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Distinct coincidence detectors govern the corticostriatal
spike timing-dependent plasticity

Elodie Fino, Vincent Paille, Yihui Cui, Teresa Morera-Herreras, Jean-Michel Deniau and Laurent Venance

Dynamics and Pathophysiology of Neural Networks (INSERM U-667), Centre for Interdisciplinary Research in Biology, College de France,
University Pierre et Marie Curie, 75005 Paris, France

Corticostriatal projections constitute the main input to the basal ganglia, an ensemble of inter-
connected subcortical nuclei involved in procedural learning. Thus, long-term plasticity at
corticostriatal synapses would provide a basic mechanism for the function of basal ganglia
in learning and memory. We had previously reported the existence of a corticostriatal
anti-Hebbian spike timing-dependent plasticity (STDP) at synapses onto striatal output
neurons, the medium-sized spiny neurons. Here, we show that the blockade of GABAergic
transmission reversed the time dependence of corticostriatal STDP. We explored the receptors
and signalling mechanisms involved in the corticostriatal STDP. Although classical models
for STDP propose NMDA receptors as the unique coincidence detector, the involvement
of multiple coincidence detectors has also been demonstrated. Here, we show that cortico-
striatal STDP depends on distinct coincidence detectors. Specifically, long-term potentiation
is dependent on NMDA receptor activation, while long-term depression requires distinct
coincidence detectors: the phospholipase C8 (PLCf) and the inositol-trisphosphate receptor
(IP;R)-gated calcium stores. Furthermore, we found that PLCf activation is controlled by
group-I metabotropic glutamate receptors, type-1 muscarinic receptors and voltage-sensitive
calcium channel activities. Activation of PLCS and IP;Rs leads to robust retrograde end-
ocannabinoid signalling mediated by 2-arachidonoyl-glycerol and cannabinoid CB1 receptors.
Interestingly, the same coincidence detectors govern the corticostriatal anti-Hebbian STDP and
the Hebbian STDP reported at cortical synapses. Therefore, LTP and LTD induced by STDP at
corticostriatal synapses are mediated by independent signalling mechanisms, each one being
controlled by distinct coincidence detectors.
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Abbreviations 2-AG, 2-arachidonoylglycerol; AMPAR, AMPA receptor; AP, action potential; bAP, back-propagating
action potential; CB1R, type-1 cannabinoid receptor; DAG, diacylglycerol; DGLa, diacylglycerol lipase; EPSC, excitatory
postsynaptic current; HFS, high-frequency stimulation; 5-HTR, serotoninergic receptor; IP;, inositol trisphosphate;
IP;R, inositol trisphosphate receptor; LES, low-frequency stimulation; LTD, long-term depression; LTP, long-term
potentiation; M1R, type-1 muscarinic receptor; mGluR, metabotropic glutamate receptor; MFS, medium-frequency
stimulation; MSN, medium-sized spiny neuron; NMDAR, NMDA receptor; PIP,, phosphatidylinositol bisphosphate;
PLCB, phospholipase CB; STDP, spike timing-dependent plasticity; t-LTP, spike-timing dependent long-term
potentiation; t-LTD, spike-timing dependent long-term depression; THL, tetrahydrolipstatin; VSCC, voltage sensitive
calcium channel.

Introduction

The basal ganglia are involved in learning of contextual
cognitive and motor sequences allowing adaptive control
of behaviour (Graybiel, 2005; Yin & Knowlton, 2006). The
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striatum, the major input nucleus of the basal ganglia,
processes information from the entire cerebral cortex. The
striatal output neurons, the medium-sized spiny neurons
(MSNS), act as detectors of distributed patterns of cortical
activity (Calabresi et al. 1987; Nisenbaum et al. 1994).
In turn, MSNs relay the integrated cortical information
towards the basal ganglia output nuclei. As long-term
synaptic efficacy changes are believed to underlie learning
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and memory (Martin et al. 2000; Martin & Morris,
2002; Lynch, 2004), the corticostriatal long-term plasticity
provides a fundamental mechanism for the function of the
basal ganglia in procedural learning (Di Filippo et al. 2009;
Wickens, 2009; Yin et al. 2009).

We have investigated the activity-dependent long-term
plasticity at the corticostriatal synapses (Fino et al. 2005,
2008, 20094). The temporal relationship of activity in pre-
and postsynaptic neurons is determinant for the induction
of activity-dependent long-term synaptic plasticity, a
process named spike timing-dependent plasticity (STDP)
(for reviews see: Sjostrom et al. 2008; Caporale &
Dan, 2008). We investigated the STDP at the level of
MSNs on rat brain corticostriatal slices and reported
a bidirectional STDP whose spike-timing dependence
displayed an anti-Hebbian learning rule (Fino et al. 2005)
compared to the classical STDP described in different
mammalian brain structures (Markram et al. 1997; Magee
& Johnston, 1997; Bi & Poo, 1998; Debanne et al
1998; but see Bell et al. (1997) and Tzounopoulos et al.
(2004, 2007) for anti-Hebbian STDP, respectively, in the
cerebellum-like structure of the mormyrid electric fish
and in the dorsal cochlear nucleus in rodents). Indeed,
when a MSN action potential (AP) was evoked slightly
before cortical activation (post—pre pairing), a robust
LTP was observed. Conversely, when cortical activity pre-
ceded a MSN back-propagating AP (bAP), a LTD was
induced. We explored here the effects of the blockade
of the GABAergic transmission on the spike-timing
dependence at corticostriatal synapses. In order to fully
characterize the corticostriatal STDP, we addressed the
question of the molecular components engaged in these
long-term synaptic efficacy changes. We determined which
intracellular pathways and cellular coincidence detectors
were underlying MSN STDP. Classical models for STDP
propose NMDA receptors (NMDARs) as the unique
coincidence detector (Nishiyama et al. 2000; Shouval et al.
2002). However, the involvement of multiple coincidence
detectors to induce STDP has been reported (Sjostrom
et al. 2003; Bender et al. 2006; Nevian & Sakmann, 2006).
Here we sought to determine the molecular components
involved in corticostriatal STDP and whether they rely on
one or multiple coincidence detectors.

Methods
Ethical approval

Animals, OFA rats (Charles River, L’Arbresle, France)
(postnatal days 15-21), were killed by decapitation
and brains were immediately removed. All experiments
were performed in accordance with local animal welfare
committee (Institute of Biology, Center for Inter-
disciplinary Research in Biology and College de France)
and EU guidelines (directive 86/609/EEC). Every pre-
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caution was taken to minimize stress and the number of
animals used in each series of experiments.

Electrophysiological recordings

Connections between the somatosensory cortex (layer
5) and the striatum are preserved in a horizontal
plane (Fino et al. 2005). Accordingly, the present
patch-clamp recordings of MSNs were performed on
horizontal brain slices (330 um) from OFA rats (post-
natal days 15-21). These horizontal slices included
the somatosensory cortical area and the corresponding
corticostriatal projection field (Fino er al. 2005, 2008,
2009a,b) and were prepared with a vibrating blade
microtome (VT1000S and VT1200S, Leica Micosystems,
Nussloch, Germany). Patch-clamp recordings were made
as previously described (Venance et al. 2004; Fino
et al. 2005, 2008). Briefly, borosilicate glass pipettes of
4-7 M resistance contained for perforated patch-clamp
recordings (mM): 105 potassium gluconate, 30 KCl, 10
Hepes and 0.3 EGTA (adjusted to pH 7.35 with KOH);
and for whole-cell recordings (mMm): 105 potassium
gluconate, 30 KCl, 10 Hepes, 10 phosphocreatine, 4
ATP-Mg, 0.3 GTP-Na, 0.3 EGTA (adjusted to pH
7.35 with KOH). The composition of the extracellular
solution was (mm): 125 NaCl, 2.5 KCl, 25 glucose, 25
NaHCO;, 1.25 NaH,PO,, 2 CaCl,, 1 MgCl,, 10 uM
pyruvic acid bubbled with 95% 0O,-5% CO,. In a
subset of experiments, the Mg?* was removed and the
composition of the external solution was the following
(mMm): 127 NaCl, 2.5 KCl, 25 glucose, 25 NaHCO;,
1.25 NaH,PO,, 2 CaCl,, and 10 uM pyruvic acid. All
recordings were performed at 34°C using a temperature
control system (Bioptechs ATC3, Butler, PA, USA) and
slices were continuously superfused at 2-3 mlmin~!
with the extracellular solution. Individual neurons were
identified using infrared-differential interference contrast
microscopy with CCD camera (Hamamatsu C2400-07;
Hamamatsu, Japan). Signals were amplified using EPC9-2
and EPC10-2 amplifiers (HEKA Elektronik, Lambrecht,
Germany). Current-clamp recordings were filtered at
2.5kHz and sampled at 5kHz and voltage-clamp
recordings were filtered at 5kHz and sampled at
10kHz using the programs Pulse-8.53 and Patchmaster
v2x32 (HEKA Elektronik). The series resistance was
compensated at 75-80%.

