.137 5.06 + 0.10°
RU 24969 (10 um) 4.56 + 0.08 3.35 + 0.05 5-HT + sulpiride 2.44 + 0.05* 5.27 + 0.06°
5-HT, 5-HT + rauwolscine 2.99 + 0.04¢ 4.87 +0.12¢
] a
DO (0.10 oat 39008 587007 ~P <0001, <0005, when compared wih e rspeciv contrl o, —_
DOI (1.00 M) 197+008° 629009 respnse 1 P00 pared respecive seroton
DOI (10.0 um) 1.86 + 0.12° 6.23 + 0.09°
*p < 0.005, °p < 0.001, when compared with the respective control value. depend on extracellular Ca** in cerebral cortical slices (29).
Alternatively, the present results might suggest that 5-HT-
= %97 elicited PKC translocation is mediated by Ca** influx, as re-

K] 6.01 ported for mammalian and Aplysia neurons (30, 31) or indi-

g 5.5+ rectly through a second neuron.

g 5.04 A large body of evidence strongly suggests that PKC is
E 454 present in high concentrations in the brain (32, 33), where it
é 404 plays a pivotal role in neurotransmitter- or hormone-mediated
-g 354 signal transduction. PKC-mediated neuronal protein phos-
& 304 phorylation mediates a wide variety of neurophysiological
s 25l events such as membrane conductance, ion channel conductiv-
g 204 ity, and axonal transport (34). Serotonergic neurons may reg-
2 " sl ulate their specific target neurons through 5-HT, receptor-
e ’ . ) ‘ . . . mediated PI hydrolysis and/or PKC activation. Characteriza-
& 10 j ' j ' ' " tion of these 5-HT receptor-linked signal transduction systems

0 5 10 15 20 may, therefore, advance our understanding of serotonergic neu-
TIME [MINUTE] rotransmission.

Fig. 2. Effect of DOI on PKC translocation in cortical slices. Cortical brain
slices were exposed for various time intervals to 1 um DOI. Tissues were
collected and ed and PKC activity was determined in cytosolic
(@——@) and particulate (@- - —@) fractions. Each point represents the
mean of four separate experiments. Vertical bars indicate the standard
error. The time effect was found to be significant by one factor ANOVA
(p <0.01).

induced enzyme redistribution was prevented by the selective
5-HT, antagonists ketanserin and spiroperidol and only weakly
inhibited by the less selective serotonin antagonists (28). The
results are consistent with previous observations indicating
that activation of 5-HT; receptor-linked phospholipase C re-
sults in PI hydrolysis (3, 4). They further suggest that the 5-
HT-induced cortical PKC translocation observed in the present
investigation is a consequence of the intracellular elevation in
diacylglycerol resulting from receptor-mediated PI hydrolysis.

Our results indicated that intracellular Ca?* is required for
the translocation process per se, because translocation induced
by PMA or 5-HT was completely abolished following incuba-
tion of tissues with EGTA. This observation is in agreement
with the notion that Ca?* increases the affinity of PKC for
cerebral membranes (10). The data also suggest that 5-HT-
(but not PMA-) evoked PKC translocation is mediated by
phospholipase C activation, a reaction that has been shown to

References

1. Berridge, M. J. Inositol triphosphate and diacylglycerol as second messengers.
Biochem. J. 220:345-360 (1984).

2. Conn, P. J., and E. Sanders-Bush. Serotonin-stimulated phosphoinositide
turnover: mediation by the S, binding site in rat cortex but not in subcortical
regions. J. Pharmacol. Exp. Ther. 234:195-203 (1985).

3. Conn, P. J., E. Sanders-Bush, B. J. Hoffman, and P. R. Hartig. A unique
serotonin receptor in choroid plexus is linked to phosphatidylinositol turn-
over. Proc. Natl Acad. Sci. USA 83:4086-4088 (1986).

4. Kendall, D. A., and S. R. Nahorski. 5- Hydroxytryptamine-stimulated inositol
phospholipid hydrolysis in rat cerebral cortical slices: pharmacological char-
acterization and effects of antidepressants. J. Pharmacol. Exp. Ther.
233:473-478 (1985).

