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Extracellular and intracellular recordings were obtained from 
striatal neurons in a brain slice preparation in order to char- 
acterize the post-receptor mechanisms underlying striatal 
posttetanic long-term depression (LTD). Striatal LTD was 
blocked in neurons intracellularly recorded either with 1,2- 
bis (o-aminophenoxy)-ethane-N,N,N,N-tetraacetic acid 
(BAPTA) or with EGTA, calcium (Caz+) chelators. Intracel- 
lular injection of QX-314, a lidocaine derivative that has been 
shown to block voltage-dependent sodium channels, abol- 
ished action potential discharge and blocked striatal LTD. 
However, under this condition, striatal LTD was restored 
when, immediately before the delivery of the tetanus, the 
cell was depolarized at a membrane potential ranging be- 
tween -30 mV and -20 mV by injecting continuous positive 
current. Nifedipine (10 MM), a blocker of voltage-dependent 
L-type Ca*+ channels, blocked striatal LTD. Nifedipine by 
itself altered neither cortically evoked EPSPs nor input re- 
sistance and firing properties of most of the recorded cells. 
Striatal LTD was also reduced or blocked by incubation of 
the slices in the presence of the following inhibitors of Ca2+- 
dependent protein kinases: staurosporine (1 O-50 nM), l-(5- 
isoquinolinesulfonyl)-2-methylpiperazine (H-7; 1 O-50 FM), and 
calphostin C (1 PM). Our findings suggest that generation of 
striatal LTD requires a Ca 2+ influx through voltage-depen- 
dent nifedipine-sensitive Ca 2+ channels and a sufficient in- 
tracellular free Ca2+ concentration. Furthermore, this form 
of synaptic plasticity seems to involve the activation of Ca2+- 
dependent protein kinases. Different drugs, acting at re- 
ceptor and/or post-receptor level, may affect this form of 
synaptic plasticity and might alter the formation of motor 
memory. 

[Key words: calcium ions, long-term depression, motor 
memory, second messengers, striatum, synaptic plasticity] 

A dominant concept of the classical neurobiology was that dur- 
ing the phylogenetic development of the CNS the higher be- 
havioral functions such as mood, learning, and formation of 
motor memory were progressively located in the cerebral cor- 
tices (Hikosaka, 199 1). This idea was supported by the discovery 
of different forms of synaptic plasticity in the cortical areas of 
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the brain (Bliss and Lomo, 1973; Artola and Singer, 1987; Hirsch 
and Crepel, 1990; Zalutsky and Nicoll, 1990; Kato, 1993). LTP 
of synaptic transmission in the hippocampus is the form of 
neural plasticity which has received much attention as a possible 
elementary basis for learning and memory (Lynch and Baudry, 
1984; Teyler and DiScenna, 1984). Recent clinical and exper- 
imental studies on the function of the basal ganglia have pro- 
vided evidence that this system is also fine tuned for behavioral 
selection and for the formation of motor memory (De Long, 
1990; Seitz et al., 1990; Hikosaka, 199 I). Despite this recent 
evidence, the lack ofa neuronal substrate for long-term synaptic 
changes in this system has weakened the concept ofa prominent 
role ofthe basal ganglia in the memory processes. It has recently 
been reported that repetitive activation of corticostriatal glu- 
tamatergic fibers produces long-term depression (LTD) of ex- 
citatory synaptic transmission in the striatum recorded in vitro 
(Calabresi et al.. 1992a,b; Lovinger et al.. 1993; Walsh, 1993). 
Garcia-Munoz et al. (1992) observed long-term changes in the 
corticostriatal presynaptic afferents in viro. Corticostriatal glu- 
tamatergic fibers represent the major excitatory input to the 
striatum (Buchwald et al., 1973; Kitai et al., 1976; Spencer, 
1976; Divac et al., 1977; Reubi and Cuenod, 1979). The striatal 
control of motor activity requires the participation of the do- 
paminergic nigrostriatal pathway (for reviews, see Groves, 1983; 
Graybiel, 1990). Coactivation of D 1 and D2 dopamine receptors 
is necessary for both motor control (Robertson and Robertson, 
1986, 1987), and generation of striatal LTD (Calabresi et al., 
1992a). Generation of striatal LTD seems to involve also Ca’+ 
mobilization and changes in phosphatidylinositol (PI) turnover 
as suggested by the blockade of this form of synaptic plasticity 
by lithium (Calabresi et al., 1993) and by L-2-amino-3-phos- 
phonopropionic acid (L-AP3) (Calabresi et al., 1992b). an an- 
tagonist ofglutamate metabotropic receptors. Interestingly, both 
lithium and drugs acting on glutamate metabotropic receptors 
affect motor behavior (Branchey et al., 1973; Tyrer et al., 1980; 
Sacaan et al., 1992). All these findings, taken together, indicate 
that.generation of striatal LTD. as well as the behavioral acti- 
vation and the motor learning (lzquierdo, 1992; Svensson et al., 
1992), involves both glutamatergic and dopaminergic neuro- 
transmission. Stimulation of postsynaptic dopaminergic and 
glutamatergic receptors might alter the intracellular homeostasis 
and activate different second messenger systems. Although this 
hypothesis is attractive, it has not been investigated yet. We 
have characterized the role of Ca2 + ions in the generation of 
striatal LTD. We have also analyzed the role of Ca’ + -dependent 
protein kinases in the formation of this phenomenon since sec- 
ond messenger pathways have been involved in synaptic plas- 
ticity and learning (for reviews, see Kuba and Kumamoto, 1990; 
Madison et al., 199 I). 



