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Evidence for Protein Tyrosine Phosphatase, Tyrosine Kinase,
and G-Protein Regulation of the Parallel Fiber Metabotropic
Slow EPSC of Rat Cerebellar Purkinje Neurons

Marco Canepari and David Ogden
National Institute for Medical Research, Mill Hill, London NW7 1AA, United Kingdom

The slow EPSP (sEPSP) or slow EPSC (sEPSC) at parallel fiber to Purkinje neuron synapses is attributable to a nonselective cation channel
coupled to activation of metabotropic type 1 glutamate receptors (mGluR1s). Photorelease of L-glutamate in 1 msec from 4-methoxy-7-
nitroindolinyl- or 7-nitroindolinyl-caged glutamate in cerebellar slices was used to isolate and study postsynaptic mechanisms coupling
mGluR1 to the cation channel. 1-Glutamate immediately activated a glutamate transporter current, followed by the slow mGluR1-
activated conductance. Inhibitors of kinases, phosphatases, and G-proteins were tested on the peak glutamate-evoked currents. No
effects of the inhibitors were seen on the initial glutamate transporter currents. In contrast, the later mGluR1 currents were either
unaffected or enhanced by the protein tyrosine kinase (PTK) inhibitors PP1, K252a, and staurosporine were diminished or blocked by
phosphatase inhibitors but were unaffected by inhibitors of serine-threonine kinases PKA, PKC, or PKG. The selective src-PTK inhibitor
PP1 (10 um intracellularly) potentiated submaximal mGluR1 currents evoked by low L-glutamate concentrations but had no effect on
maximal responses (80 or 160 um L-glutamate). L-Glutamate-evoked mGluR1 currents and parallel fiber SEPSCs were reversibly and
completely inhibited by protein tyrosine phosphatase (PTP) inhibitor bpV(phen) (50-200 wm) and by nonselective phosphatase inhib-
itor orthovanadate (0.5 or 1 mm). mGluR1 currents were completely inhibited by GDPS applied intracellularly (5 mm). The results
confirmarole for a GTPase postsynaptically, show that tyrosine phosphorylation inhibits mGluR1 coupling to the channel, and show that

PTPs increase activation by tyrosine dephosphorylation most likely upstream of the SEPSP cation channel.
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Introduction

Parallel fibers (PFs) in the molecular layer are the principal exci-
tatory input to Purkinje neurons (PNs) in the cerebellum of the
rat, with ~175,000 excitatory synapses on postsynaptic spines of
the dendritic tree (Napper and Harvey, 1988). Single PF stimuli
evoke fast postsynaptic potentials, acting through glutamate
AMPA-type receptors. However, brief tetanic stimulation pro-
duces a slow EPSP (sEPSP) seen in the presence or absence of
AMPA receptor antagonists (Batchelor and Garthwaite, 1997).
The sEPSP is blocked by metabotropic type 1 glutamate receptor
(mGluR1) antagonists MCPG (a-methyl-4-carboxyphenylglycine)
and CPCCOEt (7- (hydroxyimino)cyclopropa[b]chromen-1a-
carboxylate ethyl ester), and the postsynaptic depolarization is pro-
duced by activation of a nonselective cation channel (Canepari et al.,
2001b). A role of mGluR1 receptors in motor coordination is sug-
gested by observations that mGluR 1 e-deficient mice are ataxic, with
lesions in the cerebellar molecular layer and developmental abnor-
malities in the innervation of PNs (Aiba et al., 1994). Also, clinical
neoplastic cerebellar ataxia, in which there is a deficit in motor co-
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ordination, has been shown to be associated with autoantibodies
generated against mGluR1 (Sillevis-Smitt et al., 2000).

