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ABSTRACT Changes in synaptic efficacy are crucial for
the development of appropriate neural circuits and brain
information storage. We have investigated mechanisms un-
derlying long-term depression (LTD) at glutamatergic syn-
apses in the striatum, a brain region important in motor
performance and cognition, and a target for Huntington and
Parkinson diseases. Induction of striatal LTD is dependent on
postsynaptic depolarization and calcium influx through L-
type channels. Surprisingly, LTD maintenance appears to
involve a decrease in the probability of neurotransmitter
release from presynaptic terminals as evidenced by increases
in paired-pulse facilitation and the coefficient of variation of
synaptic responses that are tightly associated with LTD ex-
pression. Furthermore, both the apparent probability of neu-
rotransmitter release and the magnitude of LTD decrease
concomitantly during postnatal development, consistent with
the idea that striatal LTD is involved in a developmental
decrease in the probability of neurotransmitter release at
corticostriatal synapses. The presynaptic changes that under-
lie striatal LTD may also be important for motor performance
and certain forms of learning and memory.

Activity-dependent changes in synaptic efficacy, such as long-
term potentiation (LTP) and long-term depression (LTD), are
critical for the development of appropriate neural circuits and
for many forms of neural information storage (1, 2). Expres-
sion of both LTP and LTD at different synapses has been
attributed to alterations in neurotransmitter release or the
postsynaptic response to neurotransmitter (2-12). In the CA1
region of the hippocampus, both pre- and postsynaptic mech-
anisms have been suggested to play a role in LTP and LTD
(3-14). Extensive evidence supporting presynaptic mecha-
nisms for LTD, including evidence consistent with decreased
probability of neurotransmitter release, has been observed in
hippocampus in neonatal and young rats (5, 13). However,
changes in paired-pulse facilitation (PPF), a sensitive measure
of altered release probability, have not been observed during
expression of LTD in the hippocampus (13, 15). At present the
role of changes in release probability in LTD expression
remains unclear.

The development of appropriate neural circuits involves
activity-dependent processes (16). Forms of synaptic plasticity
such as LTP and LTD have been suggested as cellular mech-
anisms for this activity-dependent process. For example, max-
imal susceptibility to LTP and LTD coincides with critical
periods for cortical plasticity (17-19). The induction mecha-
nisms for LTP and LTD in immature cortex are dependent on
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N-methyl-D-aspartate receptors (20). In the CAl region of
hippocampus, a postsynaptic expression mechanism underly-
ing LTP appears to be involved in the activity-dependent
formation of conducting glutamatergic synapses (21).

The striatum is a brain region with important roles in motor
sequencing and control (22, 23). In humans, nonhuman pri-
mates, and rodents the striatum appears to participate, along
with the frontal cortex, in neural circuitry that is important for
learning and memory distinct from the types of memory
encoded in the hippocampus (24, 25). In humans, the striatum
appears to be important for the gradual, incremental learning
of associations that is characteristic of habit learning (26).

Corticostriatal glutamatergic fibers represent the major
excitatory input to the striatum (27). Repetitive activation of
corticostriatal glutamatergic synapses produces LTD of exci-
tatory synaptic transmission in the striatum as demonstrated
both in vivo (28) and in vitro (29-31). Interestingly, coactiva-
tion of D1 and D2 dopamine receptors is involved both in
motor control and generation of striatal LTD (27). This unique
form of LTD may represent the cellular substrate for long-
term behavioral changes, and it appears to be altered by
different psychoactive drugs (27). Although induction of stri-
atal LTD has been shown to be dependent on activation of
L-type calcium channels, metabotropic glutamate receptors
and dopamine receptors (27), little is known about the mech-
anisms involved in maintained expression of striatal LTD.

In this study we provide evidence that striatal LTD results,
at least in part, from a long-lasting decrease in the probability
of transmitter release brought about by prior postsynaptic
events. Furthermore, our findings suggest that postnatal de-
velopment of corticostriatal synapses involves a decrease in the
probability of neurotransmitter release induced by striatal
LTD or a mechanistically related process.

