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Dopamine Receptor Activation Is Required for
Corticostriatal Spike-Timing-Dependent Plasticity

Verena Pawlak’2 and Jason N. D. Kerr?
'Department of Cell Physiology, Max Planck Institute for Medical Research, 69120 Heidelberg, Germany, and 2Network Imaging Group, Max Planck
Institute for Biological Cybernetics, 72076 Tiibingen, Germany

Single action potentials (APs) backpropagate into the higher-order dendrites of striatal spiny projection neurons during cortically driven
“up” states. The timing of these backpropagating APs relative to the arriving corticostriatal excitatory inputs determines changes in
dendritic calcium concentration. The question arises to whether this spike-timing relative to cortical excitatory inputs can also induce
synaptic plasticity at corticostriatal synapses. Here we show that timing of single postsynaptic APs relative to the cortically evoked EPSP
determines both the direction and the strength of synaptic plasticity in spiny projection neurons. Single APs occurring 30 ms before the
cortically evoked EPSP induced long-term depression (LTD), whereas APs occurring 10 ms after the EPSP induced long-term potentiation
(LTP). The amount of plasticity decreased as the time between the APs and EPSPs was increased, with the resulting spike-timing window
being broader for LTD than for LTP. In addition, we show that dopamine receptor activation is required for this spike-timing-dependent
plasticity (STDP). Blocking dopamine D, /D receptors prevented both LTD and LTP induction. In contrast, blocking dopamine D,
receptors delayed, but did not prevent, LTD and sped induction of LTP. We conclude (1) that, in combination with cortical inputs, single
APs evoked in spiny projection neurons can induce both LTP and LTD of the corticostriatal pathways; (2) that the strength and direction
of these synaptic changes depend deterministically on the AP timing relative to the arriving cortical inputs; (3) that, whereas dopamine D,
receptor activation modulates the initial phase of striatal STDP, dopamine D, /D receptor activation is critically required for striatal
STDP. Thus, the timing of APs relative to cortical inputs alone is not enough to induce corticostriatal plasticity, implying that ongoing

activity does not affect synaptic strength unless dopamine receptors are activated.
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Introduction

The interaction of dopamine and glutamate at dendritic spines
located on striatal spiny projection neurons (SPNs) is central to
many models of corticostriatal synaptic plasticity (Wickens,
1990; Wickens et al., 1991; Wickens and Arbuthnott, 1993; Kotter
and Wickens, 1995; Arbuthnott et al., 1998; Schultz, 2002). Ex-
actly how activity arriving from the cortex exerts changes on its
synaptic targets in the neostriatum is still a matter of debate and is
not well understood (Calabresi et al., 1992b, 1994; Wickens and
Arbuthnott, 1993; Choi and Lovinger, 1997a; Reynolds and
Wickens, 2000; Kerr and Wickens, 2001; Fino et al., 2005; Wang
et al., 2006). It is nevertheless clear that dopamine receptor acti-
vation plays a central role in corticostriatal plasticity, whether
structural plasticity (Ingham et al., 1989; Day et al., 2006; Gerfen,
2006) or synaptic plasticity induced using high-frequency affer-
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ent stimulation (HFS) (Calabresi et al., 1992b; Wickens et al.,
1996; Reynolds and Wickens, 2000; Kerr and Wickens, 2001;
Reynolds etal., 2001). Because action potential (AP) firing, which
is generally necessary for synaptic plasticity induction, is sparse in
both cortical (Margrie et al., 2002; Brecht et al., 2003; Manns et
al., 2004; Kerr et al., 2005; Lee et al., 2006; de Kock et al., 2007)
and striatal spiny projection neurons in vivo, with single spikes
occurring often (Wilson and Groves, 1981; Calabresi et al., 1990;
Wilson and Kawaguchi, 1996; Wickens and Wilson, 1998; Mahon
et al., 2006), HFS-based protocols may not translate well to in
vivo-like activity. In addition, in many cortical areas including
those that project to the striatum, synaptic plasticity has been
induced using protocols that rely on the exact timing of postsyn-
aptic APs in relation to presynaptic excitatory inputs (Magee and
Johnston, 1997; Markram et al., 1997). Accordingly, this spike-
timing-dependent (STDP) plasticity is now accepted as a likely
candidate for eliciting changes in synaptic efficacy between neu-
rons in vivo (Celikel et al., 2004; Jacob et al., 2007). For STDP, the
order and precise timing of presynaptic and postsynaptic activa-
tion determines both the direction and extent of synaptic change
(Markram et al., 1997; Bi and Poo, 1998; Feldman, 2000; Jacob et
al., 2007) as well as postsynaptic dendritic calcium levels (Magee
and Johnston, 1997; Koester and Sakmann, 1998; Nevian and
Sakmann, 2004).

In striatal SPNs, increases in dendritic calcium are dictated by the
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precise timing of single backpropagating APs relative to the onset of
cortically driven striatal “up” states (Kerr and Plenz, 2004): single
AP-induced dendritic calcium transients were highest when APs oc-
curred close to up-state onset. Similarly, SPN spines displayed max-
imal calcium influx when synaptic inputs were followed by back-
propagating APs (Carter and Sabatini, 2004). The question then
arises whether the precise timing of single APs in SPNs relative to
excitatory corticostriatal inputs induces synaptic plasticity. If so,
then the next question is whether dopamine receptor activation is
necessary for this form of synaptic plasticity as has been shown for
HFS-induced plasticity.

In the present study, we show that spike-timing-dependent plas-
ticity is induced in the corticostriatal pathway and requires dopa-
mine D,/D; receptor activation. Long-term potentiation (LTP) was
induced when the AP closely followed the cortically evoked EPSP,
whereas long-term depression (LTD) was induced when the AP pre-
ceded the EPSP. We show that, in addition to the precise timing of
APs relative to cortically evoked EPSPs, a third factor, dopamine, is
required for changes in corticostriatal synaptic efficacy. This suggests
that the timing of AP generation in striatal SPNs is critical for con-
veying information about striatal output back to the spines involved
in generating that output. However, for these events to exert long-
term changes in basal ganglia activity, a reinforcement signal from
the dopamine pathway must be present.