mGluR1 receptors in PNs can couple to phospholipase C
(PLC) via a G-protein. However, photorelease of intracellular
inositol trisphosphate (InsP;) does not mimic the sEPSP and
instead produces activation of K* conductance by intracellular
Ca’*" and a consequent reduction of excitability (Khodakhah and
Ogden, 1995; Hirono et al., 1998). Furthermore, inhibition of
PLC has no effect on the slow EPCS (sEPSC) (Hirono et al., 1998;
Tempia et al., 1998; Canepari et al., 2001b). In the experiments
described here, the postsynaptic signaling pathway was investi-
gated by photorelease of L-glutamate from 4-methoxy-7-
nitroindolinyl (MNI)- or 7-nitroindolinyl (NI)-caged glutamate
to activate the mGluR1 conductance (Papageorgiou et al., 1999;
Canepari et al., 2001a). Glutamate was released in 1 msec over
~200 pm region in cerebellar slices of 20-d-old rats. Postsynaptic
mGluR1 currents were isolated by the presence of AMPA recep-
tor antagonists, and action potentials were suppressed by Na ™
and Ca** channel blockers. The results with selective inhibitors
show that protein tyrosine phosphorylation, but not serine—th-
reonine phosphorylation, inhibits the mGluR1 sEPSP signaling
pathway at a site before the ion channel and confirms the
postsynaptic role of a G-protein (Tempia et al., 1998). Inhibition
of protein tyrosine phosphatase (PTP) was able to suppress com-
pletely the mGluR1 and PF sEPSC.

Parts of this work have been published previously in abstract
form (Canepari and Ogden, 2002).
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Materials and Methods

Wistar rats, 19—-22 d old, were killed by cervical dislocation and decapi-
tated, and parasagittal slices 200 wm or transverse slices 350 wm thick (in
PF stimulation experiments) were cut from the cerebellum. Slices were
viewed with a Zeiss (Oberkochen, Germany) Axioskop 1FS, 63 X 0.9w
objective and, to avoid photolysis, 500/40 nm bandpass illumination. A
xenon arc flashlamp (Rapp OptoElektronik, Hamburg, Germany) fil-
tered witha UG11 (bandpass 290—370 nm; Schott, Mainz, Germany) was
focused into the slice from below via a Reichert (Nussloch, Germany)
silica condenser (0.9 numerical aperture), illuminating a spot of 200 wm
in diameter The arc image was aligned and focused in the specimen
plane, and calibration of photolytic conversion—flash was made as de-
scribed by Canepari et al. (2001a). Transmission at 320 nm through 200
pm slices from 20-d-old rats was measured as 0.42 = 0.07 (SD) in the
molecular layer and 0.36 = 0.08 in the granule cell layer. Flash lamp
intensity was set to maximum, converting in the molecular layer 7% of
NI and 18% of MNI glutamate in a first set of experiments, or 32% MNI
glutamate in a second set, after correction for attenuation in the slice.
Lower L-glutamate concentrations were produced by reducing intensity
with calibrated neutral density filters in the photolysis light path.

External saline contained the following (in mwm): 135 NaCl, 4 KCl, 2
MgSO, or MgCl,, 2 CaCl,, 2 NaHCO;, 25 glucose, and 10 HEPES-Na,
pH 7.3 (305 mOsm/kg). Experiments were made at 32°C, and a contin-
uous stream of hydrated O,—0.5% CO, was blown over the solution
surface. Caged glutamate and antagonists were applied in static 1 ml of
solution. Whole-cell recordings were with an Axoclamp 2A or Axopatch
200A (Axon Instruments, Foster City, CA) and 2.5 MQ) pipettes filled
with the following internal solution (in mm): 110 K gluconate, 50 HEPES,
10 KCl, 4 MgSO,, 4 Na,ATP, 10 creatine phosphate, 0.05 GTP, pH 7.3,
with KOH. Potentials were corrected for the junction potential of 12 mV
pipette negative between this solution and external solution. Series resis-
tance was monitored at 5 min intervals, and experiments in which it
increased above 10 M(), or in which the leak current at —75 mV exceeded
—0.5 nA, were discontinued.

Data were collected with Spike 2 software via a 1401+ or Power1401
interface (sampled 10 kHz, low-pass filter 2kHz, —3 dB; Cambridge
Electronic Design, Cambridge, UK). Results are given as mean and SD
unless specified as SEM.

Chemicals were Analar grade (BDH, Poole, UK), and biochemicals
and drugs were obtained from Sigma (Poole, UK), Tocris (Bristol, UK)
or Research Biochemicals (Poole, UK). Experiments with the Ca channel
blocker w-Agatoxin IVA (AGA4A) (Peptide Institute, Osaka, Japan)
were done with 0.1 mg/ml cytochrome C present. The concentration of
bpV(phen) was determined from the absorbance at 326 nm, and the
extinction coefficient is 1206 M/cm (Quilitzsch and Wieghardt, 1979); a
100 mmM stock (10 mm HEPES, pH 7.6) was stored at —80°C.