4872 Calabresi et al. - Post-Receptor Mechanisms in LTD 

Table 1. Characteristics of the recorded cells in different pharmacological conditions 

Dw 
BAPTA 
n= 10 

EGTA 
n=8 

QX-314 
n=8 

nifed. 
10 PM 
n= 10 

w-Con. 
5 IrM 
n=4 

H-7 
50 jLM 
n= 10 

Staur. 
50 /al 
n=9 

Calph. 
1 PM 
n=4 
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application application 
(mV) (mV) 

Membrane 
potential 

Membrane 
potential 
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tetanic 
stimu- 
lation 

RMP RMP 
&ring 
tetanic 

during 
drue. 

before drug 
application 
(mV) 

during drug 
application 
(mV) 

stimulation appii- 
without drug0 cation 
(mm (mm 

23 dz 4b 22 2 4 

22 + 36 21*4 

23 + 4b 21 k 5 

24 t 4 23 + 4 

24 + 4 4*2 

24 + 4 23 f  4 

22 + 4 23 rf: 3 

23 + 4 22 * 5 

-85 + 6b -84 +- 7 -58 _t 6 -58 TL 6 

-86 2! 7b -85 + 6 -58 z!z 6 -59 + 6 

-85 + 7b -84 k 6 -58 -t 6 -59 k 7 

-86 f  7 -86 k 7 -58 + 6 -59 k 6 

-85 iz 6 -86 iz 6 -58 k 6 - 

-84 + 7 -85 + 6 -58 k 6 -59 k 7 

-85 k 6 -85 + 6 -58 k 6 -58 zk 8 

-86 + 6 -85 k 7 -58 t- 6 -58 + 8 

a The mean membrane potential observed during tetanic stimulation (achieved between action potentials) in 20 exper- 
iments performed in control saline was considered as the potential reached during tetanic stimulation in the absence of 
drugs. 
b In these experiments the drug was present in the recording electrode; for this reason the values measured immediately 
after the cell penetration were considered as control EPSP and control RMP (resting membrane potential). 

Materials and Methods 
Wistar rats were used for the experiments. Coronal slices (200-300 km) 
were prepared from tissue blocks of the brain with the use of a vibra- 
tome. These slices included the neostriatum and the neocortex. A single 
slice was transferred to a recording chamber (0.5 ml volume) and sub- 
merged in a continuously flowing Krebs’ solution (35”C, 2-3 ml/min) 
gassed with a 95% O,, 5% CO, mixture. The composition of the solution 
was (in mM) 126 NaCI, 2.5 KCI, 1.2 NaH,PO,, 1.2 MgCL, 2.4 CaC12, 
11 glucose, and 25 NaHCO,. Intracellular recording electrodes were 
filled with 2 M KC1 (30-60 Ma). In some intracellular experiments either 
200 mM BAPTA or 500 rnM EGTA were added to the solution of the 
intracellular pipette. In other experiments 50 mM QX-3 14 was added 
to the solution of the intracellular pipette. 

Intracellular and extracellular potentials were recorded with the use 
of an Axoclamp-2A amplifier, displayed on an oscilloscope, and stored 
in a digital system. For afferent stimulation, bipolar electrodes were 
used. The stimulating electrode was located- either in cortical areas close 
to the recording electrode (0.5-3 mm) or in the white matter between 
the cortex and the striatum. As a conditioning tetanus, we used three 
trains (3 set duration, 100 Hz frequency, at 20 set intervals). The du- 
ration of each individual pulse was 0.0 l-0.03 msec. During the tetanic 
stimulation, the intensity was increased to suprathreshold levels in the 
intracellular experiments and to levels producing the maximal ampli- 