Materials and Methods

Slice preparation. All experimental procedures were performed according
to the animal welfare guidelines of the Max Planck Society. Wistar rats
(19-22 d old) were anesthetized with isoflurane and decapitated. The
brain was quickly removed and sectioned in oxygenated, ice-cold modi-
fied artificial CSF (mACSF). Para-horizontal corticostriatal slices, 350
um thick, were prepared in such a way as to keep the corticostriatal
projection fibers intact (Arbuthnott et al., 1985; Kerr and Wickens,
2001). The mACSF contained the following (in mm): 240 sucrose, 2.5
KCl, 7 MgSO,, 1.25 NaH,PO,, 25 NaHCO;, 10 glucose, and 0.5 CaCl,.
Slices were transferred to a holding chamber and maintained at room
temperature (22-23°C) until use within 1-6 h after slice preparation.
ACSF for slice storage and recording contained the following (in mm):
124 NaCl, 2.5 KCl, 2.0 MgSO,,, 2.5 CaCl,, 1.25 NaH,PO,, 26 NaHCO,,
and 11 glucose (310 mOsm, pH 7.4, bubbled with 95% O,/5% CO,).
Electrophysiological recordings. A slice was transferred to the recording
chamber and continuously superfused with ACSF at 31-33°C. Whole-
cell current-clamp recordings were made with an Axoclamp 2B amplifier
(Molecular Devices, Union City, CA). Data was filtered at 2 kHz and
digitized at 10-20 kHz with an ITC-16 (InstruTech, Port Washington,
NY) using custom data acquisition and analysis routines running in Igor
(WaveMetrics, Lake Oswego, OR). Spiny projection neurons in dorso-
lateral striatum were visualized using infrared differential interference
optics video microscopy and identified by their morphology (small so-
mata, post hoc biocytin staining revealed multiple primary dendrites with
a high spine density in their oblique branches). In addition, SPNs were
identified by their intrinsic membrane properties [e.g., resting mem-
brane potential was typically more negative than —80 mV, inward and
outward rectification in response to somatic current injection, a long
depolarizing ramp to the AP threshold leading to a delayed spike dis-
charge (delay from onset of current injection to first AP was typically
longer than 120 ms) (for more details, see supplemental Table 1, available
at www.jneurosci.org as supplemental material)]. Recording electrodes
(5-9 MQ)) were made from borosilicate glass and filled with intracellular
solution containing the following: 120 mm K-gluconate, 20 mm KCI, 10
mm HEPES, 4 mm NaCl, 4 mm ATP-Mg, 0.3 mm GTP-Na, 10 mMm
phosphocreatine-Na, and 0.2% biocytin, pH 7.35 (310 mOsm). Liquid
junction potential was —13 mV and not corrected for. For all experi-
ments, 50 uM picrotoxin (GABA, receptor blocker) and 10 um glycine
[NMDA receptor (NMDAR) coagonist] was added to the ACSF. When
indicated, the AMPA receptor (AMPAR) antagonist CNQX (100 um),
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the NMDA receptor antagonist D-AP-5 (50 uMm), the dopamine D,/Ds
receptor antagonist SCH-23390 [R(+)-7-chloro-8-hydroxy-3-methyl-
1-phenyl-2,3,4,5-tetrahydro-1 H-3-benzazepine  hydrochloride] (10
M), or the dopamine D, receptor antagonist (S)-(—)sulpiride (10 um)
were added to the ACSF.

Corticostriatal pathway stimulation. EPSPs were evoked in SPNs by
extracellular stimulation (0.02 ms, at 0.1-0.067 Hz) with bipolar plati-
num/iridium electrodes (FHC, Bowdoinham, ME) placed in cortical
layer 5 or close to white matter. In addition, we kept stimulation inten-
sities (11.8 £ 0.9 V) as low as possible (to prevent current spread) in such
a way that an EPSP with one clearly defined peak was observed with no
intermittent EPSP failures. SPNs series resistance (R,) was 8—30 M(), and
input resistance (R;) was 59-300 M(). R; was estimated from the re-
sponse to a hyperpolarizing current step (—25 pA for 200 ms). Record-
ings were rejected if the initial V,, was more positive than —80 mV or if
V., changed by >8% and R; changed by >30% during the course of the
recording. For baseline recordings, EPSP amplitudes were recorded over
a period of 10 min (baselines were comparable between experiments in
control ACSF and under dopamine receptor block) (supplemental Fig. 3,
available at www.jneurosci.org as supplemental material). EPSPs were
then paired with an AP at the indicated time delay (Af), repeated 60
times. The presynaptic stimulation frequency during these 60 pairings
remained low (0.1 Hz) as in the baseline period, because higher repeti-
tion rates can confound both the spike-timing window and the direction
of plasticity in other brain regions (Sjostrom et al., 2001; Tzounopoulos
et al., 2004; Wittenberg and Wang, 2006). Also in the corticostriatal
pathway, already a moderate increase in presynaptic stimulation fre-
quency results in plasticity (Fino et al., 2005; Ronesi and Lovinger, 2005).
When indicated, the single AP during the pairing period was replaced by
three APs spaced apart at 50 Hz. Single postsynaptic APs were elicited
with brief current injection through the recording electrode (1030 * 17
PA, 2-5 ms). Spike timing was defined as the time between EPSP onset
and AP peak. In case of the pairing of an EPSP with a burst of three APs,
spike timing was defined as the time between EPSP onset and peak of AP
closest in time to the EPSP. After the pairing period, EPSPs were recorded
for 30—40 min. For every single recording, the amount of plasticity was
measured as the percentage change of the average EPSP amplitude 20-30
min after pairing when compared with the average EPSP amplitude in the
10 min before pairing. Paired-pulse ratio (PPR) was calculated before
and 20-30 min after EPSP—AP pairing by applying double pulses at an
interstimulus interval of 50 ms (repeated at 0.067 Hz) and dividing the
mean of the second response by the mean of the first response (Kim and
Alger, 2001).

Histochemistry and chemicals. Slices were fixed overnight in 4% para-
formaldehyde at 4°C, and biocytin-filled neurons were visualized with
the avidin—biotin—horseradish peroxidase reaction (Vectastain Elite
ABC kit; Vector Laboratories, Burlingame, CA). Chemicals were ob-
tained from Sigma (St. Louis, MO), with the exception of b-AP-5 and
CNQX (Tocris Bioscience, Bristol, UK).

Analysis and statistics. EPSP amplitude fluctuations can be expressed
by the coefficient of variation, CV = SD/mean = ((1 — p)/np) ~2, which
is independent of quantum size according to a simplified model of syn-
aptic transmission (g, mean synaptic response to a packet of transmitter,
a quantum; p, the probability of release; 1, the number of release sites)
(Bekkers and Stevens, 1990; Malinow and Tsien, 1990). The ratio of the
CVs before and 20-30 min after the STDP protocol were calculated.
Because the average mean in the LTP control group had not reached
stationarity 20—30 min after induction, we calculated the CV ratios for
this group 30—40 min after induction. In addition, the ratio of squared
CVs before (CV, ) and 20-30 min after (CV,*) the STDP protocol and
the ratio of the mean EPSP amplitudes before (EPSP, ) and 20—-30 min
after (EPSP,) the STDP protocol were calculated. The relation of these
two ratios to each other allows conclusions about which synaptic param-
eter has changed during synaptic modifications. In detail, in case of an
increase of mean EPSP amplitude, the following possibilities arise: (1)
(CV,*/CV,?) > EPSP,/EPSP,, which suggests an increase in p and/or n;
(2) (CV,?/CV,?) = EPSP /EPSP,, which suggests an increase in 1; or (3)
(CV,?/CV,?) = 1, which suggests an increase in q.

