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Cdk5/p35 Regulates Neurotransmitter Release through
Phosphorylation and Downregulation of P/Q-Type
Voltage-Dependent Calcium Channel Activity
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Cyclin-dependent kinase 5 (Cdkb5) is a proline-directed serine/
threonine kinase with close structural homology to the mitotic
Cdks. The complex of Cdk5 and p35, the neuron-specific
regulatory subunit of Cdk5, plays important roles in brain de-
velopment, such as neuronal migration and neurite outgrowth.
Moreover, Cdk5 is thought to be involved in the promotion of
neurodegeneration in Alzheimer’s disease.

Cdk5 is abundant in mature neurons; however, its physiolog-
ical functions in the adult brain are unknown. Here we show that
Cdk5/p35 regulates neurotransmitter release in the presynaptic
terminal. Both Cdk5 and p35 were abundant in the synapto-
somes. Roscovitine, a specific inhibitor of Cdk5 in neurons,
induced neurotransmitter release from the synaptosomes in
response to membrane depolarization and enhanced the EPSP
slopes in rat hippocampal slices. The electrophysiological
study using each specific inhibitor of the voltage-dependent

calcium channels (VDCCs) and calcium imaging revealed that
roscovitine enhanced Ca?* influx from the P/Q-type VDCC.
Moreover, Cdk5/p25 phosphorylated the intracellular loop con-
necting domains Il and Ill (L,_,,) between amino acid residues
724 and 981 of isoforms cloned from rat brain of the «, 5 subunit
of P/Q-type Ca®" channels. The phosphorylation inhibited the
interaction of L,_,, with SNAP-25 and synaptotagmin |, which
were plasma membrane soluble N-ethylmaleimide-sensitive
factor attachment protein (SNAP) receptor (SNARE) proteins
and were required for efficient neurotransmitter release. These
results strongly suggest that Cdk5/p35 inhibits neurotransmit-
ter release through the phosphorylation of P/Q-type VDCC and
downregulation of the channel activity.
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CdkS is a serine/threonine kinase with close structural homology
to the Cdks (Lew and Wang, 1995). CdkS5 forms a complex with
its activators, p35"°*°* (p35) or p39*% (p39), in neurons (Lew
et al., 1994; Tsai et al., 1994; Tang et al., 1995). The association of
CdkS with its activators is essential for the kinase activation (Lew
et al., 1994; Tsai et al., 1994; Tang et al., 1995). Previous studies
have shown that the complex of Cdk5 and p35 has multiple
functions in neurons. Mice lacking p35 display defects in cortical
and hippocampal lamination as well as fasciculation of the axon
fibers (Chae et al., 1997). In the cortex of p35 knock-out mice, the
layering of cortical neurons is inverted, because neurons born
later cannot migrate past their predecessors (Chae et al., 1997).
Inactivation of CdkS5 in cultured cortical or cerebellar neurons
inhibits neurite outgrowth (Nikolic et al., 1996). Cdk5 kinase
activity and p35 expression level are most prominent from new-
born to 2 weeks after birth, when synaptogenesis occurs through
the development of the rat brain (Matsushita et al., 1996; Tomi-
zawa et al., 1996). Moreover, CdkS5 kinase activity increases in the
kindling rat hippocampus, in which sprouting and synaptic reor-
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ganization have also been observed (Stula et al., 1988; Moriwaki
et al., 1996; Tomizawa et al., 2000). These previous data suggest
that Cdk5/p35 play critical roles in neural migration, differentia-
tion, and synaptogenesis in immature neurons.

Recent studies have shown that Cdk5/p35 is involved in neu-
ronal degeneration in Alzheimer’s brain (Patrick et al., 1999; Lee
et al., 2000). Proteolytic cleavage of p35 produces p25, which
accumulates in the brains of patients with Alzheimer’s disease.
The calpain-dependent proteolytic cleavage causes prolonged
activation and mislocalization of CdkS. Consequently, the Cdk5/
p25 kinase hyperphosphorylates tau proteins, disrupts the cy-
toskeleton, and promotes neuronal cell death.

These previous data suggest that Cdk5/p35 plays important
roles in the immature and aging brain. However, Cdk5 expression
is most prominent in mature neurons (Matsushita et al., 1996).
The physiological function of Cdk5/p35 in the mature neuron is
not clear. Previous studies have shown that Cdk5 is strongly
expressed in axons of the adult brain (Tsai et al., 1993; Matsushita
et al., 1996). Several studies have identified Munc 18 (nSec-1)
(Shuang et al., 1998), Synapsin 1 (Jovanovic et al., 1996; Matsubara
et al., 1996), and Amphiphysin I (Floyd et al., 2001) as physiological
substrates of Cdk5. These proteins localize in the presynaptic
terminal of the mature neuron and play important roles in neuro-
transmitter release. These previous observations lead to a hypoth-
esis that Cdk5/p35 may regulate neurotransmitter release.