tude of the field potential in the extracellular experiments (approxi- 
mately twice the test intensity). The field potential amplitude was de- 
fined as the average ofthe amplitude from the peak ofthe early positivity 
to the peak negativity, and the amplitude from the negativity to the 
peak late positivity (Alger and Teyler, 1976). Quantitative data on post- 
tetanic modifications are expressed as a percentage of the controls. the 
latter representing the mean of responses recorded-during a stable period 
(I 5-30 min) before tetanic stimulation. Values aiven in the text and in 
the figures are means +- SEM of changes in the-respective cell popula- 
tions. A paired t test was used to compare the effect oftetanic stimulation 
in each experimental condition. The statistical analysis was performed 
by comparing the values of the EPSP amplitude measured before the 
tetanus with those observed 20 min after tetanic stimulations. Drugs 
were applied by dissolving them to the desired final concentration in 
saline and by switching the perfusion from the control saline. Nifedipine 
was dissolved in ethanol and protected from light before and during 
experiments. Control experiments were performed to rule out possible 
effects of this vehicle on the synaptic and intrinsic properties of the 
recorded neurons. The drugs studied on striatal LTD did not sinnifi- 
cantly (paired t test) affect by themselves the EPSP amplitude, the resting 
membrane potential (RMP) and the amplitude of the membrane de- 
polarization caused by the tetanic stimulation (see Table 1). Only w-con- 
otoxin caused a significant (p < 0.005) reduction of EPSP amplitude 
without affecting RMP (Table 1). 
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Results 
Characteristics of striatal LTD 
Intracellular and extracellular recordings were obtained from 
striatal neurons by utilizing a corticostriatal brain slice prepa- 
ration (Calabresi et al., 1990, 1991). For synaptic stimulation 
bipolar electrodes were located either in the cortical areas close 
to the recording electrode or in the white matter between the 
cortex and the striatum. Previous evidence has shown that cor- 
ticostriatal transmission is mediated by glutamate receptors 
(Herrling, 1985; Cherubini et al., 1988; Walsh et al., 1989; Cal- 
abresi et al., 1991; Jiang and North, 1991; Lovinger, 1991). 
Both intracellularly and extracellularly recorded synaptic po- 
tentials were blocked by 6-cyano-7-nitroquinoxaline-2,3-dione, 
an antagonist of AMPA-like glutamate receptors, but not by 
2-amino-5phosphonovalerate (APV), an antagonist ofNMDA- 
glutamate receptors (Calabresi et al., 1992~). In most of the 
intracellularly recorded neurons (22 out of 40), a rapid and 
persistent (>2 hr; p < 0.005) depression of the EPSPs was 
observed immediately after the conditioning tetanus (for the 
characteristics of the tetanus, see Materials and Methods). In 
the remaining cells, a short-term (l-3 min) posttetanic poten- 
tiation preceded the development of LTD (p < 0.05). The graph 
in Figure 1 (solid squares) shows the time course of the LTD 
observed in the intracellular experiments in which posttetanic 
LTD was measured for at least 30 min in the absence of any 
pharmacological manipulation. In the other 20 cells in which 
LTD was induced, different pharmacological manipulations were 
performed either before or after the tetanus; for this reason data 
obtained from these neurons were not included in the graph 
shown in Figure 1. In none of the tested cells did the conditioning 
tetanus affect either the firing discharge, activated by direct de- 
polarization, or other postsynaptic membrane properties such 
us membrane potential, input resistance, and current-voltage 
relationship. LTD of synaptic transmission was also detected 
by extracellular recordings. Under control condition, the post- 
tetanic depression of the field potential decreased slightly within 
approximately 20 min and was then followed by a persistent 
depression (p< 0.05; see Fig. 5, solid squares). 

Blockade of LTD by Ca2+ chelators 

A rise in Ca’+ concentration is the first intracellular postsynaptic 
event required for the generation of long-term changes of syn- 
aptic transmission in different neuronal types (Lynch et al., 1983; 
Sakurai, 1990; Brother et al., 1992; Konnerth et al., 1992; Kato, 
1993). In order to examine the role of postsynaptic Ca’+ con- 
centration in striatal LTD, we injected striatal neurons with the 
Ca’+ chelators, BAPTA and EGTA, through low resistance (20- 
30 MR) intracellular electrodes. These chelators rapidly bind 
intracellular free Ca’+. Cells were injected either with BAPTA 
(200 mM) or with EGTA (500 mM) for 20-30 min before the 
LTD inducing stimuli were applied. As shown in Figures 1 and 
2 (open circles), striatal LTD was fully blocked by the injection 
of these Ca”+ chelators in the postsynaptic cell. No significant 
change of the EPSP amplitude was detected 20 min after tetanic 
stimulation in the experiments utilizing Ca*+ chelator-filled 
electrodes (paired t test). To ensure that the tetanic stimulation 
of the corticostriatal pathway was capable of generating LTD, 
in some experiments we simultaneously recorded the extracel- 
lular field potentials from neighboring neurons and these showed 
a significant LTD (not shown). The sensitivity of striatal LTD 
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Figure 1. Tetanic stimulation of corticostriatal fibers induces LTD in 
control neurons, but not in BAPTA-filled cells. The graph in the upper 
part of the figure shows the effect of tetanic stimulation in striatal neu- 
rons under control condition (n = 20, solid squares; the same control 
data are also shown in Figs. 2, 5-8) and in BAPTA-filled cells (n = 10, 
open circles). The lower part of the figure shows two single experiments 
obtained, respectively, from a control cell (A, Al) and from a neuron 
filled with BAPTA (B, BI). A, The trace shows the chart record of the 
membrane potential and of the EPSP amplitude (upward deflections) 
before and after tetanic stimulation in a control neuron (the tetanus is 
represented by three so/id triangles). In this figure and in the following 
ones the dotted line between two arrows indicates a 15 min period of 
interruption of the trace. The resting membrane potential (RMP) was 
-85 mV. A I, In the same cell EPSPs are recorded at higher sweep speed, 
respectively, before (pre) and after tetanic stimulation (post). In this 
figure and in the following ones each trace is an average of at least four 
single sweeps. B, The chart record shows the effect of tetanic stimulation 
in a striatal neuron filled with BAPTA (RMP = -83 mV). Bl. In the 