NI- and MNI-caged r-glutamate were synthesized, purified, and
kindly provided by John Corrie and George Papageorgiou (National
Institute for Medical Research, London, UK). These reagents at 1 mm
concentration, the photolytic intermediates, and byproducts have been
shown to have no pharmacological activity on glutamate receptors or
synaptic transmission (Canepari et al., 2001a).

Results

To isolate the mGluR1-evoked current, experiments were done
with ionotropic glutamate receptor antagonists 2,3-dioxo-6-
nitro-1,2,3,4-tetrahydrobenzo[f]quinoxaline-7-sulfonamide
(NBQX) (20-50 M) and 2-amino-5-phosphonopentanoic acid
(AP-5) (50 um) and of GABA, receptor antagonist bicuculline
(20 wm). In photolysis experiments, the voltage-gated sodium
channel blocker tetrodotoxin (TTX) (1 uM) was used, and the
calcium channel blocker AGA4A (0.25 uM) was present to pre-
vent spiking during large mGluR1-activated inward current. Ac-
tivation of the mGluR1 current was usually with supramaximal
concentrations of L-glutamate, 70 um L-glutamate released from
1 mM NI glutamate, 80, 90, or 160 um from MNI glutamate, and,
in some experiments, also submaximal activation with 30 um
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Figure 1. Inhibition of the mGIuRT current by extracellular application of phosphatase in-

hibitors. Voltage clamp, —75 mV. The following concentrations were used: 50 m NBQX, 50
M AP-5, 20 um bicuculline, T um TTX, and 0.25 um AGA4A. A, Top traces, Currents evoked by
70 pm L-glutamate in control solution, after 10 min exposure to T mum Na,V0, , and after 20 min
wash. Middle traces, Currents evoked by 80 pum L-glutamate in control solution, after 10 min
exposure to 200 m tyrosine phosphatase inhibitor bpV(phen) and after 20 min wash. Bottom
traces, Currents evoked by 70 wm L-glutamate in control solution and after 10 min exposure to
10 um okadaic acid. No reversal on washing. B, Peak mGluR1 current plotted against
L-glutamate concentration (30, 80, or 160 um; log scale). Peak current (mean = SEM) normal-
ized to the peak current in each cell recorded initially with 160 wum L-glutamate. Diamonds,
Initial currents at each glutamate concentration. Squares, Circles, Triangles, Currents recorded
after 20 min incubation in 20, 50, and 200 wm bpV(phen), respectively (4 or 5 cells at each
concentration).

L-glutamate or less. The relationship between peak current and
L-glutamate concentration is shown in Figure 1B. These gluta-
mate concentrations compare with the millimolar concentra-
tions estimated at synaptic release sites; however, the concentra-
tions and durations seen at more peripherally located mGluR1
during a PF tetanus is not known. Photoreleased L-glutamate
adjacent to PNs in the slice was estimated to have a clearance
half-time of 200 msec at 70 uM (Canepari et al., 2001b). The peak
mGluR1 current at —75 mV was taken as a measure of the con-
ductance attributable to the mGluR1-activated channel.