In the case of a decrease of mean EPSP amplitude, the complementary
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in response to hyperpolarizing and depo-
larizing current injection, delayed action
potential discharge with respect to onset of
current injection (145 = 4 ms spike delay;
259 = 11 pA current; n = 116), and low
input resistance (143 = 7 MQ; n = 116)
(Fig. 1A,B) (supplemental Table 1, avail-
able at www.jneurosci.org as supplemental

Stimulation SPN

Control D-AP5
D-APS
CNQX
1mV
-85 mV 20 ms
Figure 1. Experimental configuration and identification of striatal SPNs. A, Single voltage traces demonstrating passive and

active membrane properties of SPNs: hyperpolarized restingmembrane potential, inward and outward rectification in response to
subthreshold current injections (current—voltage relationship, B), and delayed spiking after suprathreshold current injection.
Current injections ranged from —500 to 350 pA. C, Microphotograph of slice showing the dorsal striatum, the corpus callosum
(€C), and the adjacent cortical layers. Position of stimulation electrode and recorded SPN are denoted. Composition of cortically
evoked EPSPs as shown by effects of pharmacological blockers of NMDA receptors (o-AP-5, 50 wum) and AMPA/kainate receptors
(CNQX, 100 zem). D, Morphology of SPN as revealed with biocytin staining; dendrites are studded with spines (bottom).

parameter changes are applicable. Because the CV ratios for control LTP
were comparable between 20-30 min (0.85 * 0.07) and 30—40 min
(0.79 = 0.05) after induction and to allow for better comparison between
groups, CV data for this group are presented in Figure 6C for the 20-30
min time period.

All results were expressed as mean * SEM, and, unless otherwise
indicated, statistical significance was assessed using an unpaired two-
tailed Student’s t test (after testing for normal distribution of data) at the
significance level indicated. The grouped data for a specific STDP proto-
col was assessed with a paired two-tailed Student’s t test, whose p value is
always indicated together with the average EPSP percentage change. The
influence of pharmacological compounds or burst protocols on induc-
tion of LTP or LTD was investigated with an unpaired one-tailed Stu-
dent’s ¢ test.

Results

Characteristics of recorded cells

Recordings were obtained from 142 neostriatal neurons in corti-
costriatal slices from 87 animals. Of these neurons, 116 showed
electrophysiological properties characteristic of spiny projection
neurons (Kita et al., 1985; Kawaguchi et al., 1989; Nisenbaum and
Wilson, 1995) such as hyperpolarized resting membrane poten-
tial (—83.6 = 0.4 mV;n = 116), inward and outward rectification

material). Neurons were routinely filled
with biocytin and histochemically pro-
cessed. Thus, all neurons included in the
study were identified as SPNs by their elec-
trophysiological parameters and morpho-
logical characteristics [extensively branch-
ing dendritic tree with several primary
dendrites, higher-order dendrites were
studded with spines) (Fig. 1D) (supple-
mental Fig. 1 and Movie, available at www.
jneurosci.org as supplemental material)
(Wilson, 1990)]. The remaining neurons
were, based on their passive and active
membrane properties and morphology
(Kawaguchi, 1993; Zhou et al., 2002),
identified as cholinergic interneurons
(n = 7), fast-spiking GABAergic interneu-
rons (n = 17), and low-threshold-spiking
interneurons (n = 2) and were excluded
from the present study (supplemental Ta-
ble 1 and Fig. 2, available at www.jneurosci.
org as supplemental material). EPSPs were
elicited in SPNs located in dorsolateral
striatum by extracellular stimulation of
cortical layer 5 afferents (Fig. 1C) (average
EPSP amplitude, 4.60 = 0.20 mV; n =
116). Because of the reversed IPSP attrib-
utable to hyperpolarized SPN resting
membrane  potential  (Kita, 1996
Czubayko and Plenz, 2002; Tunstall et al.,
2002) as well as to block possible “feedfor-
ward” GABAergic inputs (Plenz and Kitai,
1998; Koos and Tepper, 1999), all record-
ings were made in a GABA, receptor an-
tagonist (picrotoxin, 50 uM). In addition, picrotoxin also blocks
“feedback” interaction of GABAergic inputs from neighboring
SPNs, which has been suggested to influence the time course of
AP backpropagation (Plenz, 2003; Tepper et al., 2004; Bolam et
al., 2006). In the current study, EPSPs were mediated by AMPA/
kainate receptor channels with negligible contribution of NMDA
receptor channels (Fig. 1C) (n = 3) and had a single rising phase
with a rise time (2.30 £ 0.09 ms; n = 116), latency (2.75 * 0.08
ms; 1 = 116), and half-width (16.9 = 0.6 ms; n = 116) (supple-
mental Table 1, available at www.jneurosci.org as supplemental
material) as described previously (Kawaguchi et al., 1989; Jiang
and North, 1991; Walsh and Dunia, 1993; Kita, 1996; Akopian
and Walsh, 2002). Together, this shows that only SPNs and
evoked monosynaptic corticostriatal EPSPs were included in the
present study.

Corticostriatal plasticity outcome depends on spike timing

Synaptic modification of the corticostriatal pathway has been
described using both HFS (100 Hz) (Calabresi et al., 1992b; Lov-
inger et al., 1993; Walsh and Dunia, 1993; Wickens et al., 1996;
Kerr and Wickens, 2001) and single APs timed with depolarizing
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PSPs of unknown composition at an inter-
mediate frequency (1 Hz) (Fino et al.,
2005). Although the timing of APs in SPNs
relative to synaptic activation has been
shown to dictate the level of dendritic cal-
cium (Carter and Sabatini, 2004; Kerr and
Plenz, 2004) on a scale of tens of millisec-
onds, the effect of this timing on synaptic
modification using corticostriatal EPSPs
has not been tested. First, we paired EPSPs
evoked by cortical stimulation with single
APs with a delay of 10 ms (At = 10 ms; 60
EPSP-AP pairings), a timing of presynap-
tic activation and postsynaptic APs, in
which the highest levels of dendritic cal-
cium were reported (Kerr and Plenz,
2004). The presynaptic stimulation fre-
quency during this STDP protocol re-
mained low (0.1 Hz) as in the baseline pe-
riod. Timing EPSPs and APs in such a way
resulted in an average increase in EPSP
amplitude as determined 20-30 min after
the STDP protocol (+30 = 11%; n = 11;
p = 0.025) (Fig. 2A,C). Membrane prop-
erties, such as input resistance, resting
membrane potential, and current-voltage
relationship, were unchanged after the
STDP protocol compared with baseline
(Fig. 2 A, B) (for criteria, see Materials and
Methods). Of these neurons, 8 of the 11
tested resulted in LTP, whereas the re-
maining showed no change (n = 2) or de-
pression (n = 1) (Fig. 3A). Together, this
shows that the timing of single striatal APs
10 ms after cortical stimulation can elicit
robust LTP of the corticostriatal inputs.
This raised the question of whether striatal
APs occurring before corticostriatal EPSPs
elicit a decrease in synaptic efficacy as has
been reported in multiple cortical areas
(Markram et al., 1997; Feldman, 2000;
Froembke et al., 2005).

Corticostriatal STDP is bidirectional

To investigate whether reversed presynaptic
and postsynaptic activation leads to reversed
corticostriatal plasticity, we elicited SPN APs
at various times before corticostriatal EPSPs
(At = —10, —20, and —30 ms; 60 AP-EPSP
pairings at a frequency of 0.1 Hz). Together,
these timings resulted in different plasticity
outcomes, with the At = —30 ms resulting in
the most robust and reproducible LTD (Fig.