,  I  

same cell the EP$P amplitude is shown before (pre) and after the tetanus 
(post) at higher sweep speed. Note that the tetanic stimulation did not 
generate long-term changes of EPSP amplitude in the BAPTA-filled cell. 
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Figure 2. Blockade of LTD in EGTA-filled neurons. The graph shows 
LTD in control condition (n = 20, solidsquares) and in neurons injected 
with 500 mM EGTA (n = 8, open circles). The traces shown in the lower 
part of the figure represent averages of EPSPs recorded by utilizing an 
EGTA-filled electrode before and after (5 and 20 min) the tetanic stim- 
ulation (RMP = -83 mV). 

to intracellular BAPTA and EGTA demonstrates that intracel- 
lular free Ca’+ is required for this form of synaptic plasticity. 

LTD in QX-3 I4-jilled neurons 
The induction of striatal LTD requires a tetanic stimulation 
which is able to cause a significant membrane depolarization 
coupled with the firing discharge of the postsynaptic neuron 
(Calabresi et al., 1992b). The possible involvement of voltage- 
dependent sodium channels generating action potential dis- 
charge in the induction of LTD has been approached by utilizing 
QX-3 14-filled electrodes (50 mM). QX-3 14 is a lidocaine de- 
rivative which blocks voltage-dependent sodium channels with- 
out affecting excitatory synaptic potentials (Llinas and Yarom, 
I98 1). After 10 min of recording intracellular injection of QX- 
3 14 completely abolished current- and synaptically evoked ac- 
tion potentials in striatal neurons. Under this condition, tetanic 
stimulation produced only a minor depression of the EPSP am- 
plitude (Fig. 3, solid circles). This result can be explained either 
by assuming that activation of postsynaptic voltage-dependent 
sodium channels is required “per se” to induce striatal LTD or 
by postulating that postsynaptic action potential discharge is 
simply necessary to reach a membrane depolarization sufficient 
to activate voltage-dependent Ca? + channels (Llinas, 1988; Ber- 
tolino and Llinas, 1992). To investigate this question, in some 
QX-3 14-filled neurons, before the delivery of each train of stim- 
uli, the cell was depolarized at a membrane potential ranging 
between -30 mV and -20 mV by injecting continuous positive 
current. This depolarizing current was removed after the end 
of each train. This procedure revealed a synaptic LTD similar 
to that observed in control neurons even in QX-3 14-filled neu- 
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Figure 3. LTD in QX-314-filled neurons. The graph shows that in 
QX-3 14-filled neurons tetanic stimulation alone produced only a minor 
depression of the EPSP amplitude (so/id circles, n = 8); when tetanic 
stimulation was coupled with the injection of positive DC current (see 
text for details), a significant LTD was observed (solid triangles, n = 4). 
The injection of DC current in the absence of tetanic stimulation did 
not induce significant changes of EPSP amplitude (open squares, n = 
4). The lower part of the figure shows three experiments obtained from 
QX-314-filled cells. A. Effect of tetanic stimulation in the absence of 
DC current. B, Effect ofdepolarizing DC current in the absence of tetanic 
stimulation. C. Effect of tetanic stimulation coupled with depolarizing 
DC current. The RMP was -85 mV in all the three experiments. 

rons (Fig. 3, solid triangles). Under this condition the statistical 
analysis (paired t test) showed a significant (p < 0.001) depres- 
sion of the control EPSP 20 min after tetanic stimulation. In- 
jection of continuous current in the absence of tetanic stimu- 
lation did not cause any permanent change of the corticostriatal 
synaptic transmission (Fig. 3, open squares). This evidence in- 
dicates that discharge ofsodium-mediated action potentials dur- 
ing the tetanus is functionally important mainly because it caus- 
es a secondary activation of voltage-dependent Ca’+ channels. 
The rise of intracellular Ca’ + concentration may trigger the events 
leading to striatal LTD. 