Under control condition, recordings were performed
without any pharmacological treatments or ionic
modifications to preserve the local striatal microcircuits
involved in corticostriatal transmission. Most of electro-
physiological recordings were realized in whole-cell
patch-clamp configuration, except when specified
(see below the ‘perforated patch-clamp recordings’
paragraph). DL-2-Amino-5-phosphono-pentanoic

© 2010 The Authors. Journal compilation © 2010 The Physiological Society



J Physiol 588.16
acid (D-AP5, 40 uMm) (Tocris Bioscience, Bristol,
UK), 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX,
10 uMm) (Tocris), Dbicuculline methiodide (20 uMm)
(Sigma),  N-(piperidin-1-yl)-5-(4-iodophenyl)-1-(2,4-
dichlorophenyl)-4-methyl-1H-pyrazole-3-carboxamide
(AM251, 3 um) (Tocris), LY367385 (100 um) (Tocris),
pirenzepine (1 um) (Sigma) (1Z,2E)-1-(2-fluoro-
phenyl)-3-(4-hydroxyphenyl)-prop-2-en-one- O-(2-
dimethylamino-ethyl)-oxime-hemifumarate (SR46349B,
1 um) (Sanofi-Synthelabo, Montpellier, France) and
mibefradil (20 uM) (Sigma) were bath applied. AM251
was dissolved in ethanol and then added in the external
solution at a final concentration of ethanol of 0.03%.
BAPTA (10 mm) (Sigma) and MK801 (1 mMm) (Tocris)
were dissolved directly into the intracellular solution
and applied via the patch-clamp pipette. U73122
(5 um) (Tocris) and ryanodine (100 uM) (Tocris) were
dissolved in ethanol, and then added into the intracellular
solution; the final concentration of ethanol was 0.033%
or 0.1%, respectively. Thapsigargin (0.5 um) (Tocris)
and tetrahydrolipstatin (10 um) (THL, referenced
also as Orlistat, Sigma) were dissolved in DMSO and
applied internally via the patch-clamp pipette at a
final concentration of DMSO of 0.0025% or 0.1%,
respectively.

Perforated patch-clamp recordings

Amphotericin B (Sigma) was used to perform perforated
patch-clamp experiments, as previously described (Fino
et al. 2008, 20094,b). The concentration of amphotericin
B in the patch-clamp pipette solution was 200 g ml™'.
Perforated patch-clamp recordings were obtained in a sub-
set of cells to confirm, without affecting the cytoplasm
content of the cells, the spike-timing dependence feature
of MSN STDP.

Spike timing-dependent plasticity induction protocols

Electrical stimulations of the cerebral cortex were
performed with a bipolar electrode (Phymep, Paris,
France) placed in layer 5 of the somatosensory cortex (Fino
et al. 2005). Electrical stimulations were monophasic at
constant current (stimulator from WPI, Stevenage, UK,
or ISO-Flex stimulator controlled by a Master-8, AMPI,
Jerusalem, Israel). There was no significant difference in
the current intensities of cortical stimulations between
each stimulation protocol group: post—pre and pre—post
pairings. This indicates that the spike-timing dependence
of induced synaptic plasticities (LTP versus LTD) was not
related to the stimulation intensity. Currents were adjusted
in order to evoke striatal excitatory postsynaptic currents
(EPSCs) ranging from 50 to 200 pA amplitudes. Repetitive
control stimuli were applied at 0.1 Hz, a frequency for
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which neither short- nor long-term synaptic efficacy
changes in EPSC amplitudes were induced (Fino et al.
2005).

STDP protocols consisted in pairings of pre- and
postsynaptic stimulations (100 times at 1 Hz) with a
time shifting (At) of several milliseconds. Presynaptic
stimulations correspond to cortical stimulations and
the postsynaptic stimulation to an AP evoked by a
direct application of a depolarizing current step (30 ms
duration) in the MSN. At was measured as the time
interval between the peak of the postsynaptic AP and
the stimulation artifact (due to presynaptic electrical
stimulation) recorded in the MSN. Neurons were recorded
for 10 min during baseline and for at least 60 min after the
cellular conditioning protocol; long-term synaptic efficacy
changes were measured at approximately 60 min. Series
resistance was monitored and calculated from the response
to a hyperpolarizing potential (—5 mV) step during each
sweep throughout the experiments and a variation above
20% led to the rejection of the experiment. Repetitive
control stimuli were applied at a frequency of 0.1 Hz for
60 min. Stability of the EPSC amplitudes was investigated
during 70 min and no significant variations were detected
(Fino et al. 2005). Indeed, there was no significant
variation between normalized EPSC amplitudes during
baseline (100.0 +3.0%) and at 70 min (95.9 +2.7%)
(n=75). Drugs were applied in the bath, after recording
10 min of baseline in control condition and 10 min
before cellular conditioning protocol, and were present
continuously until the end of the recording. Throughout
this paper, the letter ‘i’ before the name of a drug indicates
that the drug was applied intracellularly through the
patch-clamp pipette. Under these conditions, the pipettes
were systematically tip-filled with regular internal solution
and back-filled with drug internal. Once the cell was
patched, drugs were allowed to diffuse into the cell during
at least 15 min before starting the recording of the 10 min
baseline before the STDP protocol.

Data analysis

Off-line analysis was performed using Igor-Pro (Wave-
metrics, Lake Oswego, OR, USA). All results were
expressed as the mean =+ s.E.M. To assess the significance
of the induced STDP, we performed a column statistic
analysis for each group of values. We compared each group
of experiments to a theoretical value of 100 using the
non-parametric Wilcoxon’s signed-rank test. In two cases
(AM251 effect on t-LTP and the i-MK801 NMDA:AMPA
charge ratio analysis) we performed a Mann—Whitney
non-parametric test. Statistical analysis was performed
using Prism 5.0 software (GraphPad Software Inc., LaJolla,
CA, USA).

To assess the stability of the baseline, we averaged
the EPSC amplitudes every 2 min during the baseline
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(10 min), a variation of the EPSC amplitude (comparison
of the 5 values) greater than 30% led to the rejection of
the experiment. EPSC mean amplitudes, measured 60 min
after the induction protocol, were the average of 30 evoked
EPSCs. Each 30 EPSCs was normalized to the mean of the
baseline and the 30 normalized amplitudes were averaged.
Synaptic efficacy changes were classified as either LTP or
LTD when the mean of normalized EPSC amplitudes was
significantly different from the control baseline.