Neurotransmitter release from specialized active zones in pre-
synaptic terminals is a critical step in synaptic transmission.
Release of synaptic vesicles containing neurotransmitter is trig-
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gered by an influx of Ca®* through voltage-dependent calcium
channels (VDCCs) (Catterall, 1998). It has been thought that
N-type and P/Q-type VDCCs mainly regulate neurotransmitter
release in the presynaptic terminals (Wheeler et al., 1996; Reid et
al., 1997). Specific protein—protein interactions between a synap-
tic protein interaction (synprint) site on N-type and P/Q-type
channels and the presynaptic soluble N-ethylmaleimide-sensitive
factor attachment protein (SNAP) receptor (SNARE) proteins,
syntaxin, SNAP-25, and synaptotagmin are required for efficient
synchronous neurotransmitter release (Kim and Catterall, 1997;
Catterall, 1998). The synprint sites on N-type and P/Q-type Ca®*
channels locate within the intracellular loop connecting homolo-
gous domains II and III (L) of their «;, and «;p subunits
(Catterall, 1998). The interaction of N-type Ca®" channels with
syntaxin and SNAP-25 is Ca*" dependent and regulated by
protein phosphorylation (Yokoyama et al., 1997). In this study,
we demonstrate direct evidence that Cdk5/p35 regulates neuro-
transmitter release through the phosphorylation of the L;; ;; of
P/Q-type VDCC.

MATERIALS AND METHODS

Electrophysiological recording. Field EPSP recording was performed as
described previously (Lu et al.,, 1996, 1999). Briefly, male Wistar rats
aged 7-8 weeks were killed in accordance with the guidelines of the
Health Science Division of the Graduate School of Medicine and Den-
tistry, Okayama University. The brain was quickly removed and im-
mersed in ice-cold artificial CSF (ACSF) bubbled with a gas mixture of
95% O, and 5% CO,. The hippocampus was dissected, and 400 pm
transverse slices were prepared. The hippocampal slices were incubated
in an interface-recording chamber maintained at 28°C for at least 1.5 hr
before recording and were constantly subfused with gas-saturated ACSF
at 1.2 ml/min. The composition of the ACSF was as follows (in mm):
NaCl 124, KC14.4, CaCl, 2.5, MgSO, 1.3, NaH,PO, 1, NaHCO; 26, and
glucose 10.

To record the field EPSPs, a glass micropipette filled with ACSF (1-5
MQ resistance) was placed in the stratum radiatum of the CA1 region,
and a bipolar stimulating electrode was placed along the Schaffer collat-
eral fibers. The intensity of the stimulation was adjusted to produce an
EPSP with a slope between 35 and 50% of the maximum. The test
stimulation was delivered once per minute (0.017 Hz).

The following drugs were used. Roscovitine was kindly donated by L.
Meijer (Station Biologique, Bretagne, France); olomoucine, w-Conotoxin
GVIA (0-CgTX GVIA), w-Agatoxin IVA (w-Aga IVA), and Nifedipine
were from RBI (Natick, MA). The drugs were prepared as stock solutions
and diluted in ACSF immediately before application. Roscovitine, olo-
moucine, and Nifedipine were prepared in DMSO, and o-CgTX GVIA
and w-Aga IVA were dissolved in H,O. The final concentration of the
DMSO was 0.1%.

Data are shown as mean (=SEM) percentage of the baseline EPSP
slope. Data were analyzed using either the Student ¢ test to compare the
two conditions or ANOVA followed by planned comparisons of the
multiple conditions, and p < 0.05 was considered significant.

Synaptosome preparation and Western blot analysis. Synaptic fractions
were prepared from rat brain as described previously (Huttner et al.,
1983) with minor modifications. Briefly, the brains from seven male
Wistar rats were homogenized in 50 ml of sucrose buffer (0.32 M su-
crose/5S mm HEPES/KOH buffer, pH 7.4, containing the following pro-
tease inhibitors: 0.4 mM phenylmethylsulfonyl fluoride, 0.8 mg/ml pep-
statin A, 0.8 mg/ml antipain, 0.8 mg/ml leupeptin, 0.8 mg/ml
benzamidine, 0.4 mg/ml aprotinin). The homogenate was spun for 10 min
at 800 X g, yielding a pellet (P1). The supernatant was centrifuged for 15
min at 9200 X g. The resulting pellet was washed once with sucrose
buffer, yielding a crude synaptosomal pellet (P2"). The supernatant was
centrifuged at 165,000 X g for 2 hr, yielding a pellet (P3) and supernatant
(S3). P2’ was resuspended in 4 ml of sucrose buffer and lysed by the
addition of 9 vol of distilled water, followed by homogenization. HEPES/
KOH buffer, pH 7.4, was added to a final concentration of 10 mm
together with the above protease inhibitors. The fraction was spun at
25,000 X g for 20 min (pellet LP1) and the supernatant (LS1) was further
centrifuged for 2 hr at 165,000 X g, yielding a crude synaptic vesicle
pellet (LP2) and a supernatant (LS2).