METHODS

Slice Preparation. Brain slices were prepared from 10- to
27-day-old Sprague-Dawley rats using previously described
techniques (30) with the exception that coronal brain slices
(300 or 400 um thick) were cut in ice-cold modified artificial
cerebrospinal fluid (aCSF) containing 194 mM sucrose, 30
mM NaCl, 4.5 mM KCl, 1 mM MgCl,, 26 mM NaHCOs3, 1.2
mM NaH,PO,4, and 10 mM D-glucose adjusted to pH 7.4 by
bubbling with 95% 0O,/5% CO,. A hemislice containing the

Abbreviations: LTD, long-term depression; LTP, long-term potenti-
ation; aCSF, artificial cerebrospinal fluid; EPSC, excitatory postsyn-
aptic current; HFS, high frequency stimulation; Pr, probability of
transmitter release; n, number of presynaptic release sites; PPF,
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cortex and striatum just anterior to the globus pallidus was
completely submerged and continuously superfused with
aCSF at 32.5 = 0.5°C. The flow rate was 2-3 ml/min. Brain
slices from 10- to 19-day-old rats were used for the results
shown in Figs. 1-5.

Whole-Cell Recording. Whole-cell voltage clamp recordings
were obtained using pipettes made from borosilicate glass
capillaries pulled on a Flaming-Brown micropipette puller.
Pipette resistances ranged from 2.5-5 M(}, when filled with
internal solution containing 120 mM CsMeSOs3, 5 mM NaCl,
10 mM tetraethylammonium chloride, 10 mM Hepes, 3-5 mM
QX-314 (Brsalt), 1.1 mM EGTA, 4 mM ATP (Mg?" salt), and
0.3 mM GTP (Na™ salt), pH adjusted to 7.2 with CsOH, and
osmolarity adjusted to 297-300 mmol/kg with sucrose. Re-
cordings were made primarily using the blind whole-cell
patch-clamp recording technique in 400-um-thick slices (32).
However, 20% of the recordings in Fig. 6 were also made under
differential interference contrast-enhanced visual guidance
from neurons three to four layers below the surface using 300-
or 400-um-thick slices. There were no differences in the results
obtained using the two techniques in terms of the magnitude
of LTD and basal PPF ratio across age. It is highly probable
that most or all of the cells recorded cells were medium spiny
neurons because these cells make up >95% of the striatal
neuronal population (33). In past studies, we have observed
that the large majority of cells examined with whole-cell
recording exhibited firing properties consistent with those of
medium spiny neurons (30). In studies from other laboratories,
the majority of intracellularly stained cells in the striatum were
shown to be of this type (34). Medium-sized neurons that were
visually identified in striatal slices also appeared to be of this
type (35). Cells were voltage clamped at —60 or —70 mV
during test periods before and after LTD induction. To evoke
synaptic currents, stimuli were delivered through bipolar tung-
sten electrodes placed in corpus callosum. Paired stimuli
(interstimulus interval of 50 msec) were delivered at a fre-
quency of 0.05-0.033 Hz. Whole-cell currents recorded with an
Axopatch 1D amplifier (Axon Instruments, Foster City, CA)
were filtered at 2 KHz, digitized at up to 50 KHz, and stored
on a microcomputer using PCLAMP software. The series resis-
tance, which was not compensated and was typically between
5 and 30 MQ (35% of cells below 10 M(}), was monitored
continuously. Normal aCSF and drugs were delivered to slices
via superfusion by gravity flow.

LTD Induction. LTD was induced by pairing high frequency
stimulation (four 1-sec duration, 100-Hz trains delivered at a
frequency of one train every 10 sec) with 1-sec depolarization
of the postsynaptic neuron to —10 or 0 mV. LTD could be
elicited using this pairing protocol as long as 30 min after
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initiation of whole-cell recording even when access resistance
was low (<10 MQ). LTD in slices from young rat brains
appears to be similar to LTD previously described in adult
striatum. In preliminary studies, striatal LTD recording in
slices from young rats using field potential recording was
blocked by 1 uM sulpiride, a D2 dopamine receptor antagonist
(data not shown).