NMDA:AMPA current ratios were calculated with the
use of 0-Mg”*" external solution. NMDA and AMPA
currents were both measured at MSN resting potential
in the absence of Mg** in the external solution before
and after D-AP5 (40 um). The NMDA:AMPA current
charge ratios were calculated with the currents integrals
of the evoked currents in control and D-AP5 conditions
(in regular and i-MK801 intracellular solutions), using
MiniAnalysis 6.0.7 software (Synaptosoft, Fort Lee, NJ,
USA). i-MK801 experiments were conducted as follow:
MSNs were first recorded during 15-20 min in a Mg** free
external solution (to increase the efficiency of the i-MK801
blockage of the NMDA channels), then the regular external
solution was applied and the STDP experiments were
performed (10 min of baseline followed by at least 60 min
of recording).

Results

Characterization of the corticostriatal
spike-timing dependence

MSNs were identified and distinguished from striatal
interneurons based on electrophysiological properties
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(Kawaguchi et al. 1995; Fino et al. 2008, 20094). Briefly,
MSNs displayed a hyperpolarized resting membrane
potential (RMP; —73.4 £ 0.6 mV, n = 171), a depolarizing
ramp to spike threshold and an inward rectification of
the -V relationship (Fig.1A). Electrical stimulations
of cortical afferents evoked glutamatergic monosynaptic
EPSCs (inhibited by CNQX 10 uM and D-AP5 50 um,
n=>5) in MSNs (Fig.1B) with a success rate of 97%
(n=176).

Using STDP protocols (Fig. 1C), we examined the
influence of the temporal relationship between the
discharges of MSNs and the activation of their cortical
afferents on the induction of long-term synaptic plasticity.
Consistent with previous results (Fino et al. 2005), we
found that STDP protocols induce efficient bidirectional
long-term synaptic efficacy changes in MSNs with
a success rate of 77% (n=35) for time intervals
between pre- and postsynaptic activation (At) between
—30 and +30 ms (Fig. 1D). Post—pre pairings (Fig. 1C)
induced significant (P < 0.001) t-LTP with a success
rate of 81% (17 t-LTP out of 21 post—pre pairing
experiments) for —30 < At <Oms (Fig. 1D-F). After
potentiation, the mean value of the EPSC amplitude was
161.2 4 14.1% (At =—16.6+ 1.1 ms, n=21) (Fig. 1F).
Pre—post pairings (Fig. 1C) induced exclusively t-LTD,
since significant EPSC amplitude depression occurred
with a success rate of 71% (10 t-LTD out of 14 pre—post
pairing experiments) for 0 < At < 430 ms (Fig. 1D-F).
The mean value of EPSC amplitude was 72.3 £+ 6.9%
(At =+23.1 % 1.4 ms,n=14) (Fig. 1F). Therefore, t-LTP
or t-LTD can be induced in most of the MSNs depending
strictly on the STDP protocol. This high occurrence is
in agreement with corticostriatal STDP reported so far

Figure 1. Corticostriatal t-LTP and t-LTD

A, characteristic membrane properties and spiking pattern of a MSN: a hyperpolarized RMP, an inward rectification
and a long depolarizing ramp to the AP threshold leading to a delayed spike discharge. Raw traces show individual
voltage responses to series of 500 ms current pulses from —140 pA to +200 pA with 40 pA steps (black traces) and
to +50 pA above AP threshold (red trace). The MSN steady-state /-V relationship illustrates the inward rectification.
B, cortically evoked MSN EPSCs (averages of 10 traces) in control and with CNQX (10 uM) and p-AP5 (40 pum).
C, schematic representation of STDP protocol and the corresponding raw traces of the postsynaptic MSN. An AP
was evoked in the MSN a few milliseconds before (post—pre sequence) (left side) or after (pre-post sequence)
(right side) a cortical stimulation (100 paired stimulations at 1 Hz). Post—pre pairings induced t-LTP and pre—post
pairings induced t-LTD, as illustrated by EPSCs (averages of 10 raw traces) evoked before (black traces) or 60 min
after (grey traces) the cellular conditioning protocol. D, spike timing-dependent changes in synaptic efficacy
estimated 60 min after STDP induction. After post—pre pairings (—=30 < At < 0 ms), a significant (P < 0.001)
t-LTP (161.2 £ 14.1%, n = 21) occurred. Conversely, pre—post pairings (0 < At < +40 ms) induced a significant
(P <0.01) t-LTD (72.3 + 6.9%, n = 14). No more LTP and LTD was observed for At > —30 ms (87.7+£1%, n = 2)
and At > +40ms (110.2 + 6.6%, n = 2), respectively. E, representative experiments illustrating the time courses
of synaptic efficacy changes induced by post—pre (upper panel) and pre—post pairings (lower panel), respectively,
in the absence (black circles and triangles) and presence of bicuculline (20 um) (open circles and triangles). The
black arrow indicates the STDP protocol induction and the grey arrow the measurement of the induced plasticity.
Evolution of input resistance and holding current illustrates the stability of the recordings with time. F, the inhibition
of GABAergic transmission by bicuculline affects the spike-timing dependence. Post-pre pairings induced t-LTP
in control condition but a t-LTD was observed in the presence of bicuculline, in the presence of bicuculline.
Conversely, pre-post pairings induced t-LTD in control conditions but a t-LTP with bicuculline. *P < 0.05, **P < 0.01,

P < 0.001.
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(Pawlak & Kerr, 2008; but see Shen et al. 2008 in which LTD
cannot be induced in MSNs expressing the D1 receptor
in mice). There was no significant difference between
STDP obtained in whole-cell configuration (Fino et al.
2005) or in perforated patch-clamp recordings (t-LTP:
161.2 + 14.1%, n=21 and 214.7 +32.5%, n=3; t-LTD:
75.8 + 7%, n=14 and 58.5 + 11.9%, n=3).

Since our aim was to elucidate the mechanisms
that underpin corticostriatal STDP, we first address the
spike-timing dependence discrepancy among studies.
Namely, we have reported an anti-Hebbian STDP
(post—pre and pre—post pairings induced, respectively,
LTP and LTD) (Fino et al. 2005) while a Hebbian
spike-timing dependence was also reported (Pawlak
& Kerr, 2008; Shen et al. 2008). One of the most
striking experimental difference was that GABAergic
networks were either inhibited (Pawlak & Kerr, 2008;
Shen et al. 2008) or unaffected (Fino et al. 2005, 2008;
the present study). We observed that the inhibition
of GABA, mediated transmission is sufficient to affect
the physiological spike-timing dependence of cortico-
striatal STDP. When bicuculline (20 um) was bath
applied, post—pre pairings induced significant t-LTD with
a success rate of 71% (n=7) for —30 < At <0ms
(Fig. 1E). After depression, the mean value of the EPSC
amplitude was 83.7 +5.8% (At =—17.7£ 0.4 ms, n=7)
(Fig. 1F). Following bicuculline treatment, pre—post
pairings induced t-LTP, since significant EPSC amplitude
potentiation occurred with a success rate of 100% (n=4)
for 0 < At < 430 ms (Fig. 1E). The mean value of EPSC
amplitude was 176.0£17.2% (At=+22.3+4.3ms,
n=4) (Fig.1F). Here, we show that application
of bicuculline reversed the physiological spike-timing
dependence of corticostriatal STDP.