J. Neurosci., April 1, 2002, 22(7):2590-2597 2591

Western blot analysis was performed at high stringency, essentially as
described previously (Tomizawa et al., 1996). Briefly, 50 ug of each
fraction protein was separated by electrophoresis through a 10-12%
SDS-PAGE gel before transfer to a nitrocellulose membrane (Amersham
Biosciences). Blots were probed with primary antibodies against Cdk5
(C-8; Santa Cruz Biotechnology, Santa Cruz, CA), p35"*** (N-20; Santa
Cruz Biotechnology), synaptophysin (Progen Biotechnik, Heidelberg,
Germany), and calmodulin kinase I (kindly provided by A. C. Nairn, The
Rockefeller University, New York, NY), and secondary antibodies [anti-
rabbit IgG (H+L), Pierce, Rockford, IL] before bands were visualized
using a commercial ECL detection kit (Amersham Biosciences).

Measurement of glutamate release from synaptosome. The purified syn-
aptosomes were preincubated at 37°C with each concentration of rosco-
vitine or DMSO (final concentration, 0.1%) as controls for 30 min. Then
1 mM NADP ™, 60 U glutamate dehydrogenase (GDH), and 1.3 mm
CaCl, were added, and the synaptosomes were further incubated for 10
min. The suspension was then transferred to a stirred cuvette in the
fluorescence spectrophotometer, and 1 mM 4-aminopyridine (4-AP;
Sigma, St. Louis, MO) was added in solution to depolarize the cell
membrane. When glutamate is oxidized to 2-oxoglutarate by GDH and
NADP™*, NADP™" is reduced to NADPH, and the fluorescence of
NADPH can be measured (Vinje et al., 1999). Internal standards were
made by adding 2 nmol glutamate at the end of each assay.

Ca?*-imaging experiments. For the Ca®" imaging, the rat hippocampal
cultures were prepared as described previously (Yan et al., 1999). The
cells were plated on glass-bottom dishes (Iwaki, Tokyo, Japan) and
maintained for 2 weeks. After 2 weeks of culture, the medium was
changed to ACSF with 10 mm HEPES, pH 7.4, and the cells were then
loaded with 5 uM fura-2 AM for 40 min at room temperature. Then cells
were washed with ACSF and incubated with 25 um APS, 0.5 uM 0-CgTx
GVIA, and 10 pum Nifedipine, with or without 5 uM roscovitine to
measure Ca>* entry from the P/Q-type VDCC channels for 30 min at
37°C. The cells were directly exposed to 50 mm KCI for 10 sec by a
gravity-fed “sewer pipe” system (Yan et al., 1999), and fura-2 AM
fluorescence was recorded using a video image analysis system (Aqua-
Cosmos, Hamamatsu Photonics, Hamamatsu, Japan), with excitation
alternatively at 340 and 380 nm, and emission at 510 nm. Data from
20-30 individual cells were collected per experiment, and ensemble
averages were calculated for multiple experiments. Data acquisition was
typically at 5 sec intervals and lasted for 10 min.

Phosphorylation and binding assay. Complementary DNA encoding
Ly (amino acids 724-983) of isoforms cloned from rat brain (rbA) of
the @, subunit of P/Q-type Ca®*" channel was cloned from a rat
hippocampus cDNA library (Stratagene, La Jolla, CA) by PCR with
oligonucleotides 5'-GAACTCACCAAGGATGAACAAG-3' and 5'-
TCTGCGCTCCCTGTCATCGTG-3'. The PCR products were sub-
cloned into PCR-Blunt II-TOPO vector, and the sequence was con-
firmed. Then, the PCR products were cleaved with BamHI and Xhol and
ligated into pGEX-6P (Amersham Biosciences).

Glutathione S-transferase (GST)-tagged proteins were expressed and
purified as described previously (Lee et al., 1996). Finally, GST-fusion
proteins were dialyzed with phosphate buffer. Phosphorylation reactions
were performed in a basal buffer containing 20 mm MOPS, pH 7.4, 30 mm
MgCl,, 100 um [y-**P]JATP (300 dpm/pmol), and 1 mwm dithiothreitol.
GST-L,;_1;; was incubated with each concentration of GST-CdkS and/or
GST—-p25 at 32°C for 30 min.

For phosphorylation time course experiments, 1 uM GST-L;_; was
incubated with both 2 um GST-CdkS and GST-p25 at 32°C. Additional
[y-3*P]ATP, GST-Cdk5, and GST—p25 were added to the time course
reactions at 60 min to test whether these reagents were limiting the
maximal incorporation. The reactions were terminated by the addition of
boiling SDS sample buffer. After SDS-PAGE, gel drying, and autora-
diography, the relevant gel slices were excised and Cerenkov-counted to
determine total **P incorporation. Specific radioactivity in picomoles of
[y-3?P]ATP was determined by counting diluted aliquots of the stock,
and this conversion value was used to calculate moles of **P incorporated
and the molar ratio of 3P to GST-Ly; ;.

