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Abstract
Protein phosphorylation is a major mechanism for the regulation of synaptic transmission. Previous studies have shown that several serine/

threonine kinases are involved in the induction of long-term depression (LTD) at excitatory synapses on a Purkinje neuron (PN) in the cerebellum.

Here, we show that Src-family protein tyrosine kinases (SFKs) are involved in the regulation of the LTD induction. Intracellular application of c-

Src suppressed LTD. We also show that application of a SFK-selective inhibitor PP2 recovered LTD from the suppression caused by the inhibition

of mGluR1 activity. These results indicate that SFKs negatively regulate the LTD induction at excitatory synapses on a cerebellar PN.

# 2008 Elsevier Ireland Ltd and the Japan Neuroscience Society. All rights reserved.
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Src-family protein tyrosine kinases (SFKs) are involved not

only in the regulation of cell proliferation and differentiation,

but also in the regulation of neuronal functions in the adult

central nervous system (CNS). Five members of SFKs (Src,

Fyn, Yes, Lck and Lyn) are expressed in differentiated, post-

mitotic neurons in the CNS (Kalia et al., 2004). They regulate

the activity of ion channels including ligand-gated channels,

such as NMDA receptor (NMDAR), GABAA receptor and

nicotinic acetylcholine receptor (Wang and Salter, 1994; Moss

et al., 1995; Wang et al., 2004), as well as voltage-gated

potassium channel (Fadool et al., 1997). They also affect slow

EPSC mediated by metabotropic type 1 glutamate receptor

(mGluR1) at parallel fiber to Purkinje neuron (PN) synapses

(Canepari and Ogden, 2003).

Protein phosphorylation is involved in the regulation of

synaptic plasticity, a persistent change in the efficacy of

synaptic transmission assumed to be a cellular basis of learning

and memory. Although involvement of serine/threonine

phosphorylation of synaptic proteins has been extensively

studied, recent studies have shown that tyrosine phosphoryla-

tion also plays important roles in the regulation of synaptic
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plasticity in the hippocampal CA1 region (Grant et al., 1992; Lu

et al., 1998; Ahmadian et al., 2004; Huang and Hsu, 2006;

Moult et al., 2006; Fox et al., 2007). The long-term depression

(LTD) at excitatory synapses between parallel fibers and a PN is

involved in some forms of motor learning (De Zeeuw et al.,

1998; Ito, 2001), and the implication of protein tyrosine kinase

(PTK) in its induction has also been reported (Boxall et al.,

1996; Hartell, 2001; Ito, 2001). However, involvement of

specific family of PTK such as SFKs has not been assessed. In

this study, we examined whether SFKs are involved in the

regulation of LTD in a PN.

At inhibitory synapses on a cerebellar PN, c-Src negatively

regulates the induction of long-term potentiation known as

rebound potentiation (Kawaguchi and Hirano, 2006). We first

examined whether c-Src also affects the cerebellar LTD in a

cultured PN. Methods of preparing cerebellar primary neuronal

culture were similar to our previous study (Tsuruno and Hirano,

2007). Briefly, cerebella were dissected out from E20 Wistar

rats and were incubated in Ca2+ and Mg2+-free Hanks’ balanced

salt solution containing 0.1% trypsin and 0.05% DNase for

15 min at 37 8C. Neurons were dissociated by trituration and

seeded on poly-D-lysine-coated coverslips in DMEM/F12-

based medium containing 2% fetal bovine serum. A half of the

medium was changed with the serum-free medium every 7

days, and cultured cells were used for experiments 3–4 weeks
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Fig. 1. c-Src suppressed LTD. (A) Representative glutamate responses before

and 30 min after conjunction of depolarization pulses with glutamate applica-

tion in a PN with (c-Src) or without (Control) intracellular c-Src. (B) Time

courses of amplitudes of glutamate responses before and after conjunctive

conditioning with intracellularly applied c-Src (n = 6), heat-inactivated c-Src

(n = 5) or without application (n = 6).

S. Tsuruno et al. / Neuroscience Research 61 (2008) 329–332330
after dissociation. All experiments were performed according

to the guidelines for animal experimentation by the National

Institutes of Health (United States) and Kyoto University. All

procedures were approved by the local committee for handling

experimental animals at the Graduate School of Science, Kyoto

University.