E. Fino and others
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Spike timing-dependent LTD and LTP require
postsynaptic calcium

We then sought to determine the signalling system
required for STDP occurrence. STDP pharmacology
was investigated for —30 < At < +30 ms since this At
corresponded to a reliable induction window of t-LTP and
t-LTD, under control conditions. We first explored the
calcium dependence of the STDP. We observed that t-LTD
and t-LTP induction were blocked with a fast calcium
buffer, BAPTA (10 mMm), applied intracellularly (i-BAPTA)
through the patch-clamp pipette (Fig.2). Indeed, as
illustrated by a representative experiment (Fig.2A), a
lack of long-term plasticity was observed with i-BAPTA
for 0 < At <+4+30ms (At=+420.2+2.8ms, n=>5) and
—30<At<0ms (At=-13.84+1.6ms, n=6). The
synaptic efficacy changes measured 60 min after STDP
protocols were not significantly different from the
initial baseline for pre—post (94.4 & 6.0%, n=>5) and
for post—pre (104.3 £6.4%, n=26) pairings (Fig.2B).
Consequently, the occurrence of both t-LTD and t-LTP
required postsynaptic calcium.

t-LTD and t-LTP are differentially sensitive
to NMDA receptor activation

The involvement of NMDARs, which act as coincidence
detectors, has been reported in various forms of STDP
(Dan & Poo, 2006; Caporale & Dan, 2008; Sjostrom
et al. 2008). Thus, we tested if NMDARs were a
determinant calcium source for corticostriatal t-LTD or
t-LTP. We investigated the involvement of NMDARs in
the induction and maintenance of t-LTD by blocking
NMDARs with D-AP5 treatment (40 uMm). D-AP5 did
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Figure 2. t-LTD and t-LTP require postsynaptic calcium

A, representative experiments illustrate the absence of induced plasticity with i-BAPTA (10 mwm) after either post—pre
(open circles) or pre—post (open triangles) sequences. The black arrow indicates the STDP protocol induction. B,
t-LTP and t-LTD are blocked by postsynaptic i-BAPTA. **P < 0.01, ***P < 0.001.
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not have a significant effect on t-LTD, suggesting
that NMDARs are not involved. Specifically, after the
conditioning protocol the mean EPSC amplitude value
was 70.2+£10.7% (At=+25.0£1.8ms, n=5) and
significantly (P < 0.05) different from baseline (Fig. 3A).
When D-AP5 was applied (n=15), post—pre pairings did
not induce t-LTP (Fig. 3B). The mean EPSC amplitude
recorded 60 min after protocol induction (103.9 % 4.7%,
At=—15.0% 1.2 ms, n=>5) did not significantly differ
from control baseline, indicating the involvement of
NMDARSs in the induction of t-LTP. Together, these data
indicate that t-ITP, but not t-ITD, required NMDAR
activation.

To determine the locus (pre- versus postsynaptic)
of NMDARs necessary for t-LTP, we performed STDP
experiments with MK801 (1 mm) added into the intra-
cellular solution of the postsynaptic recording pipette
(i-MK801). Although MKB801 is classically applied in
the external medium to block NMDARs, this molecule
has a potent effect on NMDARs when applied into
the cytoplasm of the cell (Bender et al. 2006; Nevian
& Sakmann, 2006). The efficiency of the i-MK801
was assessed by estimating the NMDA:AMPA current
ratios. Because i-MK801 is an open channel blocker, a
0-Mg>* extracellular solution was applied to increase
the efficiency of the NMDA channel block by i-MK801.
Under these conditions, i-MK801 completely blocked
NMDA currents (Fig.3C). The ratio of NMDA:AMPA
current integrals for MSNs recorded in control was
5.13+1.14 (n=5) and 0.21 £0.21 for MSNs with
i-MK801 (n=5). It represents a 95.9% decrease in
NMDA:AMPA charge ratio. Moreover, in i-MK801
conditions, no further effect of D-AP5 was observed
(n=6) on the cortically-evoked EPSCs. i-MK801 (n=6)
prevented the induction of t-LTP (Fig. 3B), similarly to
bath application of D-AP5. The mean EPSC amplitude
value (100.5 4 8.4%, At=—16.2+£0.5ms, n=06) was
not significantly different from baseline. Thus, post-
synaptic NMDAR activation is necessary for induction
of t-LTP. We verified if i-MK801 could act extracellularly
by spilling out in the extracellular medium, using
double patch-clamp recording of neighbouring MSNss,
one recorded with i-MK801 and the other one with
the regular intracellular solution. Neighbouring MSNs
were recorded simultaneously <30 um away. A normal
NMDA:AMPA charge ratio could still be induced in the
control MSN (3.67 & 0.67, n=4) while no detectable
effect of D-AP5 was observed in the neighbouring i-MK801
MSNs (NMDA:AMPA charge ratio: 0.01 £0.12, n=4)
(Fig. 3C).

In our STDP protocols, we used 30 ms suprathreshold
postsynaptic depolarization, supposedly sufficient to
remove the Mg”" block of NMDARs. We tested if a shorter
suprathreshold depolarization (5ms versus 30 ms) was
also able to remove the Mg*" block. Here, we show that
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brief postsynaptic suprathreshold depolarizations paired
with presynaptic stimulations (—30 < At <0 ms) were
not able to induce a significant plasticity (Fig.3D and
E). The mean EPSC amplitude recorded 60 min after
protocol induction (98.9 +7.0%, At=—14.7 £ 0.5 ms,
n=15) did not significantly differ from control baseline,
indicating the lack of induced synaptic plasticity (Fig. 3E).
Therefore, a longer postsynaptic depolarization (30 ms),
supra- (Fino et al. 2005) or subthreshold (Fino et al.
2009b), is needed to efficiently unblock the Mg?* from
NMDARs and induce a LTP. This is in accordance with the
kinetics of physiological summation of EPSPs induced by
cortical or thalamic activity leading to a spiking activity in
MSNs, as observed in in vivo studies (Stern et al. 1998).
Together these results indicate that t-LTP required
activation of postsynaptic NMDARs, and that t-LTD
was not mediated by NMDARs. Accordingly, besides
NMDARSs, distinct coincidence detectors should sense the
pre—post paired stimulations responsible for t-LTD.

PLCp acts as coincidence detector for t-LTD

At hippocampal synapses, PLCS acts as an efficient
coincidence  detector triggering retrograde end-
ocannabinoid signalling to mediate short-term plasticity
(Hashimotodani et al. 2005, 2008). Accordingly, we
sought to test if PLCJ acts as a coincidence detector in
corticostriatal STDP. In the presence of i-U73122 (5 uMm),
a PLC inhibitor applied intracellularly, pre—post pairings
did not induce any significant t-LTD (Fig. 4A). Indeed,
the mean EPSC amplitude value was 113.0£7.3%
(At=+16.2%1.5ms, n=5), a value not significantly
different from baseline (Fig.4A). Therefore, t-LTD
requires PLCS activation.

The molecular details of how PLCB acts as a coincidence
detector involve elevation of calcium concentration, which
is needed for its catalytic function, and its concomitant
activation by Gg1;-coupled receptors, including group-I
mGluRs, M1/M3 muscarinic and 5-HT, serotoninergic
receptors (5-HT,Rs) (Rebecchi & Pentyala, 2000; Rhee,
2001). Accordingly, we tested if VSCCs, group-I mGluRs,
muscarinic receptors or 5-HT,Rs were involved in the
induction and maintenance of the t-LTD. MSNs express
various types of calcium channels (T-, N- and L-types)
(Carter & Sabatini, 2004). L-type VSCCs have been
reported to control the induction of changes in synaptic
efficacy (Magee & Johnston, 2005). We found that in
the presence of mibefradil (20 um, n=75), a blocker of
T- and L-type VSCCs, pre—post pairings did not induce
t-LTD (Fig. 4B). The mean EPSC amplitude value was
94.6 = 14.1% (At =+420.6+1.2ms, n=1>5), which was
not significantly different from baseline (Fig. 4B). These
results suggest that the increase in PLCS activity requires
calcium elevation through calcium entry via T- and/or
L-type VSCCs.
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Figure 4. t-LTD requires PLCS activity

A, t-LTD induced by pre—post pairings was blocked by a specific PLC antagonist, i-U73122 (5 um). i-U73122
blocked the induction of t-LTD (113.0 & 7.3%, n = 5), indicating that the activation of PLC is required to induce
t-LTD. Insets: averaged EPSCs before (left) or after (right) STDP protocols. B, summary of the effects of the specific
group-l mGIuR antagonist (LY367385, 100 uM), the M1R antagonist (pirenzepine, 1 um), the 5-HT,AR antagonist
(SR46349B, 1 um) and the L- and T-type VSCC antagonist (mibefradil, 20 um). t-LTD was blocked by treatment with
LY367385 (135.2 +22.2%, n = 5), pirenzepine (96.6 + 6.5%, n = 8) or mibefradil (94.6 & 14.1%, n=75). On
the contrary, blockade of 5-HT;Rs did not preclude t-LTD occurrence (79.3 £ 6.9%, n = 6). Insets: averaged EPSCs
before (black) or after (blue) STDP protocols in LY367385 treatment. ns: not significant, *P < 0.05, **P < 0.01.