For binding assay, GST-L,,_; proteins were incubated with purified
bovine Cdk5/p25 (Lee et al., 1996) and/or 5 uMm roscovitine in a basal
buffer containing 100 uM ATP instead of 100 uM [y->*P]-ATP for 1 hr at
32°C. After this, the complex was incubated with glutathione—Agarose
(Sigma) for 1 hr at 4°C. The glutathione—Agarose was replaced in a 10 ml
column, and the column was washed with washing buffer containing
Tris-HCI, pH 7.4, 150 mm NaCl, and 0.4% Triton X-100 and was then
washed with PBS once. Solubilized synaptosome protein (300 pg) was
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loaded on the column. The column was washed with washing buffer
containing Tris-HCI, pH 7.4, 150 mm NaCl, 20 uM CaCl,, and 0.1%
Triton X-100 three times. After the protein complexes were collected
with glutathione—Agarose, the complex was denatured with boiled SDS-
PAGE buffer and centrifuged. Then, the supernatants were used for
Western blot analysis using anti-SNAP-25 antibody (Transduction Lab-
oratories, Lexington, KY), anti-synaptotagmin I antibody (Santa Cruz
Biotechnology), and anti-syntaxin 1 antibody (Calbiochem, San Diego,
CA), respectively.

RESULTS

The effect of Cdk5 inhibitors, roscovitine and
olomoucine, on EPSP slopes

Roscovitine is a potent, membrane-permeable, specific Cdk5
inhibitor in neurons (Meijer et al., 1997). To demonstrate whether
CdkS regulates neurotransmission, hippocampal slices were incu-
bated with 10 um roscovitine, and the EPSP slopes were mea-
sured. After the roscovitine application, the EPSP slope gradually
increased (Fig. 14). The EPSP slope reached a maximum (178 =
10.2% of baseline) at 40 min after the roscovitine application.
After washing out the roscovitine, the enhanced EPSP slope
gradually decreased. The EPSP slope returned to the baseline 50
min after the washout, suggesting that the effect of roscovitine on
the EPSP slope was reversible. To demonstrate the dose-
dependent effect of roscovitine on the EPSP slopes, hippocampal
slices were incubated with each concentration of roscovitine until
the maximal EPSP was recorded. Roscovitine dose-dependently
increased the EPSP slope, and the effect was saturated at 10 pum
(Fig. 1B). Olomoucine is also a potent inhibitor of Cdks (Vesely
et al., 1994). However, the ICs, against Cdk5/p35 is >10-fold
higher than that of roscovitine (Meijer et al., 1997). Olomoucine
at <10 um had no effect on the EPSP slope (Fig. 1C). However,
application of 100 uM olomoucine significantly increased the
EPSP slope (maximum 130 * 7.8% of baseline). The effect of
olomoucine was also reversible (data not shown). These data
suggest that Cdk5 inhibitors enhance neurotransmission.

Roscovitine affects paired-pulse facilitation

To clarify that the effect of CdkS inhibitors on the neurotrans-
mission is in presynapse or in postsynapse, we examined the
paired-pulse facilitation (PPF). PPF is a more transient form of
presynaptic plasticity in which the second of two closely spaced
stimuli elicits enhanced transmitter release, because of residual
calcium in the presynaptic terminal after the first stimulus
(Zucker, 1989). The PPF was markedly reduced in the
roscovitine-perfused hippocampal slices compared with the con-
trol slices when paired-pulse stimuli of 50-100 msec intervals
were applied (Fig. 2). These data suggest that roscovitine acts in
the presynaptic terminal and regulates neurotransmission.