Cerebellar LTD was monitored with the current responses to

glutamate applied iontophoretically from a glass pipette

containing 10 mM glutamate and 10 mM HEPES (pH 7.3)

toward a primary or secondary dendrite of a PN. As described

previously (Tsuruno and Hirano, 2007), currents were recorded

using whole-cell patch clamp technique with an amplifier

(EPC9, HEKA, Lambrecht, Germany) at room temperature

(20–25 8C). The extracellular solution contained (in mM) 145

NaCl, 2 CaCl2, 1 MgCl2, 10 HEPES and 10 glucose titrated to

pH 7.4 with KOH. 1 mM tetrodotoxin (Wako, Osaka, Japan)

was applied to suppress action potential and 20 mM bicuculline

(Tocris, Bristol, UK) to suppress GABAergic IPSCs. A PN was

visually identified by a large cell body and thick dendrites

(Hirano and Ohmori, 1986). A patch pipette used to record from

a PN was filled with the internal solution containing (in mM)

150 CsCl, 0.5 EGTA, 10 HEPES, 2 Mg-ATP (Sigma, St. Louis,

MO) and 0.2 Na-GTP (Sigma) titrated to pH 7.4 with CsOH.

The electrode resistance was 3–5 MV. The membrane potential

of a PN was held at �70 mV unless otherwise stated. Only
Table 1

Effects of drugs and c-Src protein on basal properties of PNs

AMPA–mEPSC

Amplitude (pA) 10%–90% Rise (ms) Half width (ms)

Control 14.3 � 2.8 2.0 � 0.2 7.9 � 0.8

CPCCOEt 12.4 � 2.2 2.0 � 0.4 8.0 � 1.1

PP2 13.1 � 2.7 2.1 � 0.5 8.2 � 1.0

c-Src 13.8 � 3.5 2.0 � 0.3 8.0 � 1.5

N is presented in the parentheses. Data are presented as mean � S.D. Asterisks in
recordings with an input resistance of >100 MV and series

resistance of <25 MV were accepted, and an experiment was

terminated when a change of >20% was detected.

As shown previously (Linden et al., 1991; Tsuruno and

Hirano, 2007), LTD was induced by the conjunction of

depolarization pulses (0 mV for 3 s repeated 9 times at 0.05 Hz)

with glutamate application, and monitored with the glutamate

responsiveness. The amplitude of glutamate response 30 min

after the conditioning was 68 � 4% of the baseline (Mean

� S.E.M., n = 6, Fig. 1A and B). Intracellular application of

c-Src (20 U/ml, Upstate, Charlottesville, VA) into a PN through

a patch pipette was performed similarly to previous studies (Lu

et al., 1998; Kawaguchi and Hirano, 2006). Application of c-

Src suppressed LTD (91 � 5%, n = 6, P < 0.01 by Students’ t-

test, Fig. 1A and B), while that of heat-inactivated c-Src did not

(67 � 4%, n = 5, Fig. 1B). We examined the effect of c-Src

application on the mGluR1 activity, Ca2+ influx through

voltage-gated calcium channel and synaptic transmission

mediated by AMPA receptor (AMPAR), all of which are

necessary for the LTD induction. They are reflected by the

current induced by 3,5-dihydroxyphenylglycine (DHPG,

Tocris), voltage-dependent Ca2+ current and miniature excita-

tory post-synaptic current (mEPSC), respectively (Table 1).

Methods for measurements were described in our previous

study (Tsuruno and Hirano, 2007). mGluR1-mediated current

was recorded by iontophoretically applying an agonist DHPG

from a pipette containing 2 mM DHPG and 10 mM HEPES (pH

7.3). The amplitudes of current measured in PNs in the presence

of a drug were compared with the average amplitude recorded

from 7 to 10 untreated control PNs in the same culture. Ca2+

current was recorded by depolarizing a PN to �10 mV for

80 ms. Application of c-Src did not cause any alteration in the

basal properties. Thus, enhanced activity of c-Src suppressed

LTD without affecting Ca2+ influx and responsiveness of

mGluR1 and AMPAR, all of which are required for triggering

the LTD induction in a PN.

We next examined the effect of inhibition of SFKs on the

glutamate response in a PN. Extracellular application of PP2

(200 nM, Calbiochem, San Diego, CA), a selective inhibitor of

SFKs, did not alter the glutamate response (94 � 3%, n = 6,

data not shown). Also, PP2 did not cause any alterations in the

basal properties of PNs (Table 1).