Pawlak and Kerr @ Dopamine Receptor Activation Determines Striatal STDP

A D ) 1
i res. stim.
pres. stim. 5 1 mv p 1 mv
H 20 ms i 20 ms
s posts. AP 1 iy posts. AP 2
6 At=10 ms 6 At =-30 ms
l L] .: .
PR X P
.':. '.d. ,’ “.'”\«
o e “a.?. ‘36'
v ¥
2
-20 -10 0 10 20 30 40 -20 -10 0 10 20 30 40
Time (min) Time (min)
B somy AV (mv) E somy AV (mV)
50 ms 0 50 ms 409 »
I (pA) | (pA)
-80mVy, 200 87 mv, -400
__g -60
C * * * * F * * * *
§18O l ;\3140
i / l I E
£140 ) l llll l l £100 "?°6 e erereeieenerenareaa,
© — 32888,4) © ¢ e 1
o A= 408 04 Q At= u,u, Sud, 44404
7 0410 msé® 0 -30m 0 lil
0_100 66 ............................. o 60
LIJ L T T T T 1 LLI T T T T L T 1
-20 -10 0 10 20 30 40 -20 -10 0 10 20 30 40

Time (min) Time (min)

Figure2. Spike-timing-dependentincrease and decrease in corticostriatal synaptic efficacy. 4, Representative recording from
asingle SPN showing spike-timing-dependent LTP. EPSP amplitude, R, and V/,, are plotted against time. After the baseline period
(red line and red EPSP trace, top right inset), stimulation of cortical afferents (“presynaptic stimulation”) was followed 10 ms later
by a postsynaptic AP elicited by somatic current injection (see gray inset, At = 10 ms). Dashed line indicates average of EPSP
amplitudes before the STDP protocol. In the post-pairing time, a 45% increase in EPSP amplitudes was observed ( p << 0.0001,
blueline and blue trace, top right inset). EPSP traces (top right inset) are averages of all EPSPs recorded in the time indicated by the
red and blue lines, respectively. B, Voltage responses to hyperpolarizing and depolarizing current injections (—250 to 175 pA)
show inward and outward rectification typical for an SPN (left), and the current—voltage relationship was similar before (red
circles) and after (blue circles) EPSP—AP pairing (right; filled circles correspond to voltage responses shown in the left; for simplic-
ity, voltage responses for open circles were not shown in the left). C, Average of all recordings from SPNs that underwent the
EPSP—AP pairing with a time delay of At = 10 ms (n = 11). Brackets indicate the time when EPSP amplitudes (in percentage of
control) were significantly increased compared with baseline (*p << 0.05). For significance tests, EPSP amplitudes were binned in
10 min intervals. D, Representative recording from a single SPN showing spike-timing-dependent LTD. After the baseline period
(red line and red trace, top right inset), a somatically induced AP was followed by an EPSP with a delay of At = —30ms (see gray
inset). This resulted in a decrease of EPSP amplitudes by 34% ( p << 0.0001, blue line and blue trace, top right inset). E, Voltage
responses to hyperpolarizing and depolarizing current injections (—375 to 275 pA) are typical for an SPN (left), and the current—
voltage relationship is identical before (red circles) and after (blue circles) AP—EPSP pairing. F, Average of all recordings from SPNs
that underwent the AP—EPSP pairing with a delay of At = —30 ms (n = 12). Brackets indicate the time when EPSP amplitudes
were significantly decreased compared with baseline (*p << 0.05).

shows that, like with STDP reported in cortical layer 5 neurons,

2D, F) that was not attributable to changes in either membrane po-
tential or input resistance (Fig. 2 D, E). Although the consistent de-
crease in synaptic strength produced by APs 30 ms before the EPSP
was robust [—28 = 8%, n = 12, p = 0.0051 (Fig. 2F); 9 of 12 SPNs
showed LTD (Fig. 3A4)], APs at less negative timings produced less
consistent results. Specifically, in the other two timing cases (At =
—10and —20 ms), synaptic plasticity outcomes ranged from poten-
tiation to depression and included neurons that displayed no change
(average, —1 *£ 10%, n = 11, p = 0.749; range, —58 to +48%;
median = SD, —3 £ 29%; At = —10 and —20 ms pooled). This

which also innervate the striatum, changes in timing of APs relative
to the EPSP change synaptic efficacy bidirectionally (Markram et al.,
1997; Sjostrom et al., 2001). In addition, these results show that
induction of consistent corticostriatal LTD is only observed when
the AP-EPSP delay time is at least 30 ms.

AP bursts do not increase plasticity

Several cortical studies have described that bursts of APs are re-
quired to induce spike-timing-dependent LTP, but the pairing of
a single AP with an EPSP is sufficient to induce LTD (Magee and
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Figure 3.  The spike-timing window for the corticostriatal pathway. A, Plot of all single
experiments with positive At values (EPSP leads the AP, see right gray inset) and with negative
Atvalues (EPSP follows the AP, see left gray inset). The respective EPSP—AP timings are plotted
against the resulting change in EPSP amplitude (in percentage of control). Change in EPSP
amplitude was calculated by comparing the mean EPSP amplitude from 20 to 30 min after the
STDP protocol to the mean EPSP amplitude from the 10 min before the STDP protocol. Circles
depict experiments in which one AP was paired with an EPSP (n = 65); gray triangles depict
experiments in which an AP burst was paired with an EPSP (n = 9). B, Average of all EPSP—AP
timings and effect on synaptic strength from above. Data was grouped according to EPSP—AP
timing during the STDP protocol, and a two-tailed paired ¢ test was performed to assess signif-
icance (*p < 0.05; **p < 0.01).

Johnston, 1997; Nevian and Sakmann, 2006; Wittenberg and
Wang, 2006). To investigate whether replacing single APs by
bursts of APs in the STDP protocol reduces the variability of
synaptic potentiation or increases the amount of synaptic poten-
tiation, we conducted a set of experiments in which an EPSP was
followed by a burst of APs [three APs (3AP) at 50 Hz, delayed 10
ms after EPSP], a burst pairing protocol similar to previous cor-
tical studies (Magee and Johnston, 1997; Meredith et al., 2003;
Nevian and Sakmann, 2006). In the present study, the burst pro-
tocol induced almost exactly the same change in synaptic
strength, and outcomes displayed similar variability as seen with
the single AP protocol [single AP LTP, + 30 * 11%, n = 11

J. Neurosci., March 5, 2008 - 28(10):2435-2446 + 2439

compared with baseline p = 0.025, CV = 0.290 (Fig. 3A, circles)
vs 3AP LTP, +30 * 12%, n = 6 compared with baseline p =
0.048, CV = 0.229 (Fig. 3A, gray triangles); comparison between
groups, p = 0.4937]. Similarly, replacing the LTD inducing single
AP protocol (AP-EPSP At = —30 ms) with the burst protocol did
not significantly change the amount of plasticity induced [ —29 *
5%, n = 3 (Fig. 3A, gray triangles), p < 0.001 for each single
recording, comparison between single AP LTD and 3AP LTD,
p = 0.467]. Thus, the timing of EPSPs with single APs is as effi-
cient in inducing synaptic plasticity as the timing of EPSPs with
AP bursts. No significant correlation between initial EPSP size
and amount of synaptic modification was present (Pearson’s cor-
relation coefficient, r = 0.04, p = 0.88 and r = 0.12, p = 0.67, LTP
and LTD respectively; data not shown). Thus, the number of
synapses activated or the initial efficacy of the synapses does not
seem to affect the ability to induce AP-timing-based synaptic
modification of the corticostriatal pathway.