The expressions of Cdk5 and p35 in

purified synaptosomes

To demonstrate whether both CdkS and p35 exist in the presyn-
aptic terminal, we tested the expressions of Cdk5 and p35 in the
purified synaptosomes (Fig. 3). Subcellular fractionation showed
that Cdk5 was widely expressed, with no obvious concentration in
one fraction. In contrast, p35 was enriched in isolated nerve
terminals (P3 and LP2 fractions) to approximately the same
extent as an insoluble presynapse marker, synaptophysin. In pu-
rified synaptosomes, Cdk5 existed in both the soluble (LS2) and
insoluble (LP2) fractions. In contrast, p35 was expressed only in
LP2 but not seen in LS2, as with Amphiphysin, which tightly
associated with the synaptic vesicles (Fig. 3). These results suggest
that CdkS and its activator, p35, are expressed in the presynaptic
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Figure 1. CdkS inhibitors enhanced the field EPSP slope. 4, Hippocam-
pal slices were perfused with 10 uM roscovitine for 35 min, and then the
slices were washed out by perfusion with ACSF. Inset, Representative
field EPSPs before and 40 min after the perfusion of roscovitine are
shown. Calibration: 20 msec, 2 mV. B, Dose-dependent effect of roscovi-
tine on maximum EPSPs. To record the maximum EPSP, each concen-
tration of roscovitine was applied until the maximum and stable EPSP was
recorded. Each column is the mean = SEM values of five independent
slices. The significance of differences was calculated by the Scheffe’s test
after ANOVA. *p < 0.05 and **p < 0.01 compared with the control slices
(0 um). C, Dose-dependent effect of olomoucine on the maximum EPSPs.
The conditions of drug application were the same as those of roscovitine.
Values were significantly different from the control slices (0 um); *p <
0.05.
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Figure 2. Roscovitine reduced PPF in hippocampal slices. The hip-
pocampal slices were incubated with each concentration of roscovitine
(3,0 um; &, 1 uM; O, 5 uMm; A, 10 wm) for 50 min, after which PPF was
induced by two pulses of stimulation separated by intervals of 50, 100, 150,
and 200 msec. Data show the ratios of the second EPSP slopes and the first
EPSP slopes. The significance of difference was calculated by the Scheffe’s
test after ANOVA. *p < 0.05 and **p < 0.01 compared with the control
slices (0 um).
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Figure 3. Both Cdk5 and p35 were enriched in purified synaptosomes.
Western blot analyses for Cdk5, p35, calmodulin kinase I (CaM KI,
soluble presynapse fraction marker), and synaptophysin (insoluble
presynapse fraction marker) of the rat brain subcellular fractions are
shown. Each fraction is shown in Materials and Methods. H, Total
homogenate; P2, crude synaptosomes; LP2, membrane fraction of the
purified synaptosomes; LS2, cytosolic fraction of the purified
synaptosomes.

terminal and that p35 may be tightly associated with membranes
or vesicles.

Roscovitine upregulates glutamate release
from synaptosomes

The present data show that CdkS inhibitors block the CdkS
activity in the presynaptic terminal, resulting in the induction
of neurotransmission. These data lead to a hypothesis that
Cdk5 regulates neurotransmitter release. We demonstrated
the effect of roscovitine on glutamate release from the synap-
tosomes (Fig. 4). Preincubation of the synaptosomes with
roscovitine (5 or 10 uM) resulted in a significant increase in the
4AP-evoked glutamate release compared with the control (5
uM roscovitine, 7.2 = 0.4 nmol/mg per 4 min; 10 pum roscovi-
tine, 9.0 = 1.7 nmol/mg per 4 min; control, 5.5 = 1.1 nmol/mg
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Figure 4. The effect of roscovitine on Ca”*-dependent glutamate re-
lease from synaptosomes prepared from rat brains in response to mem-
brane depolarization with 1 mm 4-AP (n = 5). Data represent the mean *
SEM values of five independent experiments. The synaptosomes were
incubated with each concentration of roscovitine (L1, 0 um; O, 5 um; A, 10
uM) for 30 min, and then 4-AP was added at 0 sec. Values significantly
different from the control synaptosomes (0 uM roscovitine) are indicated
(*p < 0.05; **p < 0.01; Scheffe’s test).

per 4 min). This result indicates that CdkS5 inhibits neurotrans-
mitter release.

Roscovitine enhances the activation of P/Q-type
voltage-dependent calcium channel

Bibb et al. (1999) have reported that the application of roscovitine
enhanced whole-cell Ca®" current in striatum neurons. These
data and our results lead to a hypothesis that Cdk5 may enhance
the activity of presynaptic VDCC, resulting in increased neuro-
transmitter release. In the cultured hippocampal neurons, N- and
P/Q-type VDCCs predominantly mediate excitatory synaptic
transmission (Wheeler et al., 1996; Reid et al., 1997). Coapplica-
tion of w-CgTx GVIA and w-Aga IVA, which are specific inhib-
itors of N-type and P/Q-type VDCCs, respectively, completely
blocked the EPSP slope (>98%) in the hippocampal slices, sug-
gesting that N- and P/Q-type VDCCs specifically regulated
neurotransmitter release in the hippocampal slices (Fig. 54). To
investigate whether roscovitine affects the activity of theses
VDCCs, its effect on each channel-dependent EPSP slope was
examined. An application of w-CgTx GVIA reduced the EPSP
slope by 44 = 3.6%. After the EPSP slopes became stable, 5 um
roscovitine was applied. An application of roscovitine gradually
induced the EPSP slope by 31.5 + 4.9% (Fig. 5B). In contrast,
w-Aga IVA, a specific blocker of P/Q-type VDCC, significantly
reduced the EPSP slope (21 + 8.1%) 25 min after the applica-
tion), and an application of roscovitine had no effect on the w-Aga
IVA-reduced EPSP slope (Fig. 5C). These data suggest that
roscovitine specifically enhances P/Q-type VDCC activity.
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Figure 5. The effect of roscovitine on the EPSP slope in the presence of
»-CgTx GVIA and w-Aga IVA. Hippocampal slices were incubated with
1 uM 0-CgTx GVIA and 0.5 uM w-Aga IVA (A4), 1 um o-CgTx GVIA
(B), or 0.5 uMm w-Aga IVA (C). Then, 10 uM roscovitine was applied after
recording stable EPSP slopes. The drugs were perfused continuously until
the end of the experiment.