Data Analysis. EPSC amplitudes were measured using peak
detection software provided by PCLAMP6. Synaptic responses
recorded during a 10-min period 20-30 min after LTD induc-
tion were used to calculate PPF ratio and coefficient of
variation (CV). In the case of other treatments, synaptic
responses that had stabilized after particular treatments were
used to calculate PPF ratio and CV. PPF was expressed as the
ratio of the amplitude of the second excitatory postsynaptic
current (EPSC) to that of the first EPSC. CV was calculated
as o/w in which o and u are the standard deviation and mean
of 30 successive EPSCs, respectively. PPF ratios were calcu-
lated from the same cells used to calculate CV values in Figs.
2-5. Standard deviation was calculated from the variance
taken as the total amplitude variance minus the variance due
to background noise. Background noise variance was calcu-
lated using the same method used to measure the EPSC
amplitude, but during a portion of each sweep free of synaptic
current. All averaged values are given as mean = SEM. The
statistical criterion for significance was P < 0.05.

RESULTS

Induction of Striatal LTD. Cortical afferents make direct
monosynaptic connections with neurons in the dorsal striatum
and elicit an excitatory postsynaptic potential mediated mainly
by a-amino-3-hydroxy-5-methylisoxazole-4-propionic acid
(AMPA)/kainate glutamate receptors (27, 36). To selectively
stimulate cortical afferents projecting to striatal neurons in
coronal brain slices, a bipolar tungsten electrode was placed in
the corpus callosum dorsal to the striatum (37). EPSCs were
recorded in striatal cells in slices from young rats with whole-
cell voltage-clamp methods. At holding potentials of —60 to
—80 mV, synaptic transmission was mediated mainly through
AMPA /kainate receptors with very little contribution of
N-methyl-D-aspartate receptors, and was stable during 60- to
90-min recordings.

To induce LTD reliably at modest stimulation intensities,
repetitive high frequency stimulation (HFS) of cortical affer-
ents was paired with postsynaptic depolarization (Fig. 14).
Synaptic depression persisted throughout recording periods
lasting at least 30 min posttetanus with an average depression
of the EPSC amplitude to 54.3 £ 5.3% of its control value

10 20 .
Time (min)

Time (min)

0 ¥
2200 pA] 0 ms 20 22200 " 2200+ pA
S 200 g 2004 0 ms 20 g 200 0 ms 20
5
§ 150{ HFS+Depol 51504 HFS at -;0- -90mV £ 1504 De;ol
(5] (] ()
St St
B 1008m" ' - — - = G 100-{osy, Smugt @“@W S 100
g (2 Y, ® a b B la
e’ e’
L 50 iy QL 504 © 50- b
g b z 2
& 0 L} J 1 T L 1 m 0 T T T T T 1 m 0 T T T T T L 1 1
0 30 40 0 5 10 15 20 25 30 0 10 20 30 40

Time (min)

FiG. 1. Dependence of striatal LTD induction on postsynaptic depolarization (Depol). (4) LTD was induced by stimulating corticostriatal
afferents at 100 Hz for 1 sec along with simultaneous 1-sec depolarization to —10 or 0 mV, repeated four times at 10-sec intervals (n = 11). The
pipette contained a standard intracellular solution. (B) HFS alone in voltage-clamp condition at —80 or —90 mV failed to induce LTD (n = 5).
(C) Depolarization to 0 mV (1-sec duration, repeated four times at 10-sec intervals) in the absence of HFS failed to induce LTD (n = 8). Points
in each graph are values averaged over 1-min time epochs. EPSCs shown above the graph are recorded at times indicated by letters. Waveforms

in A-C are averages of 20 individual EPSCs.
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20-30 min after pairing HFS and depolarization. HFS itself
failed to produce LTD when striatal neurons were voltage-
clamped at —80 to —90 mV, supporting the idea that the
induction mechanism of striatal LTD is dependent on postsyn-
aptic depolarization (Fig. 1B). However, postsynaptic depo-
larization itself without HFS was not sufficient to generate
LTD, suggesting that both depolarization and HFS are nec-
essary for LTD induction (Fig. 1C).