We then tested if mGluRs were involved in the  and pharmacological ITD induced by mGluR agonists
t-LTD. Indeed, mGluRs have been implicated in the  (Maejima ef al. 2005). MSNs express mainly the group-I
induction of t-ITD (Nevian & Sakmann, 2006), of  mGluRs (mGluR1,5) (Testa et al. 1994). They do not
tetanic stimulation-induced LTD (Calabresi ef al. 1992)  express detectable levels of mGluR1 but express widely

Figure 3. t-LTP is sensitive to postsynaptic NMDA receptors

A, t-LTD, induced by pre—post pairings (black triangles), was not blocked by p-AP5 treatment (blue triangles), as
illustrated by representative experiments. Bar graph of long-term synaptic efficacy changes shows the induction of
significant LTD in control (72.3 £ 6.9%, n = 14) and in b-AP5 (70.2 & 10.7%, n = 5) conditions. Insets: averaged
EPSCs before (left) or after (right) STDP protocols. B, t-LTP induced by post—pre pairings (black circles) was
totally blocked with p-AP5 (103.9 £ 4.7%, n = 5) (blue circles) or i-MK801 (98.6 £+ 10.1%, n = 5) (grey circles).
Note that p-AP5 and i-MK801 did not induce significant synaptic efficacy changes. Simultaneous recordings of
MSNs with the regular intracellular solution while neighbours (<30 um) were recorded with i-MK801 showed
unaffected NMDA:AMPA charge ratios in control MSNs. This indicates that corticostriatal t-LTP was postsynaptic
NMDAR-activation dependent. Insets: average EPSCs before (left) or after (right) STDP protocols, in control
condition (top traces) or with a b-AP5 treatment. C, i-MK801 blocked the NMDA currents measured at —80 mV with
a 0-Mg?* intracellular solution. Representative EPSCs recorded at —80 mV in 0-Mg?™* (left side) or in 0-Mg?t +
i-MK801 (right side); in both cases, averages of 10 EPSCs are shown in control external solution, p-AP5 or
CNQX/p-AP5. Bar graphs show the quantification of the NMDA:AMPA current integral ratio for all MSNs recorded
in 0-Mg?™ (top bar graph) and for neighbouring MSNs recorded with regular intracellular solution or with i-MK801
(bottom bar graph). D and E, 5 ms suprathreshold postsynaptic depolarization paired with presynaptic stimulation
did not induce significant t-LTP. ns: not significant, *P < 0.05, **P < 0.01, **P < 0.001.
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mGluR5 in the somatodendritic elements (Uchigashima
et al. 2007). In the presence of an antagonist of
group-I mGluRs (LY367385, 100 M), no more significant
plasticity was observed (Fig.4B). The mean EPSC
amplitude value (135.2 +22.2%, At=+20.8 £2.8 ms,
n=25) was not significantly different from baseline
(Fig. 4B). Accordingly, corticostriatal t-LTD depends on
mGluR5 activation.

MSNss also express Gg/1;-coupled M1Rs (Hersch et al.
1994). Therefore, we tested if M1R activity was needed for
the activation of the PLCP and the subsequent induction
of a t-LTD. In the presence of pirenzepine (1 um),
an antagonist of M1Rs, no significant synaptic efficacy
changes were observed after pre—post pairings (Fig. 4B).
The mean EPSC amplitude value was 96.6 £ 6.5%
(At=419.1£1.5ms, n=38), a value not significantly
different from baseline (Fig. 4B).

We then tested if 5-HT,,Rs were involved in the
t-LTD. Indeed, 5-HT,5Rs, Gg/1;-coupled receptors that
activate PLCB, are expressed in striatum (Di Matteo
et al. 2008). However, in the presence of SR46349B
(1 um), an antagonist of 5-HT,4Rs, a pre—post pairing
still induced significant t-LTD (Fig. 4B), indicating that
5-HT,Rs are not involved. The mean EPSC amplitude
value was 79.3+6.9% (At=+426.5+0.4ms, n==6),
a value significantly different (P < 0.05) from baseline
(Fig. 4B).

Altogether, these experiments show that t-LTD
induction required PLCS activation, and this activation
could be mediated by VSCCs, mGluR5 or M1Rs (but not
by S—HTzARS).

E. Fino and others
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The catalytic activity of the PLCS allows the formation
of diacylglycerol (DAG) and inositol trisphosphate (IP;)
from phosphatidylinositol bisphosphate (PIP,). IP; is a
co-agonist, together with calcium, of IP;R. Consequently,
IP;R acts as a coincidence detector since it needs PLCS
activation, with IP; production, and a postsynaptic
activity mediating a calcium entry (Bezprozvanny et al.
1991; Finch et al. 1991). Thus, we investigated the
consequence for t-LTD of IP; release using thapsigargin,
an irreversible inhibitor of the Ca?*-ATPase responsible
for the refilling of the IP;R-gated calcium stores.
In the presence of i-thapsigargin (0.5 uM), pre—post
pairings failed to induce t-LTD (Fig.5). Indeed, the
mean EPSC amplitude recorded after a pre—post pairing
in i-thapsigargin was not significantly different from
baseline (113.8 +13.3%, At=+16.8+t1.7ms, n=26).
In contrast, i-ryanodine (100 uM, n=7), a blocker of
ryanodine receptors and consequently of calcium-induced
calcium-release (CICR) from internal stores, did not
prevent t-LTD after pre—post pairings (Fig. 5). The mean
EPSC amplitude was significantly decreased from base-
line (81.3 +9.7%, At =+420.6 £ 1.7ms,n="7,P < 0.01).
Therefore, corticostriatal t-LTD required calcium from
IP;R-dependent stores but not from the ryanodine
receptor-dependent stores.

PLCB and IP; receptors trigger retrograde
endocannabinoid signalling

Endocannabinoids have been identified as retrograde
messengers mediating short- and long-term synaptic
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Figure 5. t-LTD requires the integrity of IP3R-gated calcium stores

A, as illustrated by representative experiments, t-LTD induced by pre—post pairings was blocked when IP3R-gated
calcium stores were emptying by the use of i-thapsigargin (0.5 M), an antagonist of the CaZ+-ATPase responsible
for the calcium refilling of IP3-R-gated calcium stores. When ryanodine-sensitive internal calcium stores (CICR
stores) were calcium depleted with i-ryanodine (100 um), t-LTD could still be induced after pre—post pairings.
Insets: averaged EPSCs before (black) or after (grey) STDP protocols with i-thapsigargin treatment. B, summary
of the effects of i-ryanodine and i-thapsigargin treatments. t-LTD was blocked by i-thapsigargin treatment
(113.8 £ 13.3%, n = 6) but not by i-ryanodine treatment (81.3 & 9.7%, n = 7). ns: not significant, *P < 0.05,

P <0.01.
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efficacy changes (Freund et al. 2003; Chevaleyre et al
2006; Kano et al. 2009). Synaptically driven endo-
cannabinoid signalling requires activation of group-I
mGluRs and PLCB (Jung et al. 2005; Maejima et al.
2005). Furthermore, endocannabinoid release depends
on the activity of the postsynaptic element and modifies
synaptic transmission via presynaptic CB1Rs. CBI1Rs
have been found presynaptically in the corticostriatal
pathway (Herkenham et al. 1991; Katona et al. 2006).
Considering these data, we investigated if the induction
of t-LTD was dependent on the activation of presynaptic
CBI1Rs using the CBIR selective antagonist AM251
(3 uM). AM251 prevented the occurrence of t-LTD as
illustrated by a representative experiment showing an
absence of synaptic efficacy changes (Fig. 6A). Specifically,
in the presence of AM251 the mean EPSC amplitude
value (105.5+6.1%, At=+23.4+1.5ms, n=15) was
not significantly different from baseline (Fig. 6B).