We further demonstrated the effect of roscovitine on calcium
entry from the P/Q-type VDCC channel using Ca®* imaging. To
record the specific Ca?" influx from the P/Q-type VDCC chan-
nel, the hippocampal neurons were incubated with 25 um APS,
0.5 um 0-CgTx GVIA, and 10 uMm Nifedipine, which were specific
inhibitors of other types of VDCCs and NMDA receptor. The
cells were then stimulated by high K™ in the presence or absence
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Figure 6. Roscovitine enhanced Ca>" influx from P/Q-type VDCCs. A4,
Primary cultured hippocampal neurons were incubated with w-CgTx
GVIA, Nifedipine, and AP-5 to measure the Ca>" influx specific from
P/Q-type VDCCs for 30 min. Roscovitine was also applied 30 min before
depolarization. The cells were exposed with 50 mm KCl for 10 sec, and
fura-2 AM fluorescence was recorded using a video image analysis system
(AquaCosmos, Hamamatsu Photonics), with excitation alternatively at
340 and 380 nm, and emission at 510 nm ([, control; @, 5 uM roscovitine;
O, roscovitine and w-Aga IVA). B, Comparison of Ca®" influx from
P/Q-type VDCCs at 20 and 40 sec after depolarization. Data from 20-30
individual cells were collected per experiment, and ensemble averages
were calculated for multiple experiments (n > 30). Data were analyzed
using ANOVA followed by planned comparisons of the multiple condi-
tions. *p < 0.01.

of roscovitine. In the control neurons, the intracellular Ca?™"
concentration increased after the high K™ stimulation (Fig. 64).
The increased Ca" influx gradually decreased after washing out,
and Ca*" entry was not recorded 3 min after the high K*
stimulation. An application of roscovitine significantly enhanced
the maximal Ca®" influx from the P/Q-type VDCC channel
compared with that in the control neurons (Fig. 64,B). The
enhanced Ca®" influx was rapidly decreased after washing out
KClI (Fig. 64). A significant Ca*" influx was observed 20 sec after
the high K™ stimulation but not observed 40 sec after the stim-
ulation (Fig. 6B). Moreover, w-Aga IVA, a specific blocker of the
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P/Q-type VDCC blocker, significantly reduced the roscovitine-
induced Ca?* influx from P/Q-type VDCC. These results di-
rectly showed that the inhibition of CdkS5 activity enhanced the
Ca?* influx from the P/Q-type VDCC channel.

Cdk5/p35-dependent phosphorylation of Lén-m of rbA
isoform of the a,, subunit of P/Q-type Ca** channels
and the regulation of the interaction with SNAP-25

and synaptotagmin

What is the mechanism of the induction of the activity of P/Q-
type VDCCs by Cdk5-specific inhibitors? P/Q-type Ca** chan-
nels contain pore-forming «; , subunits in association with 8 and
a,s subunits (Catterall, 1998). The distinct «, , isoforms cloned
from rat brain (rbA) and rabbit brain (BI) have synprint sites with
different specificities for interactions with plasma-membrane
SNARE proteins, such as SNAP-25, synaptotagmin, and syntaxin
(Catterall, 1998; Seagar and Takahashi, 1998). Disrupting inter-
actions between these SNARE proteins and Ca** channels in-
hibits neurotransmission, demonstrating that such interaction is
required for efficient neurotransmitter release (Catterall, 1998).
Phosphorylation of the synaptic protein interaction site on N-type
calcium channels inhibits the interaction with SNAP-25 and syn-
taxin, resulting in the inhibition of channel activity (Yokoyama et
al., 1997). These results lead to a hypothesis that Cdk5 directly
phosphorylates the «, 5 isoform of P/Q-type VDCCs, resulting in
the inhibition of the interaction with SNARE proteins.