Then, we examined whether inhibition of SFKs affects the

LTD induction. Conjunction of the depolarization pulses with

glutamate application induced LTD in the presence of PP2, but

not to a further extent (65 � 6%, n = 5, Fig. 2A). We next
DHPG-induced current (%) Ca++ Current (nA)

Frequency (Hz)

2.8 � 1.0 (10) 100 � 51 (31) 5.8 � 1.2 (10)

4.3 � 1.7 (10)* 1 � 4 (10)* 5.6 � 1.3 (10)

3.1 � 0.8 (10) 105 � 53 (9) 6.1 � 1.6 (10)

2.6 � 1.2 (10) 93 � 49 (10) 5.6 � 1.8 (10)

dicate P < 0.05 (Dunnett test).



Fig. 2. Inhibition of SFKs facilitated the LTD induction. (A) Time courses of

amplitudes of glutamate responses before and after conjunctive conditioning

with (n = 5) or without (n = 6) PP2. (B) Time courses of amplitudes of

glutamate responses before and after conjunctive conditioning with both

CPCCOEt and PP2 (n = 5), with CPCCOEt alone (n = 6) or without either

drugs (n = 6).

Fig. 3. DHPG increased phosphorylation of SFK at Tyr529 in the cerebellar

culture. SFK was immunoblotted using the antibody against phospho-Tyr418 or

phospho-Tyr529 SFK and reblotted with the antibody against total Src. The

upper images show immunoblots using the phosphorylation-specific antibodies

and the lower images show reblots using the antibody against total Src.
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examined whether inhibition of SFKs recovers the LTD

induction from a suppressed condition. Activation of mGluR1

is necessary for the LTD induction in a PN (Shigemoto et al.,

1994). As shown in Fig. 2B, inhibition of mGluR1 with a

selective inhibitor CPCCOEt (50 mM, Tocris) suppressed LTD

(91 � 5%, n = 6, P < 0.01, Fig. 2B). We confirmed that

CPCCOEt reduced the amplitude of DHPG-induced current,

supporting that CPCCOEt suppressed LTD through inhibition

of the mGluR1 activity (Table 1). It was reported that the

mGluR1 activity measured with the glutamate-induced Ca2+

increase in mGluR1-transfected COS1 cells is reduced to less

than 20% with 50 mM CPCCOEt (Litschig et al., 1999).

CPCCOEt did not affect Ca2+ current and the amplitude and

time course of mEPSC, but slightly increased frequencies of

mEPSCs for an unknown reason. When PP2 was applied with

CPCCOEt, LTD was recovered (63 � 5%, n = 5, P < 0.01,

Fig. 2B). Thus, inhibition of SFK activity reversed the

suppression of LTD caused by inhibition of the mGluR1

activity. One possibility is that PP2 recovers the mGluR1

activity suppressed by CPCCOEt. A previous study showed that

PP1, an inhibitor of SFKs, increased mGluR1-mediated current

in a PN (Canepari and Ogden, 2003). Thus, we examined

whether PP2 enhanced the residual mGluR1 activity after the

CPCCOEt application by monitoring DHPG-induced current.

However, PP2 did not recover the DHPG-induced current from

the inhibition by CPCCOEt (1 � 2%, n = 10). Therefore, we

considered that the mGluR1 activity might inhibit SFKs, which

is required for the LTD induction.

There are two major phosphorylation sites involved in the

regulation of the SFK activity. The phosphorylation of Tyr418

is required for c-Src activation, whereas the phosphorylation of

Tyr529 inactivates c-Src. Phosphorylation levels of the two
regulatory tyrosine residues in SFK were monitored with