We then tested which endocannabinoid, anandamide
and/or 2-AG, activated CBI1Rs. Activation of
Gg/1i-coupled receptors, such as mGluR5 or MIRs,
triggers the biosynthesis of 2-AG, but not anandamide,
through PLCS activation (Jung et al. 2005; Maejima
et al. 2005). 2-AG is a product of conversion of 1,2-DAG
by diacylglycerol lipase « (DGLx) (Stella et al. 1997;
Bisogno et al. 2003; Hashimotodani et al. 2005, 2008). We
found that t-LTD was precluded when tetrahydrolipstatin
(THL, 10 uM) was added into the postsynaptic recording
pipette to block DGL« (Fig.6). An example of the
absence of plasticity after a pre—post sequence in the
presence of i-THL is illustrated by a representative
experiment (Fig. 6A). The mean EPSC amplitude value
(114.8 +10.4%, At=+22.6+2.1ms, n=9) was not
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significantly different from baseline, indicating the
absence of t-LTD. Note that DMSO (0.1-0.025%), the
vehicle used to dilute i-THL, did not preclude t-LTD
(762 +£82%, At=+185+15ms, n=38) (Fig.6B).
Specifically, significant t-LTD was observed with i-DMSO
at0.1% (n=4, P < 0.05) or 0.025% (n=4, P < 0.05).

Therefore, 2-AG, rather than anandamide, mediated
long-term synaptic efficacy changes for t-LTD at cortico-
striatal synapses via activation of CB1Rs.

t-LTP is not modulated by endocannabinoid
retrograde signalling

The synthesis and release of endocannabinoids require
a large and sustained increase in intracellular calcium
(Piomelli, 2003). Since such a calcium entry occurs
when NMDARs are activated in t-LTP, we tested the
putative effects of endocannabinoids on t-LTP, especially
in light of the fact that endocannabinoids can modulate
a CB1R-independent LTP (Chevaleyre et al. 2006; Kano
et al. 2009). Indeed, CBIRs are expressed at a high
level in the striatum (Herkenham et al. 1991) and
their activation inhibits glutamate release (Gerdeman &
Lovinger, 2001; Huang et al. 2001). To test the hypothesis
that endocannabinoids could be involved in cortico-
striatal t-LTP, we inhibited CBI1Rs with AM251 (3 uM)
during post—pre STDP experiments. The amplitude of
the evoked t-LTP was not significantly different in the
presence of AM251 (178.0 £27.7%, At=—16.9+2.1,
n=17) compared to control conditions (161.2 &+ 14.1%,
At=-16.6+1.1ms, n=21) (Fig.7). Consequently,
endocannabinoid retrograde signalling does not influence
the corticostriatal t-LTP induction or maintenance.
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Figure 6. t-LTD requires endocannabinoid signalling

A, as illustrated by representative experiments, t-LTD induced by pre—post pairings was blocked after bath applied
CB1R specific antagonist AM251 (3 uM) or i-THL (10 um), an inhibitor the DGLa responsible for the synthesis of
the 2-AG. The i-THL was dissolved in DMSO (0.1-0.025%); the DMSO by itself did not block the induction of the
t-LTD. Insets: averaged EPSCs before (black) or after (blue) STDP protocols with AM251 treatment. B, the average
of synaptic efficacy changes was 105.5 + 6.1% after AM251 treatment (n = 5), 114.8 & 10.4% with i-THL (n = 9)
and 76.2 + 8.2% with vehicle controls (DMSO 0.1-0.025%) (n = 8). ns: not significant, *P < 0.05, *P < 0.01.
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Distinct coincidence detectors for t-LTP and t-LTD

Two distinct pathways, which include different
coincidence detectors, govern the bidirectional cortico-
striatal STDP. Accordingly, we evaluated the relative
contribution of each signalling pathway in either t-LTP or
t-LTD. Namely, the involvement of the various coincidence
detectors (NMDARs, PLCS and IP;Rs) and some key
elements of the cascade signalling (VSCCs, mGluRs, M1Rs
and CB1Rs) were analysed.

As shown in Figs3 and 7, NMDARs are involved
exclusively in the t-LTP and not in the t-LTD. Indeed,
D-AP5 and i-MK801 treatments blocked the induction
of t-LTP after post—pre pairings, whereas D-AP5 did not
prevent the induction of t-LTD after pre—post pairings
(Figs 3 and 7). Then, we tested the influence of PLCS
and IP;R activation on the induction of t-LTP following
post—pre pairings. When PLCS was inhibited with
i-U73122 (5uM, n=5), pre—post stimulations failed
to induce t-LTD but significant LTP (116.2 &+ 6.8%,
n=11, At=-13.24+0.8ms, P <0.05) could still be
elicited after post—pre pairings (Fig. 7). Therefore, PLCS
activity is necessary for neither the induction nor the
maintenance of t-LTP, but instead affects the magnitude
of the evoked potentiation. The PLCS activity requires
a concomitant activation by Gg,i;-coupled receptors
and an elevation of calcium. The blockade of group-I
mGluRs and M1Rs precluded the induction of t-LTD
but did not have any significant effect on t-LTP. Indeed,
post—pre pairings after LY367385 (187.7 £ 20.0%, n=3,
At=—15.0£0.9ms) or pirenzepine (165.8=£29.9%,
n=>5At=-144+1.4ms) treatments induced
significant t-LTP (P <0.05 in both cases) (Fig.7).
We then investigated the role of IP;Rs, as a different
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source of calcium, in the induction of t-LTP by
post—pre pairings. When IP;R-gated calcium stores were
emptied by i-thapsigargin (0.5 uM), post—pre STDP
pairings still induced significant t-LTP (142.2 4= 23.4%,
At=—13.4+1.4ms, n=5, P <0.05), while no t-LTD
was obtained after pre—post pairings (Fig.7). Lastly,
CBI1R activation is involved in t-LTD, but did not
significantly interfere with induction and maintenance
of t-LTP (Fig. 7). Besides NMDARs and IP;Rs, VSCCs
could also constitute a source of calcium. Therefore, we
investigated if VSCCs were determinant in the induction
of t-LTP. In the presence of bath applied mibefradil
(20 um, n=19), post—pre pairings did not induce t-LTP
any more (Fig.7). The mean EPSC amplitude value
was 84.9+9.0% (At=—15.8+t1.6ms, n=9) and not
significantly different from baseline. VSCC activation is
therefore necessary for the induction of both t-LTP and
t-LTD.

Altogether, these results show that different coincidence
detectors are engaged in segregated pathways leading
either to t-LTP (NMDARs) or to t-LTD (PLCS and IP;Rs)
(Figs 7 and 8).