Protein tyrosine kinase inhibition

The trk tyrosine kinase inhibitor K252a (externally 10 um) was
initially used to test the possibility that the slow current recorded
in PNs might be mediated by release of neurotrophins from glia
as a consequence of glial mGluR1 activation. Neurotrophins pro-
duce an inward current in PNs, blocked by trk protein tyrosine
kinase (PTK) inhibition (Kafitz et al., 1999). K252a showed no
inhibition, indicating no contribution of an indirect action of
glutamate on PNs by mGluR1-evoked release of neurotrophins
from glia. However, a potentiation of the mGluR1-evoked cur-
rent was seen in some PN, and this effect was investigated further
with more selective tyrosine and serine—threonine kinase inhibi-
tors. The specific src tyrosine kinase inhibitor PP1 (Bishop et al.,
2000) was used at 10 uM in the patch pipette (with 0.1% DMSO).
Figure 2 A shows an experiment with 10 uM PP1 in which pulses
of 80 and 30 uM L-glutamate were released 30—60 sec apart every
10 min, evoking maximal peak mGluR1 current at 80 uMm and
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Figure 2.  Potentiation of peak mGluR1-activated current by intracellular perfusion of src
kinase inhibitor PP1. Voltage clamp, — 75 mV. The concentrations are as follows: 50 rum ngax, 50
M AP-5, 20 m bicuculline, T pum 11x, and 0.25 um AGA4A. A, PN perfused internally with
pipette solution containing 10 um PP1. Currents evoked by photorelease of 30 um L-glutamate
(top traces) and 80 wum L-glutamate (bottom traces) at 10 min intervals. B, Histogram of peak
mGluR1 currentat 20 min evoked by photorelease of 30 or 80 um L-glutamate normalized to the
peak current in each cell recorded initially with 80 um L-glutamate. PP1 at 10 um perfused
internally from the patch pipette. Open columns are initial current, and hatched columns are at
20 min. Data are from six PNs. Peak currents evoked by photorelease of 30 um L-glutamate are
potentiated after 20 min with PP1 ( p << 0.02), whereas those with 80 um L-glutamate are not.
(, Summary plot of mGIuR1 current evoked by photorelease of L-glutamate (30 or 80 wum) at 20
min against initial current in the same cell. Filled symbols, Control intracellular solution with
0.1% DMSO0. Open symbols, Intracellular solution with 10 m PP1,0.1% DMSO0. Line drawn with
unit slope to indicate correlation.

submaximal current at 30 uM. As can be seen, the peak current
caused by 30 uM increased approximately threefold after 20 min
internal perfusion with PP1, whereas the current evoked by 80
UM L-glutamate remained at the same amplitude. The progressive
increase in duration of responses with PP1, seen in Figure 2 A, of
1.8-fold over 20 min was present also in controls (half-maximum
duration at 20 min in PP1, 4.3 * 1.0 sec; SEM; n = 5; controls
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Figure 3.  Summary of actions of signaling pathway inhibitors on the mGluR1-evoked cur-
rent. Fractional mGIuRT current, normalized to the initial current, after 10 or 20 min extracellu-
lar application or 20 or 30 min intracellular perfusion (indicated with a triangle) of the different
ligands at concentrations indicated. Open bars, Control, 0.1% DMSO. Diagonal striped bars,
GTPase inhibitor GDPBS and PLC3 inhibitor U73122. Stippled bars, Phosphatase inhibitors.
Horizontal striped bars, Tyrosine kinase inhibitors. Vertical striped bars, PKC, PKA, and PKG
inhibitors. Mean = SEM, 425 cells tested for each drug. *p << 0.02 (t test).

with 0.1% DMSQO, 5.5 = 1.3 sec). The results of similar experi-
ments with PP1 in six PN’ are displayed as a histogram in Figure
2 B, in which peak current is normalized to the initial peak cur-
rent evoked by 80 um L-glutamate in each cell. Peak currents
evoked by 80 um glutamate showed no change over 20 min with
10 uM PP1 internally, whereas those evoked by 30 uMm in the same
cell showed potentiation by internal PP1 over 20 min by, on
average, threefold. In two cells, after 20 min with PP1, 15 um
L-glutamate produced submaximal peak currents approximately
equal to the initial current evoked by 30 uM L-glutamate, showing
a twofold increase in L-glutamate sensitivity induced by PP1.
Data from 25 cells with PP1 (open symbols) and 12 controls with
0.1% DMSO intracellularly (filled symbols) are shown in Figure
2C as the peak mGluR1 current after 20 min whole-cell recording
plotted against the current immediately after whole cell. The con-
trol cells showed no change in current at 20 min whether large or
small initially, lying on the unit slope line. On the other hand, 17
PP1 cells with small initial current showed a large degree of po-
tentiation (see also pooled data summarized in Fig. 3). The results
show that PP1 produced no change in the maximum current that
can be evoked by mGluR1 activation but increased the sensitivity
to L-glutamate, shifting the concentration—conductance rela-
tionship to lower glutamate concentrations by a factor of approx-
imately twofold.