Mechanism of LTD Expression. To determine the site of
LTD expression, we used two alternative approaches. One
approach was to examine the association of LTD with changes
in PPF ratio, a phenomenon in which activation of a synapse
twice within a short time period results in a presynaptic
facilitation of transmitter release in response to the second
stimulus (38). At most synapses, PPF is thought to reflect an
increase in the probability of neurotransmitter release (38).
This idea is supported by the observation that manipulations
which alter probability of transmitter release induce predict-
able changes in PPF ratio (38). However, postsynaptic manip-
ulations can alter PPF ratio at some synapses (39), and thus it
may not be the case that only genuinely presynaptic changes
alter PPF ratio. A second approach was to measure changes in
the CV of EPSC amplitudes in relation to expression of LTD.
Changes in the CV value (o/p, where o is the standard
deviation of EPSC amplitude and p is the mean EPSC
amplitude), provide an independent measure of changes in
presynaptic function (6, 7, 13), although alternative interpre-
tations of this measurement have been suggested (40, 41). The
parameters that determine CV are Pr, the average probability
of release, and n, a parameter estimating the number of
presynaptic release sites.

To test the utility of these measures in detecting presynaptic
changes in synaptic efficacy, we first examined the effects of
manipulations known to result in presynaptic changes in
transmitter release to determine if PPF ratio and CV would be
altered in the expected direction as a result of these manipu-
lations. When we decreased Pr by lowering extracellular
calcium, PPF ratio and CV values were considerably increased
(Fig. 2A4 and D). Furthermore, the time course of the increase
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in PPF ratio corresponded closely to the decrease in EPSC
amplitude. In contrast, decreasing postsynaptic responsiveness
had no effect on PPF ratio and CV values as predicted.
Antagonizing postsynaptic AMPA /kainate receptors with a
submaximal concentration of DNQX, reduced the amplitude
of the evoked EPSC to 57.6 = 6.4% of control without any
change in PPF ratio or CV (Fig. 2 B and D). Reducing the
intensity of afferent stimulation, a manipulation that alters the
number of activated afferent fibers and hence reduces n,
altered only CV values, with no change in PPF ratio (Fig. 2 C
and D). Taken together, our results support previous obser-
vations that increases in both CV and PPF ratio are expected
only when Pr is decreased.

To evaluate whether striatal LTD is associated with a
decrease in Pr, the PPF ratio and CV were measured in the
same population of synapses before and after LTD induction.
As shown in Fig. 3, induction of LTD increased the PPF ratio
in parallel with the depression of EPSC amplitude. Similar
increases in PPF ratio were observed when synaptic efficacy
was reduced to a similar extent either after LTD induction or
in the presence of lowered extracellular calcium (compare
Figs. 24 and 3B). This observation suggests that the change in
Pr associated with LTD is sufficient to account for the
depression of synaptic transmission. The CV was also in-
creased after LTD induction [186.9 = 35.2% of control (n =
11)].

Induction of LTD can be prevented by a variety of treat-
ments based on the fact that LTD initiation requires postsyn-
aptic depolarization, activation of L-type calcium channels and
an increase in postsynaptic calcium concentration (27). To
determine if manipulations that block LTD induction also
prevent the increase in PPF ratio, we examined the effect on
LTD and PPF ratio of blocking L-type calcium channels with
nifedipine and preventing postsynaptic calcium increases by
inclusion of 10 mM EGTA in the patch pipette solution (Fig.
4 A and B). These manipulations blocked LTD induction and
prevented the associated increase in PPF ratio. In addition,
changes in PPF ratio were not observed after manipulations
that were insufficient to induce LTD (e.g., HFS with postsyn-
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Fic. 2. Changes in PPF ratio and CV values induced by manipulations that alter presynaptic but not postsynaptic function at corticostriatal
synapses. (A) Decreasing Ca?t/Mg?" ratio in the external solution increased both the PPF ratio and CV value (n = 4). PPF ratio after decreasing
Ca?*/Mg?* ratio in the external solution was 141.1 = 12.7% of control (two-tailed repeated measures 7 test, P < 0.05). (B) Partial blockade of
AMPA /kainate receptors did not alter either the PPF ratio or the CV value (n = 4). PPF ratio after partially blocking AMPA /kainate receptors
was 106 = 2.7% of control (P > 0.1). (C) Decreasing stimulus (Stim) strength increased CV values, but did not change PPF (n = 6). PPF ratio
after decreasing stimulus strength was 102.8 = 4.7% (P > 0.5). (D) Summary of effects of pre- or postsynaptic modulations on average peak EPSC
amplitudes and CV values. The CV value after decreasing Ca?*/Mg?* ratio, partially blocking AMPA /kainate receptors and decreasing stimulus
intensities, was 132 * 6.1, 97.5 = 3.8, and 175.2 * 10.9 of control, respectively (P < 0.05, P > 0.5, and P < 0.005, respectively). Points in A-C are
values averaged over 1-min time epochs. EPSCs shown above the graph are recorded at times indicated by letters. Waveforms in A-C are averages
of 20 individual paired EPSCs. DNQX, 6,7-dinitroquinoxaline-2,3(1H,4H)-dione.
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FiG. 3. Striatal LTD is closely associated with increases in PPF
ratio. (4 Upper) Paired EPSCs recorded at the indicated times before
and after LTD induction. (Lower) EPSC peak amplitude and PPF ratio
from the same neuron plotted against time before and after LTD
induction. (B) Summary graph showing increases in PPF ratio after
LTD induction (r = 11). PPF ratio after LTD induction was 137.9 =
7.3% of control. Note that the change in PPF ratio associated with
LTD expression is similar to that observed after decreasing Ca2*/
Mg?2™" ratio in the external solution (see Fig. 24). Waveforms in 4 are
averages of 20 individual paired EPSCs. Points in B are values
averaged over 1-min time epochs.