Discussion

The corticostriatal pathway provides the first step of
cortical information processing in the basal ganglia.
We previously reported that the corticostriatal pathway
displays specific STDP properties: post—pre pairings
induce t-LTP while pre—post pairings induce t-LTD using
paired STDP stimulations repeated 100 times at 1 Hz (Fino
et al. 2005). Discrepancies concerning the spike-timing
dependence of plasticities among corticostriatal STDP
studies (Fino et al. 2005; Pawlak & Kerr, 2008; Shen

AM251 | vag7ags
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- t-LTP

t-LTD
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Figure 7. t-LTP and t-LTD require distinct coincidence detectors

Inhibition of PLCB, IPsRs or CB1Rs does not preclude induction of t-LTP. Contrarily to t-LTD, a significant t-LTP
could be observed after inhibition of PLCA (i-U73122, 5 um), Ca?t-ATPase responsible of the refilling of the
IP3R-gated calcium stores (thapsigargin, 0.5 um), CB1Rs (AM251, 3 uwm), group-l mGluRs (LY367395, 100 um) or
M1Rs (pirenzepine, 1 um). ND: not determined. *P < 0.05, **P < 0.01, ***P < 0.001.
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et al. 2008) could arise from the different experimental
conditions. Indeed, GABAergic networks were either
inhibited (Pawlak & Kerr, 2008; Shen et al. 2008) or
unaffected (Fino et al. 2005, 2008; the present study). Here,
we show here that inhibiting the GABAergic transmission
affects the spike-timing dependence. Namely, post-pre
pairings induced t-LTP in control condition but t-LTD
was observed in the presence of bicuculine. Conversely,
pre-post pairings induced t-LTD in control conditions and
t-LTP with bicuculline treatment. A GABAergic induced
shunt could affect the backpropagation of APs, which has
been demonstrated to be a key parameter to orientate the
STDP toward a potentiation or depression (Letzkus et al.
2006; Sjostrom & Hiusser, 2006). Although we did not
observe any significant effect of bicuculline on the AP
afterhyperpolarization, an unspecific effect of bicuculline
on SK channels cannot be excluded (Debarbieux et al.
1998). This highlights the role of GABAergic circuits
within the striatum controlling the integration of cortical
inputs and the time dependence of the orientation of
STDP.

Classical models for STDP propose NMDARs as
the unique coincidence detector necessary for STDP
induction (Nishiyama et al. 2000; Shouval et al. 2002).
Such a situation may not be the sole STDP mechanism

i

STDP
LTP

Figure 8. Corticostriatal t-LTP and t-LTD rely on
distinct coincidence detectors

Schematic representation of the different pathways
involved in the induction of the corticostriatal t-LTP (red)
and t-LTD (blue). Separate coincidence detectors for
t-LTP and t-LTP are represented. t-LTP relies on
postsynaptic NMDARs and VSCCs activation, while
t-LTD involves group-I mGluRs, M1Rs, VSCCs, PLCB,
IP3Rs and retrograde endocannabinoid signalling.
Therefore, corticostriatal t-LTP and t-LTD are underlain
by two independent cascade signalling pathways
composed by distinct coincidence detectors. * indicates
the calcium dependence of IP3Rs, PLCB and DGLa.
2-AG: 2-arachidonoylglycerol; AMPA R: AMPA receptor;
CB1Rs: CB1 receptor; DAG: diacylglycerol; DGLa:
diacylglycerol lipase; Glu: glutamate; IP3: inositol
trisphosphate; IP3R: inositol trisphosphate receptor;
mGIluR5: metabotropic glutamate type 5 receptor;
NMDARs: NMDA receptors; PIP,: phosphatidylinositol
bisphosphate; PLCB: phospholipase C8; VSCCs: L- and
T-type voltage sensitive calcium channels.
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since experiments and models have suggested the
involvement of multiple coincidence detectors to induce
bidirectional STDP (Karmarkar & Buonomano, 2002;
Karmarkar et al. 2002; Sjostrom et al. 2003; Bender
et al. 2006; Nevian & Sakmann, 2006; Tzounopoulos
et al. 2007). Our results support the model of multiple
coincidence detectors controlling corticostriatal MSN
STDP: t-LTP relies on postsynaptic NMDARs, while t-LTD
involves PLCSB, IP;Rs and retrograde endocannabinoid
signalling (Fig. 8). Strikingly, similar coincidence detectors
determine the corticostriatal anti-Hebbian STDP and the
Hebbian STDP reported in the basal dendrites of layer 2/3
pyramidal neurons of the somatosensory cortex (Bender
et al. 2006; Nevian & Sakmann, 2006). In addition, t-LTP
and t-LTD observed in cartwheel cells of the dorsal
cochlear nucleus, which follow anti-Hebbian learning
rules (Tzounopoulos et al. 2004), rely also on NMDA
receptors and endocannabinoid signalling, respectively
(Tzounopoulos et al. 2007).

t-LTP induction requires NMDARs
as coincidence detector

A pre—post pairing generally triggers t-LTP in various
mammalian brain structures (Dan & Poo, 2006; Caporale

Stimulation

X

CORTICAL
AFFERENT

STDP
LTD

* gt dependency

MEDIUM SPINY
NEURON

bAP




3058

& Dan, 2008). In NMDAR activation-dependent t-LTP,
it is assumed that the bAP facilitates Mg®* unblocking
of NMDARs and allows the calcium influx into the
postsynaptic cell (Nevian & Sakmann, 2004; Johnston
& Narayanan, 2008; Sjostrom et al. 2008). A t-LTP
induced by a post—pre sequence at corticostriatal synapses
(Fino et al. 2005) could be explained by the fact that
the postsynaptic element could be still depolarized and
the Mg?* still relieved when the presynaptic release of
glutamate hits the MSN. Indeed, the depolarization of
30 ms duration and the postsynaptic AP might cause
dendritic plateau potentials that result in a prolonged local
depolarization. Therefore, such prolonged depolarization
could efficiently interact with the EPSP and promote
t-LTP. Contrarily to a 30ms sub- or suprathreshold
depolarization (Fino et al. 2005, 2009b), we show here
that a very brief suprathreshold depolarization (5 ms) was
not sufficient to remove the Mg** block of the NMDARs
and induced a t-LTP. Similarly, 100 ms depolarizing
somatic current injections in pyramidal cells permit
rescue of a low frequency t-LTD, which could not
be induced with 5ms depolarization (Sjostrom et al.
2001).

A complex interplay between depolarization and
synaptic activation and spikes is required to induce t-LTP
at corticostriatal synapses. Indeed, a single AP (triggered
by a very short, 5ms depolarization) did not induce
t-LTP (this study), a subthreshold depolarization lasting
for 30 ms induced a bidirectional plasticity (Fino et al.
2009b), and an AP evoked on top of a depolarization of
30 ms duration induced t-LTP (the present study). These
observations are in accordance with corticostriatal physio-
logy. MSNs act as coincidence detectors of cortical activity
and have the ability to extract relevant information from
the background noise. MSNs, very hyperpolarized at rest,
display a low level of spontaneous activity explained by
non-linear electrical membrane properties (Nisenbaum
et al. 1994). These properties allow an efficient filtering of
the small and uncorrelated synaptic events. Consequently,
cortical inputs do not systematically lead to an AP in MSN’s
but to a wide range of postsynaptic depolarizations, which
mostly remain subthreshold (Stern et al. 1998). Pairing
presynaptic activation with postsynaptic subthreshold
depolarization had previously been shown to elicit LTP
(with 1 min duration postsynaptic depolarization) (Artola
et al. 1990) or LTD (with 250 ms duration postsynaptic
depolarization) (Sjostrom et al. 2004) in cortex. Such
subthreshold signals paired with cortical activity can
lead to subthreshold depolarization-dependent plasticity
(Fino et al. 2009b). We chose a 30 ms postsynaptic sub-
threshold depolarization to mimic corticostriatal sub-
threshold summation of EPSPs induced by cortical or
thalamic activity (as observed in in vivo studies). Indeed,
because of non-linear membrane properties, when a
spike is evoked in a MSN (by a cortical activity), it
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requires a progressive depolarization, from —80 mV to
—45mV built by successive EPSP summation, lasting
20-50 ms. It appears that such a process is much slower
than in cortex or in hippocampus where neurons act as
integrators (but not as coincidence detectors as in MSNs).
Moreover, subthreshold depolarization backpropagates
very efficiently into the dendritic tree (Carter & Sabatini,
2004). Carter & Sabatini (2004) showed that a back-
propagating AP evoked from a holding potential of
—50 mV induced a smaller Ca’* change in a dendritic
spine than one evoked from —80mV (a value close to
the MSN RMP); this indicates that the duration and the
amplitude of depolarization necessary to bring the MSN
from its RMP to the AP threshold is the determinant
for the activation of Ca’'-dependent pathways, and
therefore very important for the induction of long-term
plasticity. Accordingly, it is not surprising that a short
(5ms) depolarization failed to induce a t-LTP at MSN
synapses.