.E&ct of nifEdipine on striatal LTD 
The evidence, that in QX-3 14-filled neurons striatal LTD could 
be restored by coupling tetanic stimulation with membrane de- 
polarization of the postsynaptic neuron lead us to study the role 
of high-voltage-activated (HVA) Ca’+ channels in the genera- 
tion of striatal LTD. Nifedipine (10 PM), a dihydropyridine 
(DHP) antagonist of L-type HVA Ca’+ channels, did not sig- 
nificantly affect EPSP amplitude in most ofthe recorded neurons 
(8 out of 10 cells, p > 0.05; Fig. 4, Table 1). Only in two neurons 
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this Cal+ antagonist produced a small reduction of EPSP am- * Control --•- Nifedipine 10 FM 

plitude (respectively, - 10% and - 15%). Nifedipine also failed 
to alter the resting membrane potential and current-voltage 200- 
curves recorded in either current-clamp or voltage-clamp mode 
(Fig. 4). Firing discharge evoked by intracellular injection of I)- ~--..........____..__ _._________ 
positive current was not affected by nifedipine (Fig. 4). Incu- 
bation of the slice in 10 FM nifedipine (10 min) prevented the 
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cording period. The statistical analysis, performed 20 min after 
tetanic stimulation, showed that this increase of the EPSP am- 
plitude was slight, but significant (p < 0.05). Control Nifedipine 10 PM 

As previously reported for ventral striatal (Horne and Kemp, 
199 1) and neostriatal (Swartz et al., 1993) cells, 0.3-S @M w-con- 
otoxin, an antagonist of N-type Ca’+ channels, produced by 
itself a significant reduction of EPSP amplitude (Table 1). Since 
this potent presynaptic action of conotoxin would not allow an 
unequivocal interpretation of its possible effects on synaptic 
plasticity, this Ca’+ channel antagonist was not studied on post- 
tetanic LTD. 

Blockade qf LTD by H-7, staurosporine, and calphostin C 

To investigate whether an activation of Ca’ + -dependent protein 
kinases is necessary for striatal LTD, we tested the action of 
H-7, a general protein kinase inhibitor which binds to the cat- 
alytic domain (Hidaka and Kobayashi, 1992) on the generation 
of this form of synaptic plasticity. As shown in Figure 6, in- 
cubation of the slices in 1 O-50 FM H-7 (the period of incubation 
in these experiments and in the following ones started 15 min 
before the tetanus) reduced in a dose-dependent manner the 
striatal LTD in both extracellular and intracellular recordings. 
Under this condition the statistical analysis showed no signifi- 
cant change of control field potential amplitude 20 min after 
tetanic stimulation. Intracellular experiments showed that in 
the presence of 10 PM H-7 there was a slight, but significant (p 
< 0.05) posttetanic depression. In the presence of 50 FM H-7 
no significant posttetanic depression was observed. We also 
studied the effect of staurosporine, which binds to the regulatory 
domain of the protein kinase C (PKC) (Hidaka and Kobayashi, 
1992; Nishizuka, 1992) on the generation of striatal LTD. Also 
the incubation of the slices in staurosporine (IO-50 nM) inhib- 
ited the development of posttetanic LTD in a dose-dependent 
manner (Fig. 7). In the presence of 10 nM staurosporine only a 
small, but significant (p < 0.05) depression of EPSP amplitude 
was measured 20 min after tetanic stimulation while in the 
presence of 50 nM staurosporine the EPSP did not show any 
significant posttetanic change. Since both H-7 and staurosporine 
are nonselective PKC inhibitors, we also tested the action of 
calphostin C, a more specific nonpeptide, membrane-permeable 
PKC inhibitor (Kobayashi et al., 1989; Linden and Connor, 
1991), on striatal LTD. Incubation of the slices in 1 PM cal- 
phostin C blocked the posttetanic LTD both in extracellular and 
intracellular experiments (Fig. 8). In fact, under this condition, 
the comparison of the control EPSP with the potential measured 
20 min after tetanic stimulation did not reveal significant post- 
tetanic changes. 

l!!L Lzl 
al tll 

Figure 4. Nifedipine by itself does not affect current-voltage relation- 
ship, EPSP amplitude, and current-evoked firing discharge of striatal 
neurons. The graph in the upper part of the figure shows the current- 
voltage relationship obtained from a neuron before (open squares) and 
during (solid circles) incubation (10 min) in 10 /LM nifedipine. The plots 
were obtained from a single microelectrode voltage clamp experiment 
by holding the cell at -85 mV and applying positive and negative 
voltage steps (0.5-3 set duration; see Calabresi et al., 1993). In the lower 
part of the figure the traces in the upper row represent EPSPs recorded, 
respectively, before (a) and during (b, 10 min) bath application of 10 
PM nifedipine. In the lower row current-evoked (1 nA positive current) 
firing discharge is shown before (al) and during (bl, 10 min) bath 
application of 10 PM nifedipine. Traces shown in a, b and al, 61 were 
recorded from the same neuron (RMP = -86 mV). 