aptic hyperpolarization or depolarization in the absence of
HFS, Fig. 4 C and D). These findings indicate that the observed
increases in PPF were specific to LTD expression.

Increases in CV also appeared to be specific to LTD
expression. Manipulations that blocked LTD induction pre-
vented increases in CV, and manipulations that were insuffi-
cient to induce LTD did not produce increases in CV (Fig. 54).
Moreover, increases in CV were sufficient to explain the
decrease in synaptic efficacy by a presynaptic mechanism (e.g.,
decreases in Pr or n). If the mechanism of LTD expression is
due predominantly to a change in Pr or n then the ratio of
1/CV? values before and after LTD induction should be
similar to or greater than the change in ratio of EPSC
amplitudes before and after LTD as shown in Fig. 5B. If
changes in postsynaptic response to transmitter account for
LTD expression then the 1/CV? value would not change after
LTD induction. Fig. 5B illustrates that presynaptic manipula-
tions alter 1/CV? in proportion to the change in EPSC
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amplitude while postsynaptic receptor blockade alters EPSC
amplitude with no change in 1/CV? as predicted. The asyn-
chrony of AMPA receptor-mediated EPSCs in our experimen-
tal conditions could not account for the increase in CV after
LTD induction, since alternative measures of CV, based on
charge transfer during the EPSC (data not shown), gave similar
values for CV increases during LTD expression. The combined
increases in CV and PPF after LTD induction suggest that
LTD involves a decrease in Pr rather than a decrease in n since
PPF should not change when n changes.

Postnatal Developmental Changes in PPF and LTD at
Corticostriatal Synapses. One potential physiological role for
striatal LTD might be to alter the efficacy of corticostriatal
synaptic transmission during postnatal development. To assess
this possibility we examined the magnitude of LTD as well as
the PPF ratio prior to LTD induction in striatal slices prepared
from animals at different postnatal ages. As shown in Fig. 64,
basal PPF ratio was close to 1 at postnatal days 10-19
(P10-P19) and began to increase after P20, suggesting that the
development of corticostriatal synapses is associated with a
decrease in Pr.

To determine if the magnitude of LTD induced by pairing
HFS and depolarization changed over this same developmen-
tal time course, we examined LTD at two different ages
(P10-P19 and P23-P27) at which a significant difference in
basal PPF ratio was observed. Unlike P10-P19 slices, in which
we induced LTD in 11 of 11 slices, we failed to induce LTD in
4 of 17 slices in the P23-P27 group. The increase in PPF ratio
after LTD induction as well as the magnitude of LTD in the
13 slices in the P23-P27 group that exhibited LTD were
significantly smaller than in P10-P19 slices (Fig. 6B). Thus,
both the apparent probability of neurotransmitter release and
susceptibility to LTD decrease concomitantly with age. It
should be noted that both PPF and CV were increased after
LTD induction in the 13 slices in the P23-P27 group that
exhibited LTD, suggesting that the mechanism underlying the
LTD expression is similar at both developmental stages. These
findings provide evidence that a decrease in Pr, perhaps
brought about by LTD, is important for proper development
of corticostriatal synapses.