Retrograde endocannabinoid signalling for the
induction of t-LTD involves multiple coincidence
detectors: PLCB and IP3Rs

Corticostriatal LTD can be induced by various
protocols: Hebbian high-frequency stimulation (HES)
(Calabresi et al. 1992), non-Hebbian and Hebbian
low-frequency stimulation (LFS) (Fino et al. 2005),
Hebbian medium-frequency stimulation (MFS) (Ronesi
& Lovinger, 2005; Kreitzer & Malenka, 2005), STDP
(Fino et al. 2005, 2008, 2009g; Pawlak & Kerr,
2008; Shen et al. 2008) or brief (30 ms) subthreshold
depolarization-dependent plasticity (Fino et al. 2009b).
Corticostriatal HFS- and MFS-induced LTD involve
a retrograde endocannabinoid signalling (Kreitzer &
Malenka, 2008; Di Filippo et al. 2009; but see
controversies reviewed in Kano et al. 2009). Here
we show that corticostriatal t-LTD also depends on
retrograde endocannabinoid signalling. The action of end-
ocannabinoids constitutes the last step of a signalling
cascade involving activation of mGluR5/M1Rs/VSCCs,
and then PLCB and IP;Rs (Fig. 8).

t-LTD relies on the successive activation of at least two
coincidence detectors: PLCS and IP;Rs. To be activated,
PLCpB needs calcium (originating from VSCC opening and
IPsR-gated stores) with Gg/;; protein-coupled receptor
activation. Coincident signalling through mGluR5/M1R
and VSCCs leads to PLCS activation (Kim et al. 2002;
Fukudome et al. 2004; Hashimotodani et al. 2005, 2008;
Maejima et al. 2005; Narushima ef al. 2007) and promotes
endocannabinoid synthesis and release (Hashimotodani
et al. 2005). It has been suggested that PLCS8 was also
the coincidence detector for t-LTD in cortical synapses
since blockade of group-I mGluR prevented the induction
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of t-LTD (Bender et al. 2006; Nevian & Sakmann,
2006).

IP;R acts as a coincidence detector because it requires
both calcium and IP; binding for its activation to induce
calcium release (Bezprozvanny et al. 1991; Finch et al.
1991). Consequently, IP;R needs a PLCB activation,
leading to IP; production, and a postsynaptic activity
mediating a calcium entry. This calcium entry could be
due to the bAP and/or the depolarization induced by
postsynaptic AMPA receptor activation (Sjostrom et al.
2008). The coincidence detectors (PLCB and IP;Rs)
controlling t-LTD are organized in series. Indeed, IP;R
is clearly dependent on the IP; production by PLCEB.
Moreover, the calcium necessary for PLCS activity arises
not only from VSCCs, but also from IP;R-gated stores
indicating an additional level of interactions between
coincidence detectors. This semi-regenerative activation
of PLCS, demonstrated in striatal astrocytes (Venance et al.
1997), allows prolonged PLCPB activity and consequently
sustained levels of calcium beneficial for endocannabinoid
synthesis and release.

The two major endocannabinoids, anandamide
and 2-AG, are produced through distinct pathways.
Anandamide production involves N-acyltransferase and
phospholipase D, whereas 2-AG is produced by PLCS
and DGLo (Piomelli, 2003). PLCS and IP;Rs tightly
control the retrograde 2-AG signalling. Indeed, PLCS
catalyses PIP, into DAG, and IP;Rs (as well as VSCCs)
allow a calcium increase necessary for the DGL« activity
and 2-AG release. By blocking specifically PLCS (with
i-U73122) or DGLa (with i-THL), we demonstrate a
critical involvement of 2-AG in the corticostriatal t-LTD.
As previously observed in endocannabinoid-mediated
short-term plasticity, 2-AG signalling depends on
activation of mGluR5 or MIRs, which are Ggi;
protein-coupled receptors to PLCB (Chevaleyre et al.
2006; Kano et al. 2009). In addition, activation of
group-I mGluRs triggers biosynthesis of 2-AG, but not
anandamide, in a calcium-dependent manner (Jung et al.
2005). In the striatum, mGIuR5, M1Rs, PLCS1 and DGL«
are widely distributed on the somatodendritic surface of
MSNs and are physically apposed to presynaptic CB1Rs
(Narushima et al. 2007; Uchigashima et al. 2007; Fukaya
et al. 2008).

Interestingly, it has been reported that anandamide
is the endocannabinoid molecule involved in cortico-
striatal LTD induced by HFS or MFS (Adermark &
Lovinger, 2007). Therefore, depending on the cortico-
striatal paired activities (Hebbian HFS, MFS versus STDP),
the identity of the endocannabinoid involved in LTD may
vary. These discrepancies could be explained by different
levels of intracellular calcium reached after HFS or STDP
pairings. Different intracellular calcium concentration
could then favour the synthesis of either anandamide
or 2-AG.
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Distinct coincidence detectors underlie t-LTP and t-LTD

A growing body of evidence indicates that a single
coincidence detector model cannot explain STDP at
different synapses (Karmarkar & Buonomano, 2002;
Sjostrom et al. 2003; Bender et al. 2006; Nevian &
Sakmann, 2006; Tzounopoulos et al. 2007). Here, we
report the involvement of distinct pathways for t-LTP
and t-LTD at corticostriatal synapses, requiring distinct
coincidence detectors (Fig. 8). The induction of both t-LTP
and t-LTD was equally sensitive to the inhibition of T-
and L-type VSCCs and to postsynaptic loading of BAPTA.
Importantly, besides these two elements, the entire
signalling cascades leading to t-LTP or t-LTD involved
different receptors or enzymes. Indeed, t-LTP requires
postsynaptic NMDARs whereas t-LTD does not. t-LTD
requires the retrograde endocannabinoid signalling via the
activation Gg/;; protein-coupled receptors (mGluR5 or
M1Rs) and PLCB activity. Moreover, t-LTP is not modified
after the blockage of CB1Rs. A similar mechanism has been
proposed for STDP in somatosensory cortex (Bender et al.
2006; Nevian & Sakmann, 2006) or in the dorsal cochlear
nucleus (Tzounopoulos ef al. 2007) as well as for short-
or long-term depression induced by HFS in hippocampus
(Varma et al. 2001; Fukudome et al. 2004; Hashimotodani
et al. 2005, 2008), striatum (Gerdeman et al. 2002; Robbe
et al. 2002; Kreitzer & Malenka, 2005; Lafourcade et al.
2007; Narushima et al. 2007) or cerebellum (Maejima
etal 2005). Interestingly, PLCS inhibition does not impair
t-LTP induction or maintenance but seems to influence
its magnitude. This indicates that if two distinct pathways
rule the induction of either t-LTP or t-LTD, some elements
can be shared considering the strength of the evoked
plasticity.

The striatum is engaged in procedural learning and
memory (Graybiel, 2005; Yin & Knowlton, 2006), which
are thought to involve long-term synaptic efficacy changes
(Martin et al. 2000; Martin & Morris, 2002; Lynch,
2004). Here, we showed that distinct coincidence detectors
are involved depending on the spike-timing dependence
of the plasticity (t-LTP versus t-LTD). These various
coincidence detectors constitute targets for dopamine, a
major neuromodulator of striatum, which contributes to
goal-directed operant learning. The dopaminergic control
on corticostriatal plasticity induced by either HFS or
MFS has been established, but the effects remain debated
(reviewed in Kreitzer & Malenka, 2008; Kano et al. 2009).
However, a recent study also focusing on STDP showed
that D1/D5 receptor activation is critically required for
corticostriatal t-LTP and t-LTD (Pawlak & Kerr, 2008).
According to the results presented in our study, the impact
of dopamine should be addressed by considering the
different coincidence detector underlying corticostriatal
STDP and taking into account that MSNs belong to the
direct or indirect basal ganglia pathway.
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