The slightly different time courses of the LTD inhibition by 
protein kinases inhibitors as detected by extracellular and in- 
tracellular experiments can be attributed to the heterogeneity 
of the cell population generating the field potential in compar- 
ison to the more homogeneous class of neurons (presumably 
medium spiny cells) recorded during the intracellular experi- 
ments. 

H-7, staurosporine and calphostin C did not produce by them- 
selves significant changes of EPSP amplitude and of intrinsic 
membrane properties (membrane potential and Z-V curves) of 
the recorded neurons (Fig. 9, Table 1). H-7, staurosporine, and 
calphostin C, .as well as nifedipine and intracellularly applied 
Ca’+ chelators, did not affect the amplitude of the membrane 
depolarizations caused by tetanic stimulation (Table 1). 

Discussion 
Role qf Ca’+ ions in striatal LTD 
The blockade of striatal LTD by intracellular injection of Ca’+ 
chelators suggests that an increase of free Ca”+ concentration is 
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Figure 5. Effects of nifedipine on striatal LTD. A. Tetanic stimulation induced, in control condition, a depression of the amplitude of the 
extracellularly recorded field potentials (n = 20, so/id squares). After incubation of the slices in 10 PM nifedipine the tetanic stimulation caused a 
brief posttetanic potentiation of the field potential, followed by the recovery of the field potential amplitude to the initial values (n = 5, open circles). 
,4 I, The traces shown in the upper row (a) represent field potentials recorded before (pre) and after tetanic stimulation (5 and 20 min) under control 
condition. The traces shown in the lower row represent field potentials recorded in 10 /LM nifedipine before (pre) and after tetanic stimulation (5 
and 20 min). Note the generation of LTD in control condition, but not in the presence of this Ca’+ channel antagonist. B, The graph shows the 
effect of 10 KM nifedipine on striatal LTD in intracellularly recorded neurons. In control condition tetanic stimulation induced LTD (n = 20, solid 
squares), while in the presence of 10 PM nifedipine tetanus caused only a slight potentiation of the EPSPs amplitude (n = 10, open circles). BI, 
This part of the figure shows a single intracellular experiment in the presence of 10 PM nifedipine. Note that under this condition tetanic stimulation 
failed to induce LTD (RMP = -86 mV). 

necessary for this form of synaptic plasticity. Furthermore, this 
finding suggests that a rise of the intracellular Cal+ may be a 
limiting step for the activation of the metabolic cascade under- 
lying striatal LTD. An open question is the mechanism under- 
lying the increase of intracellular free Ca’+ concentration fol- 
lowing tetanic stimulation. The involvement ofNMDA-activated 
Ca’+ channels can be ruled out since striatal LTD, unlike LTP 
in the CA1 region of the hippocampus (Madison et al., 1991) 
is not affected by NMDA receptor antagonists (Calabresi et al., 
I992b). Two alternative hypothesis can be considered: (1) the 
rise in intracellular Ca’ + is caused by the activation of voltage- 
dependent Ca’+ channels and (2) a Ca’+ mobilization from in- 
tracellular stores is involved in the generation of striatal LTD. 
These two possibilities do not exclude each other and they are 
both supported by experimental evidences. In QX-3 14-filled 
neurons postsynaptic voltage-dependent sodium channels are 
blocked: in these cells tetanic stimulation ofcorticostriatal fibers 
can still induce LTD. However, to generate this phenomenon, 
the membrane potential has to reach a level of depolarization 
(up to -20 mV) which is very close to the threshold for the 
activation of voltage-dependent Ca’+ channels in striatal (Hoehn 
et al., 1993) and other central neurons (Llinas, 1988). This ev- 
idence suggests the involvement of voltage-dependent Ca’+ 
channels in the generation of striatal LTD. A further finding in 
favor of an involvement of voltage-dependent Ca’+ channels in 
striatal LTD is its blockade by the L-type Ca’+ channel antag- 

onist nifedipine. It is interesting to note that in the striatum, as 
well as in other brain areas (Horne and Kemp, 199 1; Pfrieger 
et al., 1992) L-type Ca’ ’ channels do not seem to play a major 
role in the presynaptic control of glutamate-mediated synaptic 
potentials. Nevertheless, DHP-sensitive channels are respon- 
sible for at least part of the somatic HVA Ca’ + currents mea- 
sured in striatal neurons after potassium channel blockade 
(Hoehn et al., 1993). In hippocampal neurons clustering of L-type 
Ca?+ channels has been shown at the dendritic region and it has 
been suggested that these channels may operate in this area to 
integrate synaptic inputs (Westenbroek et al., 1990). We have 
shown that these HVA Ca’+ channels may contribute to the 
formation of striatal synaptic plasticity caused by tetanic stim- 
ulation of the corticostriatal pathway. We would like to suggest 
a postsynaptic dendritic location of the DHP-sensitive channels 
involved in striatal LTD; however, our data (obtained by bath 
application ofnifedipine) do not allow any definitive conclusion 
on the location of these channels. 