5. Kendall, D. A., E. Brown, and S. F. Nahorski. a,-Adrenergic-mediated inositol
phospholipid hydrolysis in rat cerebral cortex: relationship between receptor
occupancy and response and effect of denervation. Eur. J. Pharmacol.
114:41-52 (1985).

6. Schachter, M., P. P. Godfrey, M. C. W. Minchin, S. J. McClue, and M. M.
Young. Serotonergic agonists stimulate inositol lipid metabolism in rabbit
platelets. Life Sci. 37:1641-1647 (1985).

7. Donaldson, J., and S. J. Hill. Histamine-induced hydrolysis of polyphospho-
inositides in guinea-pig ileum and brain. Eur. J. Pharmacol. 124:255-265
(1986).

8. Godfrey, P. P., S. J. McClue, M. M. Young, and P. J. Heal. 5-Hydroxytrypt-
amine-stimulated inositol phospholipid hydrolysis in the mouse cortex has
pharmacological characteristics compatible with mediation via 5-HT, recep-
tors but this response does not reflect altered 5-HT, function after 5,7-
dihydroxytryptamine lesioning or repeated antidep t treatments. J.
Neurochem. 50:730-738 (1988).

9. Harris, R. A., D. Fenner, and W. R. Sherman. Calcium uptake by isolated
nerve endings: evidence for a rapid component mediated by the breakdown
of phosphatidylinositol. Life Sci. 32:2661-2666 (1983).

2102 ‘v laquiada uo oJisuer ap oIy op opelsg op apepisiaAiun Je Bio'sjeuinofiadse’ wreydjow woly papeojumoq


http://molpharm.aspetjournals.org/

PHARM

aspet.’

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

21.

22.

Takai, Y., A. Kishimoto, Y. Iwasa, Y. Kawahara, T. Mori, and Y. Nishizuka.
Calcium-dependent activation of a multifunctional protein kinase by mem-
brane phospholipids. J. Biol. Chem. 254:3692-3695 (1979).

Kishimoto, A., Y. Takai, T. Mori, U. Kikkawa, and Y. Nishizuka. Activation
of calci and phospholipid-dependent protein kinase by diacylglycerol: its
possible relation to phosphoinositol turnover. J. Biol. Chem. 255:2273-2276
(1980).

Wolf, M., P. Cuatrecasas, and N. Sahyoun. Interaction of protein kinase C
with membranes is regulated by Ca**, phorbol ester and ATP. J. Biol. Chem.
260:15718-15722 (1985).

Kraft, A. B., and W. B. Anderson. Phorbol esters increase the amount of
calcium-, phospholipid-dependent protein kinase iated with pl
membrane. Nature (Lond.) 301:621-623 (1983).

Fearon, C. W.,, and A. H. Tashijian, Jr. Thyrotropin-releasing hormone
induces redistribution of protein kinase C in GH,C, rat pituitary cells. J.
Biol. Chem. 260:8366-8371 (1985).

Farrar, A. S., and W. B. Anderson. Interleukin-2 stimulates association of
protein kinase C with plasma membrane. Nature (Lond.) 315:233-235 (1985).
Farrar, W. L., T. P. Thomas, and W. B. Anderson. Altered cytosol/membrane
enzyme redistribution on interleukin-3 activation of protein kinase C. Nature
(Lond.) 315:235-237 (1985).

Drust, D. S., and T. F. Martin. Protein kinase C translocates from cytosol to
membrane upon hormone activation: effects of thyrotropin-release of hor-
mone in GH; cells. Biochem. Biophys. Res. Commun. 128:531-537 (1985).
Hirota, K., T. Hirota, G. Aquilera, and K. J. Catt. Hormone-induced redis-
tribution of calcium-activated phospholipid-dependent protein kinase in pi-
tuitary gonadotrophs. J. Biol. Chem. 260:3243-3246 (1985).