To clarify the hypothesis, we demonstrated whether Cdk5/p25
phosphorylated Ly, (synprint site) of the rbA isoform of the
a, 4 subunit (Fig. 7). Cdk5/p25 phosphorylated synprint polypep-
tides (Fig. 74). Stoichiometric analysis revealed that the synprint
a, 5 was a good substrate for Cdk5/p25, with a maximal stoichi-
ometry of 1.5 mol/mol. Although the correlation of stoichiometry
measurements with the precise number of phosphorylated resi-
dues is not possible from this analysis, there are clearly multiple
good substrate sites for Cdk5 in the synprint peptide. The rbA
isoform of a, 4 binds SNAP-25 in a calcium-independent manner.
In contrast, the binding of the isoform with synaptotagmin is
calcium dependent, with maximum binding at 10-30 um (Catter-
all, 1998). Therefore, we incubated phospho- and dephospho-
GST-Lyy_11; proteins with synaptosomes in HEPES buffer with 20
M calcium. Phosphorylation of the synprint peptides blocked the
binding of the peptides with both SNAP-25 and synaptotagmin I
(Fig. 7C). These inhibitions of the phosphorylation-dependent
binding with SNAP-25 and synaptotagmin I were blocked by an
application of roscovitine (Fig. 7C). On the other hand, syntaxin
I did not bind to the synprint peptides of P/Q-type VDCCs
regardless of the phosphorylation and dephosphorylation (data
not shown). These data suggest that Cdk5/p25 phosphorylates
Lyyp of the rbA isoform of the «, 4 subunit of P/Q-type VDCCs,
resulting in the inhibition of the association with SNAP-25 and
synaptotagmin, and roscovitine blocked the Cdk5-dependent in-
hibition of these associations. In contrast, Cdk5/p25 did not
phosphorylate Ly (718-963) of the a,y subunit of rat N-type
calcium channel, which is phosphorylated by protein kinase A and
CaM KII, and regulated the interaction with SNARE proteins
(data not shown).

DISCUSSION

These results provide four important findings as follows. First,
Cdk5 inhibitors enhanced neurotransmission in hippocampal
slices. Second, the regulation of neurotransmission by CdkS5 is
performed in the presynaptic terminal. Third, CdkS inhibitors
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Figure 7. Cdk5/p35-dependent phosphorylation of Ly of rbA isoform
of the a;, subunit of P/Q-type Ca>* channels and the regulation of the
interaction with SNARE proteins. A4, Purified GST-L;_; peptides were
incubated with GST-CdkS5 or each concentration of GST—p25 at 32°C for
30 min. GST-L;_p; peptides were phosphorylated by GST-CdkS5 corre-
lating with GST—-p25 concentration. B, Stoichiometry of phosphorylation
for GST-L;_ . Polypeptides of GST-L;;y;; were phosphorylated with
GST-Cdk5/p25 for the indicated time periods. C, Phosphorylation of
GST-L,yyy inhibited the interaction with SNAP-25 and synaptotagmin.
Polypeptides of GST-L;;_; were incubated with purified Cdk5/p25 or 5
uM roscovitine. Then the complex was incubated with glutathione—-Aga-
rose. The glutathione—Agarose was replaced in a 10 ml column. After the
column was washed, the solubilized synaptosome protein (300 pg) in
HEPES buffer with 20 um CaCl, was loaded on the column, and the
column was washed. After the protein complexes were collected with
glutathione—Agarose, the complex was denatured with boiled SDS-PAGE
buffer. The supernatants were then used for Western blot analysis using
anti-SNAP-25 antibody, anti-synaptotagmin I antibody, and anti-syntaxin
I antibody, respectively. Top panel, Result of Western blot analysis with
anti-SNAP-25 antibody. Middle panel, Result of Western blot analysis
with anti-synaptotagmin I antibody. Bottom panel, After the complex was
collected with glutathione—Agarose, the proteins were separated in SDS-
PAGE gel. Then, the gel was stained by Coomassie blue, and the polypep-
tides of GST-L,;;; were visualized.
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enhanced Ca*" entry from P/Q-type VDCCs. Fourth, Cdk5/p25
phosphorylated the intracellular loop connecting domains II and
III corresponding to amino acid residues 724 and 981 of the rbA
isoform of the «,, subunit of P/Q-type Ca*" channels, and the
phosphorylation inhibited the interaction with SNAP-25 and
synaptotagmin.

CdkS5 is a multifunctional kinase in the developing,
adult, and aging brain

Cdk5/p35 plays an important role in neuronal migration and
differentiation in immature neurons (Nikolic et al., 1996; Chae et
al., 1997). The complex of Cdk5/p35 is colocalized with Pakl in
the axonal growth cone, and the kinase downregulates Pakl
kinase activity (Nikolic et al., 1998), resulting in neurite out-
growth. Moreover, it has recently been reported that Cdk5 phos-
phorylated NUDEL, a novel LIS-1-interacting protein in the
growth cone (Niethammer et al., 2000). The inhibition of Cdk5
activity with roscovitine alters NUDEL localization and its asso-
ciation with the dynein complex, resulting in the alteration of
neuronal migration (Niethammer et al., 2000). These data suggest
that in the immature neuron, the Cdk5/p35 complex localizes in
the growth cones and regulates neuronal migration, differentia-
tion, and synaptogenesis.