Serine-threonine kinase inhibitors

The ability of serine—threonine kinase inhibitors to affect the
mGluR1-activated current was tested in similar experiments.
K252a and staurosporine inhibit both PTK and serine—threonine
kinases when applied externally at the relatively high concentra-
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tions used here (Ruegg and Burgess, 1989) and produced no
effect or small potentiation (in two of six PNs, on average, statis-
tically nonsignificant) when tested on mGluR1 currents. Inhibi-
tors of PKC (chelerythrine, 10 or 20 um) (Herbert et al., 1990),
PKA (KT5720, 10 uM) (Gadbois et al., 1992), or PKG (KT5823, 2
uM) (Gadbois et al., 1992) present in the bath for 20 min had no
effect on currents evoked by low (15-30 uMm) or high (70-90 um)
L-glutamate concentration. Chelerythrine applied intracellularly
(10 uM in the patch pipette) was also without significant effect at
30 and 80 uM L-glutamate (n = 6; p > 0.05). The data are sum-
marized in Figure 3. These results with PTK and serine—threonine
kinase inhibitors indicate that tyrosine phosphorylation but not
serine—threonine phosphorylation is effective in reducing
mGluR1 activation of the sEPSP cation conductance.

Phosphatase inhibition

Ligands that inhibit phosphatases were tested as inhibitors of the
mGluR1 current. The nonspecific phosphatase inhibitor or-
thovanadate applied at 1 mM to the slice produced complete and
reversible inhibition of the late mGluR1 current and had no effect
on the early glutamate transport current (Fig. 1A, top traces).
However, orthovanadate also inhibits ATPases, and more selec-
tive reagents were used to test the role of phosphatases. Okadaic
acid, a lipophilic phosphatase inhibitor that does not select be-
tween different phosphatases at the concentration used here (10
uM) (Sugunuma et al., 1992), produced an irreversible partial
inhibition of the mGluR1 current (Fig. 1A, bottom traces). The
most effective reagents were water-soluble, organic vanadate de-
rivatives reported to have selectivity for tyrosine phosphatases
(Posner et al., 1994). One of these, bpV(phen), at 50 um pro-
duced a complete, reversible inhibition of the photolytically
evoked mGlIuR1 current at low glutamate concentrations (30
uM); however, at high glutamate concentration (80 or 160 um)
(Fig. 1A, middle traces), 200 uMm bpV(phen) was required. The
results are summarized by the plot of peak current after 10 min
incubation against glutamate concentration at 0, 50, 100, and 200
uM bpV(phen) (Fig. 1B).

Phosphatase inhibition was also effective in blocking activa-
tion of the sEPSC after PF stimulation. Records in Figure 4 show
reversible block of the sEPSC evoked with tetanic PF stimulation
(10 pulses at 50 Hz) by orthovanadate (0.5 or 1 mm; mean = SEM
of control, 0.05 * 0.03; n = 3; p < 0.02) and by bpV(phen) (50
uM; mean = SEM of control, 0.11 = 0.07; n = 4; p < 0.02).

G-protein inhibition

A role for a GTPase in the PF sEPSC was shown by Tempia et al.
(1998) by internal perfusion of PNs with GDPfS. Experiments
here in which the mGluR1 receptors were activated with photore-
leased L-glutamate (45 or 90 um) showed similar results. Groups
of four PNs were tested with 0 (15 mm LiCl) or 5 mm GDPSS
(trilithium salt) in the internal solution after 0, 5, 10, 15, and 30
min whole-cell perfusion. PNs perfused with GDPSS showed a
progressive loss of the mGluR1 conductance over 30 min as
GDP S diffused through the dendritic tree, with magnitudes and
time course similar to those seen by Tempia et al. (1998). The
fractional current (mean * SEM) after 5, 10, 15, and 30 min was
1.00 = 0.03, 0.98 = 0.04, 1.00 = 004, and 0.96 * 0.04, respec-
tively, for control cells compared with 0.41 % 0.07, 0.21 =% 0.06,
0.08 = 0.02, and 0.03 = 0.03, respectively, for cells loaded with 5
mM GDPS. The results, summarized in Figure 3, show inhibi-
tion of coupling between mGluR1 and the sEPSP channel by
GDPgS.
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Figure4. Effect of phosphatase inhibition on sEPSCs evoked by tetanic stimulation of PFsin
transverse slices. Voltage clamp, —75 mV; 20 wm NBQX, 20 wum bicuculline, and 50 v AP-5
were presentin bicarbonate saline with 5% C0,. A, Ten pulses at 100 Hz before (top trace), in the
presence of 1 mu Na, VO, (middle trace), and after 20 min wash (bottom trace). 8, Ten pulses 50
Hz before (top trace), in the presence of 50 um bpV(phen) (middle trace), and after 20 min wash
(bottom trace).