Machado-De Domench, E., and H.-D. Soling. Effects of stimulation of mus-
carinic and of §-catecholamine receptors on the intracellular distribution of
protein kinase C in guinea pig exocrine glands. Biochem. J. 242:749-754
(1987).

. Vaccarino, F., A. Guidotti, and E. Costa. Ganglioside inhibition of glutamate-

mediated protein kinase C translocation in primary cultures of cerebellar
neurons. Proc. Nat. Acad. Sci. USA 84:8707-8711 (1987).

Gray, E. G., and U. P. Whittaker. The isolation of nerve endings from brain:
an electron microscopic study of cell fragments derived by homogenization
and centrifugation. J. Anat. 96:79-87 (1962).

Friedman, E., and H.-Y. Wang. Effect of age on brain cortical protein kinase

24.

26.

27.

31.

32.

33.
34,

Serotonin-Induced Protein Kinase C Translocation 79

C and its mediation of 5-hydroxytryptamine release. J. Neurochem. 52:187-
192 (1989).

. Lowry, O. H., N. J. Rosebrough, A. L. Farr, and R. J. Randall. Protein

measurement with the Folin phenol reagent. J. Biol Chem. 193:265-275
(1951).
Glennon, R. A, M. Titeler, and R. Young. Structure-activity relationships
and mechanism of action of hallucinogenic agents based on drug discrimi-
nation and radioligand binding studies. Psychopharmacol. Bull. 22:953-958
(1986).

. Wang, H.-Y., and E. Friedman. Protein kinase C: regulation of serotonin

release from rat brian cortical slices. Eur. J. Pharmacol. 141:15-21 (1987).
Nichols, R. A., J. W. Haycock, J. K. T. Wang, and P. Greengard. Phorbol
ester enhancement of neurotransmitter release from rat brain synaptosomes.
J. Neurochem. 48:615-621 (1987).

Abdel-Latif, A. A. Calcium mobilizing receptors, polyphosphoinositides, and
the generation of second messengers. Pharmacol. Rev. 38:227-272 (1986).

. Sanders-Bush, E., and M. Breeding. Putative selective 5-HT-2 antagonists

block serotonin 5-HT-1C receptors in the choroid plexus. J. Pharmacol. Exp.
Ther. 247:169-173 (1988).

. Kendall, D. A., and S. R. Nahorski. Inositol phospholipid hydrolysis in rat

cerebral cortical slices. II. Calcium requirement. J. Neurochem. 42:1388-
1394 (1984).

. Nedergaard, S., J. P. Bolam, and S. A. Greenfield. Facilitation of a dendritic

calcium conductance by 5-hydroxytryptamine in the substantia nigra. Nature
(Lond.) 383:174-177 (1988).

Pellmar, C., and C. O. Carpenter. Serotonin induces a voltage-sensitive
calcium current in neurosis of Aplysia californica. J. Neurophysiol. 44:423-
439 (1980).

Kuo, J. F, R. G. G. Anderson, B. C. Wise, L. Mackerlove, I. Salomonsson,
N. Brackett, N. Katoh, M. Shoji, and R. W. Wrenn. Calcium-dependent
protein kinase: widespread occurrence in various tissues and phyla of the
animal kingdom and comparison of effects of phospholipids, calmodulin, and
trifluoperazine. Proc. Nat. Acad. Sci. USA 77:7039-7043 (1980).

Nishizuka, Y. The role of protein kinase C in cell surface signal transduction
and tumor promotion. Nature (Lond.) 334:661-665

Nishizaka, Y. The molecular heterogeneity of protein kinase C and its
implications for cellular regulation. Nature (Lond.) 308:693-698 (1984).

Send reprint requests to: Eitan Friedman, Ph.D., Department of Psychiatry,
Medical College of Pennsylvania, 3200 Henry Avenue, Philadelphia, PA 19129.

2102 ‘v laquiada uo oJisuer ap oIy op opelsg op apepisiaAiun Je Bio'sjeuinofiadse’ wreydjow woly papeojumoq


http://molpharm.aspetjournals.org/