Asymmetry of the spike-timing window

To investigate how changes in the timing of striatal APs relative to
cortical inputs affect corticostriatal synaptic efficacy, we incre-
mentally increased the interval between the AP and EPSP, for
both positive At values (EPSP followed by AP) and negative At
values (AP followed by EPSP). On average, as the time between
the AP and EPSP increased, the change in synaptic efficacy de-
creased (Fig. 3A shows modifications in synaptic strength for
single recordings; n = 74). For statistical evaluation of plasticity
outcome for different EPSP-AP timing delays, the data were
pooled into eight groups (Fig. 3B). For the group in which an
EPSP was closely followed by an AP (At = 10 ms), a significant
increase in synaptic strength was observed ( p = 0.0024; n = 17),
and, likewise, a significant decrease in synaptic strength was ob-
served for the group, in which the AP led the EPSP by 30 ms (At =
—30 ms; p = 0.0006; n = 15) and for the group in which At was
—150to —40 ms ( p = 0.0104; n = 12). Together, this shows that,
although the spike-timing window for increases in synaptic
strength was narrow and close to 0 ms, the spike-timing window
for decreases in synaptic strength was broad.

Dopamine receptor activation is necessary for
spike-timing-based plasticity

We next tested the role of dopamine receptors in striatal STDP. In
the presence of the dopamine D,/D; receptor antagonist (SCH-
23390, 10 uMm), LTP was not induced using the STDP protocol
that normally produced LTP in control conditions (At = 10 ms;
+2 * 4%; n = 9; p = 0.8079) (Fig. 4A—C). Dopamine D,/D;
receptor antagonism also prevented synaptic depression when
the EPSP followed the AP by 30 ms during the STDP protocol
(At= —30ms; —3 = 9%; n = 7; p = 0.7343) (Fig. 4 D-F). These
outcomes were not attributable to changes in either active or
passive membrane properties compared with control conditions
(Table 1).

To test for the role of dopamine D, receptors in corticostriatal
STDP, we next paired APs and EPSPs in the presence of the
dopamine D, receptor-specific antagonist (S)-(—)sulpiride (10
uM). In the presence of sulpiride, single APs after EPSPs (At = 10
ms) produced robust potentiation of synaptic strength observed
20-30 min after induction (+32 * 12%;n = 8; p = 0.0290) (Fig.
5A-C) that was not significantly different from controls (p =
0.4433). Reversal of the AP and EPSP order during the STDP
protocol (pairing delay, At = —30 ms) resulted in depression of
EPSP amplitudes (—18 = 12%;n = 5; p = 0.037; 20—30 min after
induction) (Fig. 5D-F) that was also not significantly different
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from controls (p = 0.2490). Despite the
lack of dopamine D, receptor antagonist
influence over the final plasticity outcome,
blocking the D, receptors influenced the
temporal structure of plasticity. Onset of
potentiation was more immediate in the
first 10 min after the STDP protocol com-
pared with controls (+29 *£ 16% in
sulpiride vs +14 * 7% control; compari-
son between groups, p = 0.0035, paired ¢
test) (Fig. 5C). Conversely, the average on-
set of depression was delayed, meaning
that, in the first 10 min after the STDP
protocol, no significant depression was
observed [—6 * 13% in sulpiride vs con-
trol —22 * 8% (Fig. 5F); comparison be-
tween groups, p = 0.022, paired t test].
Together, these results show a distinct role
of dopamine receptor activation in both
spike-timing-based LTP and LTD. Specif-
ically, dopamine D,/D; receptor activa-
tion is necessary for both LTP and LTD
induction and dopamine D, receptor acti-
vation changes the temporal structure but
not the long-term outcome of corticostria-
tal STDP.

Corticostriatal STDP is

NMDA dependent

Although NMDARs are involved in
strengthening corticostriatal synapses af-
ter high-frequency presynaptic stimula-
tion (Calabresi et al., 1992a), they were re-
ported to play no role in the depression of
corticostriatal synapses (Calabresi et al.,
1992b; Walsh, 1993; Choi and Lovinger,
1997b). To test for the role of NMDARSs in
corticostriatal STDP, we performed exper-
iments in the presence of the NMDAR
blocker D-AP-5 (50 um) (Fig. 6A,B). LTP
was not induced when NMDARs were
blocked (At = 10ms; +3 = 9%;n =7;p =
0.7359; compared with control group, p =
0.0278). In contrast to the HFS studies,
LTD induction was blocked in the pres-
ence of D-AP-5. Instead, average synaptic
strength showed a slight but not significant
increase after the STDP protocol that in-
duced LTD in control conditions (At =
—30ms; +11 * 11%; n = 5; p = 0.4053;
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Figure4. Corticostriatal STDP depends on dopamine D, /D receptor activation. 4, Representative recording in the presence of

the dopamine D,/Ds receptor antagonist SCH-23390 (10 tum). The STDP protocol thatinduced LTP in control conditions (gray inset,
At = 10ms) had no effect on synaptic strength; EPSPs after the STDP protocol (blue trace) were unchanged compared with EPSPs
before (red trace). Red and blue lines in graph show time in which EPSPs were averaged to obtain exemplary traces. B, Current—
voltage relationships were unchanged before (red) and after (blue) the STDP protocol (At = 10 ms). Exemplary single traces were
obtained in response to currentinjections ranging from —400to 350 pA. C, Average of all recordings in the presence of SCH-23390
in which the STDP protocol with a delay of At = 10 ms between EPSP and AP was applied (n = 9). For comparison, gray line
indicates the time course of average EPSP amplitudes under control conditions (no D, antagonist, same data as in Fig. 2(). D,
Representative recording in the presence of the dopamine D, /D, receptor antagonist SCH-23390 (10 rum). The STDP protocol that
induced LTD under control conditions (gray inset, At = —30 ms) did not change synaptic strength. E, Current—voltage relation-
ship was unchanged before (red) and after (blue) the STDP protocol (At = —30 ms). Exemplary single traces were obtained in
response to current injections ranging from —400 to 375 pA. F, Average of all recordings in the presence of SCH-23390 in which
the STDP protocol with a delay of At = —30 ms between EPSP and AP was applied (n = 7). For comparison, gray line indicates
the average EPSP change in response to the respective STDP protocol (At = —30 ms) under control conditions (same data as in
Fig. 2F).

underlie corticostriatal STDP, we calculated the PPR and CV of

compared with control group, p = 0.0088) (Fig. 6 A, B). Together,
this shows that NMDAR activation is necessary for both LTP and
LTD induction using spike-timing-based protocols and suggests
that corticostriatal STDP depends not only on dopamine recep-
tors but also on NMDA receptors.