immunoblotting using the antibodies against phospho-Tyr418

and phospho-Tyr529 SFK in the cerebellar culture. As

described previously (Kawaguchi and Hirano, 2006), cultured

cells were treated with the external solution in the presence or

absence of 50 mM DHPG for 10 min, followed by lysis in SDS

sample buffer. Protein from littermate culture was subjected to

SDS-PAGE and transferred to PVDF membrane. The mem-

brane was immunoblotted using the rabbit polyclonal antibody

against phospho-Tyr418 or phospho-Tyr529 SFK (Invitrogen,

Carlsbad, CA) and HRP-conjugated secondary antibody

(Chemicon). For sequential reprobing of the same blots, the

membrane was stripped of the antibodies, and immunoblotted

again using the mouse monoclonal antibody against total Src

(Upstate, Billerica, MA) and HRP-conjugated secondary

antibody. Signals were detected using the SuperSignal West

Pico Substrate (Pierce, Rockford, IL). The signal intensity of

phosphorylated SFK was divided by that of corresponding total

Src for normalization. While the DHPG application increased

phosphorylation of Tyr529 (126 � 8%, n = 5, P < 0.05, paired

t-test, Fig. 3), it did not increase phosphorylation of Tyr418

significantly (114 � 10%, n = 5, P = 0.23, Fig. 3). These results

indicate that activation of group I mGluR inhibits the SFK

activity in the cerebellar culture. Taken together, our results

suggest that the SFK activity negatively regulates the LTD

induction and that the mGluR1 activation inhibits SFK in a PN.

Our previous study showed that c-Src suppresses rebound

potentiation (Kawaguchi and Hirano, 2006), suggesting that

SFKs might be generally suppressing long-term synaptic

plasticity and keeping synaptic inputs at fixed levels in a PN.

Integrins are upstream regulators of c-Src in rebound

potentiation (Kawaguchi and Hirano, 2006). Our present

results imply that mGluR1 might be also regulating c-Src in the

LTD induction. The LTD at parallel fibers-PN synapses is

induced by coincident mGluR1 activation and large Ca2+ influx

caused by inputs from parallel fibers and a climbing fiber,

respectively (Ito, 2001). It has been assumed that mGluR1

induces production of diacylglycerol (DAG) through activation

of PLC. DAG activates PKCa cooperatively with Ca2+ ion,

leading to the LTD induction. However, our previous study

demonstrated that translocation of PKCa to the plasma

membrane, which is necessary for its activation, is not

significantly altered by activation of mGluR1 (Tsuruno and

Hirano, 2007). We have shown here that SFK inhibition

recovers the LTD induction from suppression caused by

mGluR1 inhibition. We have also shown that mGluR1

activation inhibits SFK in the cerebellar culture. Thus, mGluR1
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might contribute to the LTD induction through inhibition of

SFKs. The down-stream targets of SFKs in the LTD regulation

are unidentified, and should be addressed in the future study.

Striatal enriched tyrosine phosphatase (STEP) prevents

induction of long-term potentiation by opposing Src-dependent

upregulation of NMDAR in hippocampal CA1 neurons (Pelkey

et al., 2002). We tried to examine whether suppression of LTD

in a PN could be caused by the inhibition of protein tyrosine

phosphatase, which counteracts the effects of c-Src. However,

application of inhibitors of protein tyrosine phosphatase such as

orthovanadate or phenylarsine oxide often induced unidentified

large inward currents in cultured PNs, which hindered us from

assessing their involvement in the cerebellar LTD. Previous

studies showed that the LTD induced by group I mGluR

activation in a CA1 neuron is accompanied by the reduction of

both tyrosine phosphorylation and surface expression of GluR2

(Huang and Hsu, 2006; Moult et al., 2006). Thus, SFKs might

suppress LTD through tyrosine phosphorylation of GluR2 in a

PN. However, low-frequency stimulation of presynaptic fibers

increases tyrosine phosphorylation of GluR2, which results in

the reduction of its surface expression and induction of LTD in

CA1 (Ahmadian et al., 2004; Fox et al., 2007). It has also been

shown that tyrosine phosphorylation of C-terminal tyrosine

residues in GluR2 results in the internalization of GluR2 in

cortical neurons (Hayashi and Huganir, 2004). Thus, the effects

of tyrosine phosphorylation of GluR2 could contribute to both

potentiation and depression. There may be other target

molecules of SFKs implicated in the regulation of LTD.

Previous studies using broad-spectrum inhibitors have

shown that PTK activity is required for the cerebellar LTD

in a PN (Boxall et al., 1996; Hartell, 2001), which is apparently

controversial to our present results. The discrepancy would be

ascribed to the target specificity of pharmacological agents

used. Our study employed PP2, a selective inhibitor for SFKs

(Hanke et al., 1996). In addition, we showed that the

intracellular application of c-Src protein suppressed LTD,

confirming that SFKs negatively regulate the LTD induction in

a PN. Taken together, it might be possible that PTK other than

SFKs positively regulates the LTD induction.
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