In the mature neuron, in contrast, Cdk5 is expressed in the
presynaptic terminals (Matsushita et al., 1996) (present results),
and the enzyme phosphorylates presynaptic proteins such as
Muncl8 (Shuang et al., 1998), Synapsin I (Jovanovic et al., 1996),
and Amphiphysin I (Rosales et al., 2000). These data suggest that
CdkS changes localization from the growth cone to the axon
(presynaptic terminal) and regulates neurotransmitter release in
the adult brain.

Moreover, recent studies have shown that in Alzheimer’s brain,
p35 is truncated to p25, and the complex of Cdk5 and p25 leads
to mislocalization of the kinase to the soma, resulting in neuronal
degeneration (Patrick et al., 1999; Lee et al., 2000). These studies
suggest that Cdk5 has multiple and different functions in the
developing, adult, and aging neuron and that the change in
localization of CdkS is an important mechanism underlying the
different functions of Cdk5.

The mechanism of Cdk5-dependent regulation of
P/Q-type VDCC activity
Our data first showed that CdkS inhibitors enhanced neuro-
transmitter release via enhancement of the activity of P/Q-type
VDCCs. Moreover, we showed that CdkS5 phosphorylated the
Ly of P/Q-type calcium channels, and the phosphorylation
inhibited the interaction with SNAP-25 and synaptotagmin.
The synprint site on the N-type VDCC «,5 subunit is phos-
phorylated, and the phosphorylation inhibits interaction with
SNARE proteins such as syntaxin and SNAP-25 (Yokoyama et
al., 1997). We demonstrated that Cdk5 phosphorylated the syn-
print site on N-type VDCCs; however, Cdk5 did not phosphor-
ylate the L ; peptides of the VDCCs. Immunocytochemical
and pharmacological experiments provide evidence that N-type
VDCCs regulate neurotransmitter release at both peripheral and
central synapses (Westenbroek et al., 1992). In contrast, P/Q-type
VDCCs are present in high density at central synapses (Westen-
broek et al., 1995), and transmitter release primarily requires
P/Q-type channels, with N-type channels playing a secondary role
(Catterall, 1998). The present results showed that the inhibition
of the EPSP slope by w-Aga IVA, a specific blocker of P/Q-type
VDCCs, is much greater than that by w-CgTx GVIA, a specific
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blocker of N-type VDCCs in the hippocampus. These results
suggest that Ca®" entry from P/Q-type VDCCs might be more
important in regulating neurotransmitter release than that from
N-type VDCCs in the hippocampus.

The synaptic vesicle proteins synaptotagmin and synapto-
brevin/vesicle-associated membrane protein bind to the synaptic
plasma membrane SNARE proteins syntaxin and SNAP-25 to
form a core complex implicated in synaptic vesicle docking and
membrane fusion (Hanson et al., 1997). This core complex asso-
ciates with N-type and P/Q-type VDCCs via Ly (Catterall,
1998). Disruption of interactions between SNARE proteins and
these Ca?" channels inhibits neurotransmission, demonstrating
that such interaction is required for efficient neurotransmitter
release (Catterall, 1998). These previous data agree with our
present results that Cdk5 phosphorylated L, ;; of P/Q-type
VDCCs, resulting in the disruption of the interaction with
SNAP-25 and synaptotagmin I. These data suggest that CdkS
might downregulate the activity of the rbA isoform of P/Q-type
VDCCs through phosphorylation of L;;_j;; of the calcium channel
and inhibition of the interaction with SNARE proteins. The
present results showed that syntaxin I did not bind to L;;_;; of the
rbA isoform of P/Q-type VDCCs regardless of the phosphoryla-
tion and dephosphorylation. These data agree with the previous
results that the rbA isoform of P/Q-type VDCCs binds SNAP-25
but not syntaxin (Rettig et al., 1996; Zhong et al., 1999).

Voltage-dependent calcium channels, which are involved in
neurotransmitter release, are strictly regulated by the activity of
the specific SNARE proteins (Sheng et al., 1996; Catterall, 1998).
The interaction of N-type Ca?" channels with syntaxin and
SNAP-25 is Ca®* dependent and regulated by protein phosphor-
ylation (Yokoyama et al., 1997). The interaction of the calcium
channels with SNARE proteins may be regulated by phosphory-
lation and dephosphorylation. Cdk5 may be one of the most
important kinases that regulate neurotransmitter release.

In conclusion, we have shown that both Cdk5 and p35 are
abundant in the presynaptic terminals and that CdkS5 inhibitors
enhance neurotransmitter release. The induction of the neuro-
transmitter release by CdkS5 inhibitors is caused by the regulation
of P/Q-type voltage-dependent Ca*" channel activity. Our re-
sults indicate that CdkS regulates the neurotransmitter release in
the presynaptic terminals of the adult brain.
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