Spike-timing-dependent LTP and LTD use different synaptic
expression mechanisms

Plasticity can arise from various mechanisms: changes in neuro-
transmitter release, changes in the number of release sites,
changes in postsynaptic receptor number and responsiveness, or
changes in the number of silent synapses (Malenka and Nicoll,
1999; Sanes and Lichtman, 1999). To identify mechanisms that

EPSP amplitudes before and after the respective STDP protocols
(Choi and Lovinger, 1997a; Ronesi and Lovinger, 2005). If corti-
costriatal spike-timing protocols affected release probability, we
would expect a concomitant change in the PPR attributable to
changes in vesicle availability for the second pulse (Zucker, 1989).
The initial CV and PPR values were not different between control
and the different drug conditions with the exception of the initial
PPR in sulpiride (control, 1.27 * 0.07; sulpiride, 0.91 * 0.08; p =
0.03). After both STDP protocols (At = 10 ms and Ar = —30 ms,
respectively) and under all drug conditions, the PPR was not
significantly changed (Fig. 6C, top; b-AP-5 data not shown), sug-
gesting that synaptic efficacy changes recorded after STDP pro-
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Table 1. Comparison of SPN properties in control conditions and in the presence of SCH-23390, sulpiride, or p-AP-5

Control (n = 74) SCH-23390 (n = 16) Sulpiride (n = 14) 0-AP-5(n = 12)
RMP (mV) —835 %04 —834*13 —824 £ 0.7 —854 %07
Input resistance (M(2) 13910 1379 164 + 22 138 £15
AP amplitude (mV) 748 £13 76.8 £ 2.5 745+ 27 773 £3.0
AP threshold (mV) —339%08 —355*14 —333%20 —359*18
AP half-width (ms) 1.04 = 0.02 1.05 £ 0.03 1.06 £ 0.11 112 £ 0.04
AP delay (ms) 147 =5 155+ 8 136 = 8 138 = 11
AHP amplitude (mV) —120£03 —10.4 £ 038 —124 %08 —10.5 £ 0.6
AHP time to peak (ms) 145 £ 1. 137%18 128 £2.1 145+15
linj. threshold to elicit AP (pA) 265 = 16 240 = 26 250 =23 266 = 31
# APs at threshold 1.2 +0.1 13 %01 1.2 +0.1 1.2 %01
# APs 50 pA above threshold 3102 33203 29+08 3.0 03
EPSP amplitude (mV) 4.80 £0.29 4.68 =+ 0.60 4.02 £0.29 409 = 0.56
EPSP 20— 80% RT (ms) 210 = 0.13 233 +0.12 251023 239 +0.17
EPSP latency (ms) 2.58 £ 0.10 210 =017 2.93 =0.18 271015
EPSP half-width (ms) 15307 18.5 = 1.0* 193 = 1.6* 148 =04
PPR 1.27 £ 0.07 1.06 £ 0.12 0.91 = 0.08* 1.15 %012

Data are mean == SEM (*p << 0.05). Time-to-peak and amplitude of afterhyperpolarization (AHP) were measured from AP threshold. | inj., Current injection required to elicit APs; #, number of obtained APs; RT, rise time. AP delay was

determined with respect to onset of current injection.

tocols were not attributable to changes in transmitter release but
rather to a different synaptic mechanism.

To further investigate this potential synaptic mechanism, we
next analyzed changes in CV of EPSPs after the respective STDP
protocols. According to quantal theory, synaptic transmission is
described by three parameters: the average amplitude of the
postsynaptic response to a packet of transmitter (quantal size ¢q),
the number of release sites n, and the release probability p (Del
Castillo and Katz, 1954; Bekkers and Stevens, 1990; Faber and
Korn, 1991; Bekkers, 1994; Malenka and Nicoll, 1999). Theoret-
ical models describing synaptic transmission and also direct ex-
perimental manipulation of synaptic parameters have suggested
thata change in CV without a concomitant change in PPR reflects
changes in 7 or the number of active synapses, whereas a change
in PPR and at the same time a change in CV reflects changes in p;
conversely, an unchanged CV and PPR are thought to imply a
change in g (Bekkers and Stevens, 1990; Malinow and Tsien,
1990; Manabe et al., 1993; Choi and Lovinger, 1997a; Malenka
and Nicoll, 1999; Sola et al., 2004), although alternative interpre-
tations exist (Faber and Korn, 1991).

After the spike-timing protocol with a time delay of At = 10
ms, CV ratios (after/before) were significantly decreased, except
for the p-AP-5 group (Fig. 6C, bottom; D-AP-5 data not shown)
(control, 0.79 = 0.05, p = 0.008; SCH-23390, 0.91 * 0.03, p =
0.030; sulpiride, 0.70 = 0.08, p = 0.0156; D-AP-5, 1.17 %= 0.09,
p = 0.143, paired ¢ test). Furthermore, a strong correlation ex-
isted between synaptic change and CV change after the STDP
protocol (all recordings with At = 10 ms; n = 40; Pearson’s r =
—0.507; p = 0.0008), implying that the observed effect of the
STDP protocol on CV values was indeed underlying plasticity.
Together, this suggests that an increase in the number of release
sites n or an increase in the number of active synapses is the most
likely primary potentiation mechanism. After the STDP protocol
with a delay of A = —30 ms, no significant changes in CV were
observed except for experiments performed in sulpiride (1.51 =
0.19; p = 0.035, paired ¢ test), indicating that here either n was
decreased or synapses became inactive, whereas in controls the
plasticity mechanism involved a postsynaptic change in g (Fig.
60).

In summary, similar mechanisms underlie potentiation in
control conditions and under D, antagonism (increase in n or
activation of silent synapses), whereas the mechanisms for de-

pression differ between control conditions (reduced quantum
size q) and D, antagonism (decrease in # or silencing of synapses).

Discussion

Role of a single spike in inducing corticostriatal plasticity
This study shows that single APs in SPNs, when closely timed
with corticostriatal afferent activation, induce robust synaptic
plasticity in SPNs, and this STDP is dependent on dopamine
D,/D5; and NMDA receptor activation. The direction and extent
of this plasticity is determined by the exact timing between
postsynaptically induced AP and EPSP; synaptic strength is max-
imally enhanced when cortically evoked EPSPs lead a spike by 10
ms, whereas synaptic strength is maximally depressed when
EPSPs follow a spike by 30 ms. We also show that the cortico-
striatal STDP window is asymmetrical, with the plasticity window
being broader when EPSPs follow APs and narrower when APs
follow EPSPs. The timing window reported in the present study is
in agreement with intracortical STDP findings (Biand Poo, 1998;
Feldman, 2000; Sjostrom et al., 2001; Nevian and Sakmann, 2004;
Froemke et al., 2005) but in contrast to a recent striatal study that
found the timing window reversed (Fino et al., 2005). There are
two differences between the study by Fino et al. and the present
study that may provide a potential explanation. First, in the
present study, GABA, transmission was blocked to isolate the
excitatory glutamatergic corticostriatal projection as evoked
PSPs in SPNss contain depolarizing IPSPs and EPSPs (Kita, 1996;
Czubayko and Plenz, 2002; Tunstall et al., 2002). These GABAer-
gic IPSPs arise from fast-spiking and low-threshold-spiking in-
terneurons (Koos and Tepper, 1999; Koos et al., 2004), as well as
surrounding SPNs (Czubayko and Plenz, 2002; Tunstall et al.,
2002) and have been shown to alter AP timing (Koos and Tepper,
1999) and are proposed to modify backpropagating APs in SPNs
(Plenz, 2003; Tepper et al., 2004; Bolam et al., 2006). Second, our
study focused exclusively on investigating the effects of timing
EPSPs with APs at the corticostriatal synapse. We therefore
avoided increasing presynaptic stimulation frequency during the
STDP protocol, which introduces an additional factor that has
been shown to confound both the spike-timing window and the
plasticity direction in other brain areas (Sjostrom et al., 2001;
Tzounopoulos et al., 2004; Wittenberg and Wang, 2006). Re-
versed synaptic plasticity has been shown in vitro in a few hip-
pocampal studies in which NMDAR activation was reduced
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(Cummings et al., 1996; Nishiyama et al.,
2000), but STDP in the intact mammalian
cortex follows standard STDP rules (Jacob
et al., 2007).

