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suggesting that the ACh receptor channels are regulated
A serum factor is recognized to interact with a pro- by PKC activation. In earlier studies, 4-b-phorbol-12,13-

tein kinase C (PKC) pathway. Indeed, treatment with dibutyrate accelerated the rate of desensitization of the
fetal bovine serum enhanced ACh-evoked currents ACh-evoked currents (4) or TPA reduced glycine a1 and
by PKC activation in the neuronal nicotinic ACh re-

a2 receptor currents (5), however these effects wereceptors (a7) and Torpedo ACh receptors expressed caused by a direct blocking effect on the ACh or glycinein Xenopus oocytes. In addition, potentiation of ACh-
receptor channels but not by PKC activation. The dataevoked currents induced by fetal bovine serum was
obtained with phorbol esters, thus, does not accuratelyobserved also in the mutant Torpedo ACh receptors
reflect the consequences of PKC activation. A serum fac-lacking potent PKC phosphorylation sites at Ser333

tor is shown to activate the phosphatidylinositol signalingon the a subunit and Ser377 on the d subunit; the po-
pathway in Xenopus oocytes (6); the production of inositoltentiation was inhibited by the PKC inhibitor, PKC
1,4,5-trisphosphate (IP3) and diacylglycerol, to release in-inhibitor peptide (PKCI), indicating that ACh recep-
tracellular Ca2/ and to activate PKC, respectively, indi-tor currents were enhanced by PKC activation but
cating that this pathway enables us to examine the actualnot by PKC phosphorylation of the receptors. On the
effect of PKC activation on the ion channels or neuro-other hand, fetal bovine serum enhanced kainate-

evoked currents in oocytes expressing the a-amino- transmitter receptors expressed in Xenopus oocytes.
3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) The present study was conducted to assess the effects
receptors, GluR1,3. The enhancement was not affected of serum-induced PKC activation on ACh- and kainate-
by the PKC inhibitors, PKCI or GF109203X, and in- evoked currents in oocytes expressing the nicotinic ACh
stead, was inhibited by the Ca2//calmodulin-depen- receptors and the a-amino-3-hydroxy-5-methyl-4-isoxa-
dent kinase II (CaMKII) inhibitor, KN-62. These results zolepropionic acid (AMPA) receptors. The present results
suggest that serum is not only involved in PKC activa- demonstrate that serum potentiated ACh and AMPA re-
tion but in CaMKII activation, and that thereby ACh ceptor currents; the potentiation of ACh-evoked currents
receptor currents and AMPA receptor currents are resulted from PKC activation and in contrast, that of
each potentiated. q 1997 Academic Press kainate-evoked currents was caused by Ca2//calmodulin-

dependent kinase II (CaMKII). We propose here that se-
rum interacts with differential signal transduction path-
ways involving activation of PKC and CaMKII.Protein kinase C (PKC) exhibits diverse biological func-

tions and appears to have a significant role in signal
METHODStransmission (1). The potent PKC activator, phorbol es-

ters are widely used to activate PKC. Previous studies In vitro transcription and translation in Xenopus oocytes. mRNAs
have demonstrated that 1-oleyol-2-acetylglycerol, phorbol coding for the rat a7 subunit, the Torpedo a,b,g and d subunits; and
12,13-diacetate and phorbol 12,13-dibutyrate accelerate glutamate receptor 1 and 3 subunits were synthesized by in vitro

transcription as described previously (7). The a and d subunit mutantthe rate of ACh receptor desensitization in sympathetic
lacking PKC phosphorylation sites were constructed using site-di-ganglion neurons (2) or 12-O-tetradecanoylphorbol-13-ac-
rected mutagenesis (8), and Ser333 on the a subunit and Ser377 onetate (TPA) reduces the slope conductance of ACh-elicited the d subunit were replaced by Ala. Xenopus oocytes were manually

single channel currents in cultured embryo myotubes (3), separated from the ovary, and incubated overnight in Barth’s solu-
tion (in mM, 88 NaCl, 1 KCl, 2.4 NaHCO3, 0.82 MgSO4, 0.33
Ca(NO2)2, 0.41 CaCl2, and 7.5 Tris, pH 7.6) after collagenase (0.5
mg/ml) treatment. Oocytes were injected with a7 subunit mRNAs;1 To whom correspondence should be addressed. Fax: /81-78-341-

5732. normal (a,b,g,d) and mutant (maDPKC/Ser333,b,g,mdDPKC/
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Ser377) Torpedo ACh receptor subunit mRNAs; and GluR1,3 subunit
mRNAs, and incubated at 187C.

Voltage-clamp recording. The injected oocytes were transferred
to the recording chamber 2-7 days after incubation and continuously
superfused at room temperature (20 to 227C) in standard frog Ring-
er’s solution (in mM: 115 NaCl, 2 KCl, 1.8 CaCl2, and 5 HEPES, pH
7.0). Ca2/-free extracellular solution consisted of (in mM) 115 NaCl,
2 KCl, 5 MgCl2, 5 HEPES, and 1 EGTA, pH 7.0. Currents evoked
were recorded using two-electrode voltage clamp techniques with a
GeneClamp-500 amplifier (Axon Instruments, Inc., USA) and ana-
lyzed on a microcomputer using pClamp software (Axon Instruments,
Inc.; version 6) (5).