DISCUSSION

The present findings suggest that a decrease in the probability
of glutamate release from presynaptic terminals contributes to
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expected, whereas, if changes in postsynaptic response to transmitter
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expected. Depol, depolarization.

expression of LTD at corticostriatal synapses in young animals.
Other forms of LTD described to date have not been shown to
involve changes in PPF ratio, a reliable indicator of changes in
Pr. For example, LTD at the Schaffer collateral-CA1 synapses
in hippocampus of neonatal rats appears to involve postsyn-
aptic induction and presynaptic expression (13); however, it
has not been established whether this form of LTD involves a
change in PPF ratio. Both pre- and postsynaptic expression
mechanisms have been suggested to be involved in hippocam-
pal LTD at CA3—-CA1 synapses in young rats (5, 14). However,
this form of LTD is not accompanied by any changes in PPF
ratio, despite the fact that changes in CV have been detected
during LTD. These observations suggest that the expression
mechanism for this form of LTD is different from that of
striatal LTD (15, 42). Cerebellar LTD results from a decrease
in the postsynaptic response of Purkinje neurons to glutamate,
although induction of this form of LTD involves mechanisms
similar to those implicated in striatal LTD (2). To date, the
only forms of central nervous system long-term synaptic
plasticity shown to be accompanied by changes in PPF are LTP
phenomena at the mossy fiber synapses and cerebellar parallel
fiber synapses (3, 43). However, mechanisms underlying in-
duction of these forms of LTP appear to take place at
presynaptic sites in contrast to the postsynaptic site of striatal
LTD induction. Striatal LTD thus appears to be a unique form
of synaptic plasticity that is induced postsynaptically and is
maintained by a decrease in Pr.

An alternative mechanism for this novel form of LTD
expression would be a preferential loss of responsiveness at
synapses with high Pr, leading to a bias toward activation of low
Pr synapses. Such a change could occur by postsynaptic
“silencing” of high Pr synapses. However, changes in the
number of apparently silent synapses associated with Schaffer
collateral-CA1 LTP (3, 12) are accompanied by changes in
CV, but not changes in PPF (41). This finding suggests that
changes in the number of silent synapses do not differentially
affect synapses exhibiting different baseline Pr values, at least
in the CA1 region of hippocampus. At present it is not clear
to what extent changes in the number of silent synapses
account for LTP expression. Postsynaptic silencing of high Pr
synapses during striatal LTD is still a viable alternative to a
decrease in Pr. Further studies will be needed to determine
whether any postsynaptic changes contribute to striatal LTD.
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F1G. 6. A developmental increase in basal PPF ratio is associated
with a decrease in the susceptibility to striatal LTD. (4) Basal PPF
ratio plotted as a function of age (n = 171 cells). PPF ratio measured
in P10-P15 group (n = 68) and P23-P27 group (n = 42) averaged
0.97 = 0.02 and 1.29 = 0.03, respectively (unpaired ¢ test, P < 0.0001).
There was no significant difference between the two age groups in
average peak EPSC amplitude of the first pulse of the paired re-
sponses. The range of stimulus intensity used to evoke the response
and series resistance of whole-cell patch-clamp recordings did not
differ across age. (B) Summary of bar graph comparing changes
induced by LTD induction in average peak EPSC amplitudes, PPF
ratio, and CV values in P10-P19 group (n = 11) and P23-P27 group
(n = 13). The difference in the magnitude of LTD and the increase in
PPF after LTD induction between the two age groups was statistically
significant (two-tailed, unpaired ¢ test; *, P < 0.005; =*x*, P < 0.05).
There was no significant difference in the increase in CV after LTD
induction between the two groups. PPF ratio and CV value after LTD
induction in the P23-P27 group were 119.3 = 3.8% and 139.9 = 15.9%
of control, respectively (P < 0.0005 and P < 0.05, respectively). Note
that we failed to induce LTD in 4 out of 17 slices in the P23-P27 group
and only the values from the 13 slices showing LTD are included in the
graph. Basal PPF ratio in the neurons from the P10-P19 and P23-P27
groups in which LTD was examined averaged 1.017 = 0.054 and
1.255 = 0.056, respectively (two-tailed, unpaired test, P < 0.01).