Together, the present study findings
suggest that, although SPN backpropagat-
ing APs are capable of “selecting” activated
synapses with high temporal precision,
dopamine receptor activation is required
for the timed presynaptic and postsynaptic
activity to induce synaptic plasticity. Al-
though dopamine has often been de-
scribed as acting on timescales of seconds
to minutes (Louilot et al., 1986; Aber-
crombie et al., 1989; Young et al., 1992;
Schultz, 2002; Arbuthnott and Wickens,
2007), we show that dopamine receptor
activation opens a window for fast tempo-
ral scale events on the order of millisec-
onds (APs and EPSPs) to exert synaptic
changes as has been proposed previously
(Wickens et al., 1996; Schultz, 2002; Ar-
buthnott and Wickens, 2007). Because all
three factors, action potential, synaptic ac-
tivation, and dopamine receptor activa-
tion, are required for both striatal spike-
timing-dependent LTP and LTD, this
potentially allows dopamine to select both
active neurons and active synapses in the
striatum and subsequently increase and
decrease synaptic strength. Last, we show
that changes in synaptic strength can be
based on ongoing sparse activity and are
not reliant on massive, focused activity
that is usually associated with HFS proto-
cols but rarely recorded in vivo. In accor-
dance with our findings, theoretical
frameworks of striatal function suggest
that dopamine can thus “prioritize” be-
tween competing synaptic inputs to stria-
tal SPNs and ensure the influence of “pri-
oritized” inputs on basal ganglia output
(Montague et al., 1996; Schultz, 2002;
Montague et al., 2004; Arbuthnott and
Wickens, 2007; Costa, 2007).

In the striatum, dopamine is present in
low nanomolar concentrations in vivo
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Figure5. Corticostriatal STDP is modulated by dopamine D, receptor activation. A, Representative recording from an SPN. The

STDP protocol that induced LTP in control conditions (At = 10 ms) also induced LTP in the presence of the D, dopamine receptor
antagonist sulpiride (10 wm). B, Current—voltage relationship was unchanged before (red) and after (blue) the STDP protocol.
Exemplary single traces were obtained in response to current injections ranging from —400to 400 pA. C, Average of all recordings
inthe presence of sulpiride in which the STDP protocol with a delay of At = 10 ms between EPSP and AP was applied (n = 8). The
onset of significant changes in EPSP size are indicated by brackets above traces (*p << 0.05). Gray line depicts control condition
with no D, antagonist. D, Representative recording from an SPN. The STDP protocol that induced LTD in control conditions (At =
—30 ms) also induced LTD in the presence of the D, dopamine receptor antagonist sulpiride (10 wm). E, Current—voltage
relationships were unchanged before (red) and after (blue) the STDP protocol. Exemplary single traces were obtained in response
to current injections ranging from — 500 to 325 pA. F, Average of all recordings in the presence of sulpiride in which the STDP
protocol with a delay of At = —30 ms between EPSP and AP was applied (n = 5). The onset of significant changes in EPSP size
are indicated by brackets above traces (*p << 0.05). Gray line depicts control condition with no D, antagonist.

(Herrera-Marschitz et al., 1996) and in vitro (Kawagoe et al.,
1992; Zhou et al., 2001; Partridge et al., 2002). These concentra-
tions are thought to tonically activate only the dopamine D, re-
ceptors attributable to their enhanced dopamine affinity com-
pared with dopamine D, receptors (Richfield et al., 1989). Our
results show that dopamine D, receptor activation is not required
for corticostriatal STDP, but dopamine D, receptor activation is
required. The phasic activation of the dopamine D, receptors
presumably is attributable to increases in dopamine concentra-
tion that have been demonstrated in vitro using stimulation of
cortical afferents similar to that used in the present study (Onn et
al., 2000; Partridge et al., 2002; Bamford et al., 2004; David et al.,
2005). These dopamine increases have been suggested to origi-
nate from either glutamate spillover to dopaminergic terminals
or current spread from the stimulation site directly activating
dopaminergic fibers (Herdon et al., 1987; Bull et al., 1990; Desce

et al., 1992; Calabresi et al., 1995; Partridge et al., 2002; David et
al., 2005).

Moreover, phasic dopamine concentration increases attribut-
able to reward-related firing of substantia nigra dopaminergic
neurons (Chergui et al., 1994; Dugast et al., 1994; Schultz, 2002)
are also seen in the striatum in vivo. Although dopamine D, re-
ceptors were not essential for corticostriatal STDP, we found that
blocking dopamine D, receptors initially facilitated LTP and de-
layed LTD; therefore, dopamine D, receptor activation seems to
have an initially inhibitory influence on spike-timing-dependent
LTP and an initially facilitating influence on spike-timing-
dependent LTD without having an effect on the final extent of
plasticity.

Because the exact location and distribution of striatal dopa-
mine receptor subtypes is not fully understood (Gerfen et al.,
1990, 1995; Gerfen, 1992; Sesack et al., 1994; Bergson et al., 1995;
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nor LTD was observed in the presence of
NMDAR antagonists. Supporting this
view, it was demonstrated that the close
timing (At = 10 ms) of a single spike to
up-state onset yields maximal supralinear
calcium increases in higher-order den-
drites (Kerr and Plenz, 2004 ), an effect that
was also dependent on NMDAR
activation.
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Corticostriatal spike timing activates
several plasticity

expression mechanisms

The combined investigation of paired
pulse and CV data suggests that spike-
timing-dependent LTP is expressed by an
increase in the number of release sites or
by activation of silent synapses (Isaac etal.,
1995; Liao et al., 1995), or by a mix of the
two. Activation of silent synapses has been
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Control AP-5  Control AP-5

Figure 6.