RESULTS

Potentiation of a7 receptor-gated channel currents by
serum. A serum factor stimulates the phosphatidyl-
inositol/Ca2/ second messenger system in Xenopus oo-
cytes (6), leading to intracellular Ca2/ release and en-
dogenous PKC activation. The cytosolic Ca2/ increase
induces currents as a result of the activation of the
Ca2/-dependent chloride channels expressed in oocytes
(9) as shown in Fig. 1A. ACh (100 mM) evoked inward
membrane currents at a holding potential of 0100 mV
and the currents were potentiated after 5-min treat-
ment with fetal bovine serum (0.5 v/v volume%) (Fig.
1A). The action of serum was long-lasting, reaching a
maximum (200%) at 10 min after treatment (Fig. 1A).
The current potentiation was inhibited by the PKC in-
hibitor, PKC inhibitor peptide (PKCI) (Fig. 1B), sug-
gesting that serum induced a long-term enhancement
of a7 receptor currents by PKC activation.

Effect of serum on ACh-evoked currents through the
mutant ACh receptors with PKC phosphorylation site
deletion. Fetal bovine serum also enhanced Torpedo
ACh receptor currents to 147% at 30 min after treat-
ment (Fig. 2). The current enhancement was inhibited
by PKCI, whereas the CaMKII inhibitor, KN-62, had
no effect (Fig. 2), supporting the idea that serum po-
tentiates ACh-gated channel currents by PKC activa-
tion. Furthermore, a same extent of the current poten-
tiation by serum was observed also in Ca2/-free extra- FIG. 1. Effects of serum on a7 receptor currents. (A) ACh (100
cellular solution (Fig. 2), suggesting that serum mM) was applied to a single oocyte expressing the a7 receptors at 5-
potentiated ACh receptor currents themselves, but min intervals. The oocyte was treated with fetal bovine serum (0.5

v/v volume%) for 5 min. The illustrated currents were recorded atCa2/-dependent Cl0 currents, which contribute to ACh-
the times indicated. The holding potential was 0100 mV. In this andevoked currents. Interestingly, serum enhanced ACh-
further figures, inward currents correspond to downward deflections.evoked currents equally to a same extent (145%) in In the graph, each point represents the mean ({ SD) percent of the

oocytes expressing the mutant ACh receptors lacking original amplitude (05 min) from 7 oocytes (closed circle, treatment
potent PKC phosphorylation sites on the a and d sub- with serum; open circle, non-treatment with serum). **Põ0.01,

paired t-test. (B) PKCI (300 mg/ml, final conc.) was injected into theunits (maDPKC/Ser333 mdDPKC/Ser377) and this ef-
oocytes prior to application of ACh and treatment with serum (nÅ7).fect was blocked by PKCI (Fig. 2), indicating that ACh

receptor currents were enhanced by PKC activation but
not by PKC phosphorylation of the receptors.

the currents and the maximal effect was 170% at 20Potentiation of GluR1,3 currents by serum. Kainate
min after treatment (Fig. 3A). The current potentiation(100 mM) evoked currents through the GluR1,3 chan-
was not affected by the PKC inhibitors, PKCI ornels and the current amplitudes were not affected by
GF109203X, but in contrast, clearly inhibited by therepetitive applications (Fig. 3A). Treatment with fetal

bovine serum induced a long-lasting enhancement of CaMKII inhibitor, KN-63 (Fig. 3B), indicating that se-
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FIG. 2. Effects of serum on normal and mutant Torpedo ACh
receptor currents. ACh (100 mM) was applied to a single oocyte ex-
pressing the normal (abgd) and mutant ACh receptors (maDPKC/
Ser333mdDPKC/Ser377) in the presence and absence of PKCI (300
mg/ml, final conc.) or KN-62 (1 mM, final conc.), or in Ca2/-free media.
The illustrated currents were recorded 5 min before and 30 min after
treatment with fetal bovine serum (0.5 v/v volume%). The holding
potential was 060 mV. The mean ({SD) percentage of the original
amplitude (05 min) obtained with each experiment is shown in the
lower graph (nÅ7-10). **Põ0.01, paired t-test, §§Põ0.01, ANOVA
with Fisher’s least-significance test. FIG. 3. Effects of serum on GluR1,3 currents. (A) Kainate (100

mM) was applied to a single oocyte expressing the GluR1,3 at 5-
min intervals. The currents recorded at the times as indicated are
illustrated and the results are summarized in the graph. The holding

rum potentiated AMPA receptor currents by CaMKII potential was 080 mV. Each point represents the mean ({ SD) per-
cent of the original amplitude from 5 oocytes (closed circle, treatmentactivation independently of PKC activation.
with serum; open circle, non-treatment with serum). (B) PKCI (300
mg/ml, final conc.) (closed square) or KN-62 (1 mM, final conc.) (closedDISCUSSION circle) was injected into oocytes. In some cases, kainate (100 mM)
was applied to an oocyte in the presence of GF109203X (100 nM)

The results presented here clearly demonstrate that (open circle). Each point represents the mean percent ({ SD) of the
original amplitude from 5–7 oocytes.consistent with the previous report (4) a serum factor is
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involved in activation of PKC, leading to a long-lasting explain physiological significance of serum for the de-
velopment of neurons.potentiation of ACh receptor currents. Lines of evi-

dence indicate that the neurotransmitter receptors are In conclusion, the results presented here demon-
strate that serum interacts with differential signalregulated by protein phosphorylation (10). Torpedo nic-

otinic ACh receptor subunits are recognized to be differ- transduction pathways responsible for PKC and CaM-
KII, resulting in a long-lasting potentiation of ACh andentially phosphorylated by cAMP-dependent protein

kinase, PKC, and protein tyrosine kinase (10,11). The AMPA receptor currents.
current potentiation here, however, can not be ex-
plained by PKC phosphorylation of the ACh receptors ACKNOWLEDGMENTS
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