Summary

Data from five or more PN for each of the reagents tested here
are summarized in the bar graph of Figure 3, plotted as the
glutamate-evoked mGluR1 current at 10 or 20 min incubation
relative to the initial current. GDPS produced complete inhibi-
tion when applied at 5 mMm internally for 2030 min. As described
previously (Canepari et al., 2001b) and shown in additional ex-
periments here, the inhibitor of PLCB, U73122, had no effect at
2.5 and 5 pM, although this compound has been shown to be
effective in inhibiting PLCB4 (Cruzblanca et al., 1998; Haley et
al., 2000), the isoform present in PNs (Sugiyama et al., 1999). The
phosphatase inhibitors produced substantial or complete inhibi-
tion, in the case of bpV(phen) reversibly and specifically. Kinase
inhibitors specific for tyrosine kinases, or nonselective inhibitors
effective at PTK, produced overall potentiation of submaximal
responses or no effect, whereas specific inhibitors of PKC, PKA,
or PKG had no effect on peak mGIuR1 current at high or low
L-glutamate concentration in any experiments.

The G-protein, kinase, and phosphatase inhibitors tested did
not produce significant changes in the peak amplitude of the
current attributable to activation of glutamate transporter when
compared with controls. The results show that, with 5 mM intra-
cellular GDPBS at 30 min, transport current was 0.83 = 0.1
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(SEM; n = 4) of the initial current, 10 uM intracellular PP1 after
10 or 20 min 0.91 = 0.05 (SEM; n = 11) of initial, and with 100 or
200 uM bpV(phen) at 15 min 0.85 = 0.06 (SEM; n = 6) of initial.
In controls, the transporter current at 30 min was 0.88 * 0.14
(SEM; n = 6) of the initial amplitude.

Discussion

The mechanisms linking activation of mGluR1 receptors at PN
spines of parallel fiber synapses to the cation channel underlying
the slow EPSP have been elusive. The activation of PLC and gen-
eration of intermediates associated with intracellular Ca*™ re-
lease are unlikely candidates, first because InsPj itself is relatively
ineffective when photoreleased in PNs (Khodakhah and Ogden,
1995; Hirono et al., 1998; Watkins and Ogden 1999; Canepari et
al., 2001b), and second, because Ca>" release evoked by InsP;
activates inhibitory Ca®"-gated K™ channels, not the excitatory
Na™ permeable channel of the sEPSC. Furthermore, inhibition
of PLC by U73122 is ineffective in preventing the sEPSC and the
mGluR1-activated conductance (Hirono et al., 1998; Tempia et
al.,, 1998; Canepari et al., 2001b). The finding that PLCB4-
deficient mice do not show the mGluR1-activated current (Sug-
iyama et al., 1999) was suggested by the authors to be attributable
to a requirement for 34 isoform of PLC to bind the G,-protein
subunit, stoichiometrically liberating 3y, which may activate the
mGluR1 channel. In this case, the inability of U73122 inhibition
of PLC4 to affect the mGluR1 current may indicate that U73122
does not affect the ability of PLC to bind Ge, unlike the effects of
PLCPB4 deficiency. Although available evidence indicates that
U73122 inhibits PLCB4 (Cruzblanca et al., 1998; Haley et al.,
2000), there are no internal controls that can be used in PNs to
verify this.