As it has been reported for other forms of synaptic plasticity 
(Harvey and Collingridge, 1992; Kato. 1993). mobilization of 
Ca’+ ions from intracellular stores may also be an important 
factor for striatal LTD. We have recently shown that both lith- 
ium (Calabresi et al., 1993) and L-AP3 (Calabresi et al., 1992b), 
an antagonist ofglutamate metabotropic receptors, block striatal 
LTD. Lithium and AP3 are known to alter Ca’+ mobilization 
from intracellular stores by affecting PI turnover (Nahorski et 
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Figure 6. H-7 blocks striatal LTD. A, The graph shows that tetanic stimulation of corticostriatal pathway under control conditions produced LTD 
of extracellularly recorded field potentials (so/id squares, n = 20); in slices incubated in 50 PM H-7 tetanic stimulation caused only a short-term 
depression of the evoked potentials (open circles, n = 9). Al, This part of the figure shows a single experiment in the presence of 50 PM H-7: in 
this condition tetanic stimulation evoked only a transient decrease of the field potential amplitude. B, The graph shows the effect of tetanic 
stimulation in control condition (so/id squares, n = 20) and in the presence of two different concentrations of H-7 (10 PM, solid circles, n = 4; 50 
PM. open circles. n = 10). BI, This part of the figure shows a single intracellular experiment in the presence of 50 FM H-7. Note that under this 
condition tetanic stimulation failed to induce LTD (RMP = -84 mV). 

al., 199 1; Nakanishi, 1992; Berridge, 1993): this mechanism is 
likely to be involved in the blockade of striatal LTD by lithium 
and L-AP3. Thus, the inhibitory action of these drugs on striatal 
LTD suggests the possibility that the raise of free Ca’+ concen- 
tration generating striatal LTD is caused by the mobilization of 
this ion from intracellular stores. 

Role qf Ca’+-dependent protein kinases in striatal LTD 

Given that a rise in Ca’+ is an essential step in the generation 
of striatal LTD, the following question is: what are the bio- 
chemical processes activated by Ca’+ that are responsible for 
LTD? Here we have shown that H-7, staurosporine and cal- 
phostin C are able to block striatal LTD. Both H-7 (Lovinger 
et al., 1987; Malinow et al., 1988; Malinow et al., 1989; Leahy 
and Vallano, 199 1; Huang et al., 1992) and staurosporine (Mat- 
thies et al., 199 1) have been shown to block hippocampal LTP. 
These effects have been often attributed to an inhibition of PKC. 
However, H-7 is a general kinase inhibitor and staurosporine 
can’inhibit CAMP-dependent kinase, cGMP-dependent protein 
kinase, and CaM-Kinase II. Therefore, it is possible that the 
effects of H-7 and staurosporine on striatal LTD may involve 
Ca”+ -dependent protein kinases other than PKC. Calphostin C 
has been proposed as a more selective inhibitor of PKC (Ko- 
bayashi et al., 1989). Since micromolar concentrations of cal- 
phostin C block cerebellar LTD, it has been postulated that 
PKC is required for this form of synaptic plasticity (Linden and 

Connor, 1991). Our data show that similar concentrations of 
this inhibitor were able to block striatal LTD suggesting a pos- 
sible role of PKC also in this form of synaptic plasticity. How- 
ever, we cannot exclude that even this inhibitor may alter dif- 
ferent kinases. 

In most of our experiments we used bath application of phar- 
macological agents. This experimental approach does not ex- 
clude that at least part of the effects observed may be attributed 
to presynaptic sites ofactions and may involve changes in trans- 
mitter release. Changes in the presynaptic release of excitatory 
amino acids have been involved in hippocampal LTP (for re- 
views, see Kuba and Kumamoto, 1990; Madison et al., 1991). 
Our experiments utilizing intracellular application of Ca’+ che- 
lators indicate the involvement of postsynaptic mechanisms in 
striatal LTD. However, it is also possible that, as suggested by 
Garcia-Munoz et al. (1992). long-term changes in transmitter 
release from corticostriatal terminals may play an important 
role in this form of synaptic plasticity. 