A, Comparison of two STDP protocols (At = 10 msand At = —30 ms between EPSP and AP, respectively) and the

suggested to underlie plasticity in other
brain regions and could be brought about
in SPNs by dopamine D,/Ds receptor-
mediated postsynaptic insertion of

resulting amount of plasticity (EPSP amplitude in percentage of control) in control conditions and in the presence of SCH-23390,
sulpiride, and p-AP-5. Diagram also contains dataset in which the STDP protocol contained an AP burst. Bars represent mean =
SEM. For statistical tests, EPSP changes 20 —30 min after application of the respective STDP protocol were compared between
groups (one-tailed Student’s t test, *p << 0.05). B, Plot of single experiments using STDP protocols (At = 10 msand At = —30
ms, respectively) in control conditions (open circles) and in p-AP-5 (50 wm, crossed circles). Bars show the respective group
averages. C, Analysis of PPRand CV of EPSPs. Top, Analysis of paired pulse ratio before (PPR, ) and after (PPR,) the respective STDP
protocols. Same cells and experimental conditions as in A. PPRs were plotted against the ratio of EPSPs after (EPSP,) and before
(EPSP,,) the respective STDP protocols (At = 10 ms, red; At = —30 ms, blue). No significant change in PPRs occurred (paired
two-tailed Student’s ¢ test). Bottom, Coefficient of variation of EPSPs was calculated before (CV,)) and after (CV,) the respective
STDP protocols (At = 10 ms, red; At = —30 ms, blue). Significant changes in (Vs are indicated (*p << 0.05, paired two-tailed
Student’s ¢ test). For comparison, inset shows the relation of the squared CV ratios to EPSP ratios, a plot in which the location of
data points allows an interpretation of which synaptic parameter (n, p, or g) has changed after plasticity (Bekkers and Stevens,
1990; Malinow and Tsien, 1990; Manabe et al., 1993). When the EPSP ratio is bigger than 1 (LTP), points located above the diagonal line
indicate an increase in p and/or n, and pointslocated on the horizontal dashed line indicate an increase in g. The same is true for the case of
an EPSP ratio smaller than 1 (LTD), only that points located below the diagonal indicate a decrease in p and/or n.

AMPARs (Chao et al., 2002; Sun et al.,
2005). Conversely, LTD in control condi-
tions was expressed by reduced quantal
size that might result from postsynaptic
removal of AMPARSs or from their reduced
responsiveness to glutamate (Malenka and
Nicoll, 1999). When dopamine D, recep-
tors were blocked, LTD originated from
decreases in the number of release sites or
active synapses. The question arises how
two apparently different mechanisms can
underlie spike-timing-dependent LTD,
depending on the activation of distinct do-
pamine receptor subtypes. Dopamine

Caille et al., 1996), we neither did attempt to distinguish between
direct and indirect pathway SPNs that are thought to express
different dopamine receptor subtypes, nor did we attempt to
describe dopamine receptor location. The locus of dopamine re-
ceptors required for corticostriatal plasticity may be on other
striatal neuronal types as has been recently demonstrated using
HES to induce LTD (Wang et al., 2006). However, LTP and LTD
was not observed in every single SPN that underwent a normally
plasticity-inducing spike-timing protocol (e.g., At = +10 or —30
ms), potentially indicating that neurons without dopamine
D, /D5 receptors failed to potentiate or depress. This is unlikely
because failures in plasticity induction are also seen in other brain
areas when using similar STDP protocols as used in the present
study (Magee and Johnston, 1997; Markram et al., 1997; Froemke
et al., 2005; Bender et al., 2006).

NMDARs as coincidence detectors in striatal STDP

NMDARs are thought to function as coincidence detectors in the
induction of cortical STDP by gating supralinear calcium influx
into dendritic spines during causal EPSP—AP timing and sublin-
ear calcium influx during anticausal AP-EPSP timing (Koester
and Sakmann, 1998; Lisman, 2001; Dan and Poo, 2004). The
present study supports this role of NMDARSs as coincidence de-
tectors in corticostriatal STDP, because neither consistent LTP

D,/D5 receptor activation might be re-
quired not only for postsynaptic insertion of AMPARs but also
for their removal. Such postsynaptic removal of AMPARs might
result in both reduced quantal size or silent synapses, depending
on dopamine D, receptor activation. Thus, corticostriatal STDP
potentially uses different synaptic expression mechanisms than
HFS-induced plasticity, in which changes in release probability
or terminal excitability were described (Garcia-Munoz et al,,
1992; Choi and Lovinger, 1997a; Ronesi and Lovinger, 2005).
However, PPR and CV analysis merely represent a first step to
understand the synaptic expression mechanisms of striatal STDP
without directly measuring them.

Physiological relevance of single spikes in the striatum

Numerous in vitro studies have reported that plasticity is induced
in SPNs by massive high-frequency electrical stimulation (typi-
cally 100 Hz) of the overlying cortex and that this plasticity de-
pends on dopamine (Calabresi et al., 1992b; Lovinger et al., 1993;
Wickens etal., 1996) and dopamine receptor activation (Kerr and
Wickens, 2001; Reynolds et al., 2001). A major finding of the
present study is that, while maintaining a low presynaptic stimu-
lation frequency (0.1 Hz), bidirectional plasticity is induced in
SPNs by timing a single AP with the cortical stimulation. Such
sparse AP activity with single spikes occurring at low frequency is
also found in anesthetized and behaving animals in both cortical
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layer 5A principal neurons (Manns et al., 2004; de Kock et al.,
2007) and target SPNs (Wilson and Groves, 1981; Hikosaka et al.,
1989; Wilson and Kawaguchi, 1996; Wickens and Wilson, 1998;
Mabhon et al., 2006). We also found that bursts of APs instead of
single spikes did not increase striatal STDP strength. In contrast,
in hippocampus and neocortex bursts of APs are often required
for plasticity, suggesting that a single backpropagating AP does
not provide sufficient postsynaptic depolarization for plasticity
induction (Magee and Johnston, 1997; Lisman and Spruston,
2005; Nevian and Sakmann, 2006) (but see Feldman, 2000; Fro-
emke et al., 2005).

This study demonstrates that the coincidence of single APs in
striatal SPNs with cortical activation is capable of changing the
strength of corticostriatal synapses. Although spiking is sparse in
striatum and many up states contain no APs (Wilson and Groves,
1981; Wickens and Wilson, 1998), single APs do backpropagate
into higher-order dendrites during up states (Kerr and Plenz,
2002). This reliable single AP backpropagation into higher-order
dendrites most likely results from active dendritic conductances
specifically available to SPNs (Wilson and Kawaguchi, 1996). In
many other brain areas, backpropagating APs decline in ampli-
tude with distance from the soma or display branch-point fail-
ures (Turner et al., 1991; Spruston et al., 1995; Waters et al.,
2003), and bursts of APs might be required to induce AP-timing-
based plasticity.

The present study implies that, during cortically driven up
states, a single AP may be capable of engaging mechanisms for
depressing or enhancing single synapses that are involved in gen-
erating that up state. For this to occur, the timing of the back-
propagating AP relative to the cortical inputs will dictate the
direction of the plasticity but only when the third factor, dopa-
mine, is phasically increased. Importantly, this dependence on
dopamine receptor activation distinguishes corticostriatal from
intracortical spike-timing-based plasticity. The timing of APs rel-
ative to arriving excitatory inputs is not enough to induce corti-
costriatal plasticity, implying that ongoing activity does not affect
synaptic strength unless there is a “reward signal.”
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