The effects reported here, of PTK inhibitors augmenting and
phosphatase inhibitors inhibiting mGluR1 activation of the
channel, suggests that tyrosine phosphorylation of a protein in
the activation pathway decreases the level of activation. The most
striking effects on the mGluR1-evoked current observed in the
course of this study were potentiation of submaximal but not
maximal mGluR1 responses by the selective src kinase inhibitor
PP1 and inhibition by the PTP inhibitor bpV(phen). PP1 has
been reported previously to be ineffective on the (RS)-3,5-
dihydroxyphenylglycine (DHPG)-activated mGluR1 current in
PN (Boxall, 2000), but no distinction was made between effects
on maximal and submaximal concentrations of DHPG, and the
DHPG application was slow, unlike the 1 msec photolytic appli-
cation of glutamate used here. PTK reagents K252a and stauro-
sporine were used here at high concentrations, in which selectiv-
ity is compromised, but were also effective in potentiating the
mGluR1 current in a small proportion of experiments. In con-
trast, specific PKA, PKC, and PKG inhibitors were ineffective at
low and high glutamate concentrations. An additional incidental
observation is that the inability of #7kB inhibitor K252a (Kafitz et
al., 1999) to block the mGluR1-activated current provides evi-
dence that neurotrophins released by neighboring cells in re-
sponse to mGIluR activation are not involved in the generation of
the PN mGluR1 current.

In hippocampal CA3 neurons, there is evidence that protein
tyrosine phosphorylation activates an excitatory cation conduc-
tance (Heuss et al., 1998). In contrast to the results reported here,
in CA3 neurons, PTK inhibition prevented activation of an
mGluR1 cation conductance and was shown to be independent
of G-protein coupling. The inhibition in PNs by GDPSS shows
that a G-protein is involved in the PN signaling pathway (Tempia
et al., 1998), and it has been shown that G,-deficient mice are
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deficient in PLC signaling and also have no sEPSC on tetanic PF
stimulation (Hartmann et al., 2002). Thus, the PN mGluR1 con-
ductance differs from that in hippocampal CA3, the PNs inhib-
ited by tyrosine phosphorylation and the CA3 enhanced, and the
PNs requiring one or more G-proteins, including G,,.

The point in the activation cascade at which tyrosine phos-
phorylation—dephosphorylation may regulate the mGluR1 con-
ductance is of interest. The potentiation by PP1 of the mGluR1-
activated conductance at submaximal but not at maximal levels
of mGluR1 activation indicates that PTK phosphorylation does
not influence the final opening—closing conformational rates of
the channel or the single-channel conductance. Evidence from
current noise analysis of the mGluR1-activated conductance
(Canepari et al., 2001b; our unpublished data) suggests that the
open probability of the mGluR1-activated channel is small even
at maximal activation. Thus, if channel tyrosine phosphoryla-
tion—dephosphorylation modifies maximum open probability or
single-channel conductance, the maximal as well as submaximal
peak currents should be affected. The results here therefore indi-
cate that tyrosine phosphorylation is upstream of the channel
open—closed reaction. The effect of PTK inhibition was to in-
crease apparent mGluR1 affinity twofold, indicating that PTK
phosphorylation increases the glutamate concentrations re-
quired for activation twofold. Similarly PTP inhibition by bpV-
(phen) was found to block the mGluR1-activated conductance
more effectively at low glutamate concentrations. Evidence of
tyrosine phosphorylation has been seen at two sites in other
mGluR1-G, systems. Phosphorylation of group I mGluRs by
G-protein receptor kinases has been reported to produce desen-
sitization by uncoupling receptors from heterotrimeric
G-proteins (Dale et al., 2000), and a tyrosine phosphorylation of
G, has been shown with muscarinic receptor activation, reducing
activity to 50% of control (McCrary et al., 2002). A tyrosine phos-
phatase, PTPMEG, has been shown by immunoprecipitation to
be associated with the PN-specific glutamate receptor GluRd,
(Hironaka et al., 2000) present at high density in spines and
which itself has properties similar to the mGluR1-activated cat-
ion channel (Canepari et al., 2002).

The observations here that inhibition of phosphatase can pre-
vent the postsynaptic mGluR1 current and PF sEPSC and that
inhibition of PTK increases the sensitivity to mGluR1 activation
show that tyrosine phosphorylation is able to turn the signaling
pathway fully on and off and may function in this way during
mGluR1 signaling. However, it is more likely that PTK-PTP
pathways modify an unidentified primary signaling mechanism
between mGluR1 and the sEPSP ion channel. Possible interac-
tions are with Ca>" -dependent kinase—phosphatase systems that
may contribute to regulation of the sEPSP, for example the in-
crease of sEPSP amplitude with previous depolarization or CF
stimulation attributed to elevated Ca** (Batchelor and Garth-
waite, 1997), and an interaction with the PKG—G-substrate phos-
phatase inhibitor (Hall et al, 1999) associated with PF
stimulation.
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