Comparison with other,forms qf synaptic plasticity 

Since the discovery ofLTP in the hippocampus (Bliss and Lomo, 
1973), use-dependent enhancement ofsynaptic transmission has 
been observed in a large number of structures. More recently, 
evidence has been obtained that synaptic transmission can also 
undergo LTD. The stimulation protocols used for the induction 
of LTD differ in different structures ofthe CNS. In the neocortex 
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(Hirsch and Crepel, 1990; Artola and Singer, 1993) and the 
striatum (Calabresi et al., 1992; Lovinger et al., 1993; Walsh, 
1993) LTD can be induced by high frequency tetanic stimuli 
that resemble those suitable for the induction of LTP in the 
hippocampus. By contrast, in CA1 region of the hippocampus 
(Dudek and Bear, 1992: Mulkey and Malenka, 1992) low-fre- 
quency stimulation (l-l 5 Hz) is moreeffective in inducing LTD, 
especially if maintained over prolonged periods of time. In the 
cerebellum LTD is obtained only ifdifferent inputs are activated 
in conjunction. In fact, coactivation ofparallel fibers and climb- 
ing fibers causes LTD of synaptic transmission between parallel 
fibers and Purkinje neurons (Ito et al., 1982). As it has been 
recently stressed (Artola and Singer, 1993), despite the fact that 
the stimulation protocols for LTD generation differ in various 
brain structures, the induction mechanisms share common fea- 
tures. Generation of LTD requires depolarization of the post- 
synaptic neurons. In fact, cerebellar (Hirano, 1990; Crepe1 and 
Jaillard, 1991), cortical (Artola et al., 1990), hippocampal 
(Mulkey and Malenka. 1992), and striatal (Calabresi et al., 1992b) 
LTDs are blocked when the postsynaptic cell is hyperpolarized 
during the conditioning stimulation. Another common char- 
acteristic of the LTDs studied in different brain areas is their 
dependency on intracellular Ca’+ concentration in the postsyn- 
aptic cell. Intracellular injection of Ca’+ chelators blocks LTD 
in the cerebellum (Sakurai, 1990), neocortex (Brother et al., 
1992), hippocampus (Mulkey and Malenka, 1992), and striatum 
(present study). Interestingly, intracellular Ca”+ concentration 

influences also the expression of LTP in different brain areas 
(for reviews, see Kuba and Kumamoto, 1990; Madison et al., 
199 1; Artola and Singer, 1993). It has been recently postulated 
that a stronger depolarization and a greater increase in intra- 
cellular Ca’+ concentration are required to induce LTP than to 
initiate LTD (Artola and Singer, 1993). Another explanation 
for dependency on the intracellular Ca’+ concentration of both 
LTD and LTP is the possible different spatial distribution of 
Ca’+ changes in the postsynaptic cell during the generation of 
synaptic plasticity (Koch and Zador, 1993). These possibilities 
require investigation by Ca’+ imaging techniques. 

Since a high frequency of stimulation is required for the in- 
duction of striatal LTD, an issue that needs to be addressed for 
the physiological relevance of this form of synaptic plasticity 
concerns the electrical properties and the firing pattern of cor- 
ticostriatal neurons. Recently, Cowan and Wilson (1994) have 
shown that identified corticostriatal neurons intracellularly re- 
corded in vivo possess spontaneous burst firing pattern: during 
spontaneous membrane fluctuations these cells can fire action 
potentials at very high frequency. This finding is in good agree- 
ment with the characteristics of the synaptic stimulation nec- 
essary to induce LTD in the striatum. 

Functional aspects 

We have shown that repetitive activation ofcorticostriatal fibers 
produces LTD of excitatory synaptic transmission in striatal 
neurons. The great majority of these neurons are small GA- 
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Figure 8. Calphostin C blocks striatal LTD. A, The graph shows that 
tetanic stimulation induced LTD ofthe evoked field potentials in control 
condition (solid squares, n = 20). In the presence of 1 PM calphostin C 
(open circles, n = 4) the tetanus produced only a small depression of 
the extracellularly recorded potentials. B, The graph shows the effect of 
repetitive stimulation on the EPSP amplitude in control condition (solid 
squares, n = 20) and in the presence of I /IM calphostin C (open circles, 
n = 4). Note that in the presence of calphostin C striatal LTD was 
blocked. 

BAergic cells projecting to different structures of the basal gan- 

glia (globus pallidus and substantia nigra) (for reviews, see 
Groves, 1983; Graybiel, 1990). A long-term reduction of the 
electrical activity of these GABAergic neurons will cause a de- 
creased inhibitory influence on the output structures ofthe basal 
ganglia. This disinhibitory mechanism within the basal ganglia 
may represent the neuronal substrate for motor activation and 
for the storage of motor skills (De Long, 1990; Seitz, 1990; 
Hikosaka, 199 1). Such a mechanism requires the participation 
of different receptors and several metabolic events: activation 
of AMPA-like and metabotropic glutamate receptors, coacti- 
vation of Dl and D2 dopamine receptors, rise in intracellular 
Ca”+ concentration, and stimulation of Ca’ +-dependent kinases. 
It is possible that different drugsalter striatal LTD by influencing 
this cascade of physiological and biochemical events. These 
changes may ultimately affect motor behavior. 
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Figure 9. H-7, staurosporine, and calphostin C do not alter current- 
voltage relationship of striatal neurons. The plots in A-C show, respec- 
tively, the lack of effect of H-7, staurosporine, and calphostin C on the 
current-voltage relationship of three striatal cells. The plots were ob- 
tained from voltage-clamp experiments by holding the cells at -85 mV 
and applying positive and negative steps (0.5-3 set). 
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