The findings reported at present suggest a scenario for LTD
induction and maintained expression that involves (i) repeti-
tive transmission leading to depolarization of the postsynaptic
striatal neuron and to the activation of dopamine and metabo-
tropic glutamate receptors, (ii) activation of voltage-gated
L-type calcium channels and increased intracellular calcium in
the postsynaptic neuron, and (iii) coordination of these initi-
ation events with presynaptic mechanisms leading to decreased
glutamate release at some or all of the synapses experiencing
high frequency activation. The molecular basis for this sup-
pression of release probability has not been established, but
could involve a retrograde messenger, as has been suggested to
be the case for hippocampal LTP and LTD as well as LTD at
the neuromuscular junction (9-11, 13, 44, 45).

Striatal LTD can be induced by high frequency afferent
activation in vivo (28), and patterns of neuronal activity needed
to induce striatal LTD occur in both cortical and striatal
neurons in vivo. For example, Cowan and Wilson (46) have
recently shown that identified corticostriatal neurons can fire
action potentials at frequencies that sometimes reach values
near 100 Hz for seconds. Also, a “depolarized state” in striatal
neurons has been observed in vivo and is thought to be
determined primarily by the pattern of coordinated excitatory
inputs impinging on the striatal neuron (47). During this
depolarized state, striatal neurons show a tonic firing pattern
that could provide sufficient depolarization for the activation
of L-type calcium channels. In fact, activation of L-type
channels by moderate postsynaptic depolarization has been
observed in striatal neurons (48). Thus, high frequency acti-
vation of certain populations of cortical afferents along with
postsynaptic depolarization driven by coordinated inputs is
likely to happen in vivo, leading to a long-term decrease in
transmitter release. Interestingly, previous studies suggest that
the induction of striatal LTD involves dopamine release and
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activation of D1 and D2 dopamine receptors (29). Activation
of D1 dopamine receptors potentiates L-type channel currents,
suggesting a possible role for D1 receptors in LTD induction
(49). The combination of the dopaminergic activation and an
up-state transition in response to cortical input may set the
stage for striatal LTD in vivo.

Little is known about the physiological significance of LTD in
vivo. Here we provide evidence that a decrease in Pr is associated
with postnatal development of corticostriatal synapses and stri-
atal LTD. Furthermore, susceptibility to LTD decreases concom-
itantly with the developmental decrease in Pr, consistent with the
involvement of striatal LTD in postnatal development of corti-
costriatal synapses. Although developmental down-regulation of
the components that are necessary for LTD induction and/or
expression may be responsible for the decrease in the suscepti-
bility to LTD, it is more likely that striatal LTD is occluded by the
mechanism underlying postnatal development of corticostriatal
synapses because PPF increases are a common feature of both
development and LTD.

It is also important to note that the developmental increase
in PPF occurs over a time course during which the depolarized
state in striatal neurons first appears (50). Furthermore,
bursting activity of cortical neurons also begins to appear
during this developmental stage (51). Thus, the appearance of
both pre- and postsynaptic activities that can trigger striatal
LTD in vivo coincides closely with the developmental increase
in PPF. PPF at corticostriatal synapses appears to be important
for striatal physiology in adult rats. Corticostriatal synapses,
but not thalamostriatal synapses, are responsible for PPF at
striatal synapses in adult rats (52). Decreased PPF at cortico-
striatal synapses is associated with the aging process, which
may contribute to motor deficits (53). Our findings are most
consistent with the idea that a decrease in Pr induced by
striatal LTD or a mechanistically similar process is involved in
postnatal development of corticostriatal synapses. However,
striatal LTD can occur in adult animals (27). Thus, LTD may
also play a role in integrative functions such as learning,
memory, and alterations of motor function in adult animals.
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