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Substance P Mediates Excitatory Interactions between
Striatal Projection Neurons
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The striatum is the largest nucleus of the basal ganglia, and is crucially involved in motor control. Striatal projection cells are medium-size
spiny neurons (MSNs) and form functional GABAergic synapses with other MSNs through their axon collaterals. A subpopulation of
MSNs also release substance P (SP), but its role in MSN–MSN communication is unknown. We studied this issue in rat brain slices, in the
presence of antagonists for GABA, acetylcholine, dopamine, and opioid receptors; under these conditions, whole-cell paired recordings
from MSNs (located �100 �m apart) revealed that, in 31/137 (23%) pairs, a burst of five spikes in a MSN caused significant facilitation
(14.2 � 8.9%) of evoked glutamatergic responses in the other MSN. Reciprocal facilitation of glutamatergic responses was present in 4 of
these pairs. These facilitatory effects were maximal when spikes preceded glutamatergic responses by 100 ms, and were completely
blocked by the NK1 receptor antagonist L-732,138. Furthermore, in 31/57 (54%) MSNs, a burst of 5 antidromic stimuli delivered to MSN
axons in the globus pallidus significantly potentiated glutamatergic responses evoked 250 or 500 ms later by stimulation of the corpus
callosum. These effects were larger at 250 than 500 ms intervals, were completely blocked by L-732,138, and facilitated spike generation.
These data demonstrate that MSNs facilitate glutamatergic inputs to neighboring MSNs through spike-released SP acting on NK1
receptors. The current view that MSNs form inhibitory networks characterized by competitive dynamics will have to be updated to
incorporate the fact that groups of MSNs interact in an excitatory manner.

Introduction
The striatum is the main recipient of cortical and thalamic glutama-
tergic afferents in the basal ganglia, and plays an essential role in
motor control (Alexander and Crutcher, 1990; Graybiel et al., 1994;
Albin et al., 1995). Striatal neural circuits process this massively con-
vergent excitatory input to generate the striatal inhibitory output,
which in turn controls the activity of the basal ganglia output nuclei.
Understanding this input–output transformation is one of the cen-
tral goals in basal ganglia research (Kincaid et al., 1998; Bar-Gad et
al., 2003; Gurney et al., 2004; Redgrave and Gurney, 2006). A prom-
inent anatomical feature of the striatum is the dense local network
formed by the axon collaterals of its projection neurons (Wilson and
Groves, 1980; Somogyi et al., 1981; Yung et al., 1996) that constitute
up to 95% of the striatal neuronal population (Graveland and Di-
Figlia, 1985). These cells are medium-sized spiny neurons (MSNs)
and release GABA (Bolam et al., 2000; Tepper et al., 2004). Their
axon collaterals form synapses with other MSNs (Wilson and
Groves, 1980; Bolam and Izzo, 1988). Paired recording experiments
have shown that GABAergic synapses between neighboring MSNs
are functional, and are found (at least in one direction) in 20–29% of
MSN pairs (Tunstall et al., 2002; Koos et al., 2004; Shindou et al.,
2008). GABAergic inhibition between MSNs has been proposed to

underlie recognition and classification of cortical patterns (Beiser
and Houk, 1998; Bar-Gad et al., 2003; Wickens et al., 2007).

MSNs belong to two subpopulations: those projecting directly
to the basal ganglia output nuclei express substance P (SP),
dynorphin, and D1 dopamine receptors, whereas those project-
ing indirectly to the output nuclei express enkephalin and D2

dopamine receptors (Gerfen, 1992; Wang et al., 2006; Gertler et
al., 2008). Beside GABA, SP is a potential mediator of synaptic
communication between MSNs; in fact, SP-containing terminals
form synapses with spines, dendrites, and cell bodies of MSNs
belonging to both subpopulations (Bolam and Izzo, 1988; Yung
et al., 1996). Immunohistological studies have shown that pre-
synaptic NK1 receptors (for which SP is the main endogenous
ligand; Almeida et al., 2004; Baranauskas et al., 1995) are present
on glutamatergic terminals in the striatum (Jakab and Goldman-
Rakic, 1996). Consistent with these anatomical findings, we have
recently reported that exogenous SP strongly facilitates evoked
glutamatergic responses of MSNs, and that this effect is mediated
by presynaptic NK1 and NK3 receptors (Blomeley and Bracci,
2008). These findings raised the possibility that endogenous SP
released by MSNs may facilitate the glutamatergic responses of
other neighboring MSNs, thus giving rise to excitatory interac-
tions. In the present study we tested this hypothesis using a paired
recording protocol we recently developed to study presynaptic
interactions (Pakhotin and Bracci, 2007), as well as antidromic
activation of MSN axons triggered by stimulation delivered in the
globus pallidus (GP) (Guzmán et al., 2003).

Materials and Methods
Slice preparation. Wistar rats (14 –24 d postnatal, both sexes) were killed
by cervical dislocation in accordance with the UK Animals Act 1986;
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coronal or parasagittal brain slices (250 –300 �m thick) were cut using a
vibroslicer (Camden Instruments) and maintained at 25°C in oxygen-
ated artificial CSF (ACSF) (in mM: 126 NaCl, 2.5 KCl, 1.3 MgCl2, 1.2
NaH2PO4, 2.4 CaCl2, 10 glucose, and 18 NaHCO3). For recordings, slices
were submerged, superfused (2–3 ml/min) at 25°C, and visualized with a
10� and 40� water-immersion objectives (Olympus Optical) using
standard infrared and differential interference contrast microscopy.

Whole-cell recordings. Whole-cell recordings from single MSNs, or
from pairs of MSNs, were performed with 1.5 mm external diameter
borosilicate pipettes, filled with intracellular solution (in mM: 125
K-gluconate, 15 KCl, 0.04 EGTA, 12 HEPES, 2 MgCl2, 4 Na2ATP, and 0.4
Na2GTP, adjusted to pH 7.3 with KOH). With this solution, pipette
resistance was 3– 4 M�. Recordings in current-clamp mode were per-
formed with two different bridge amplifiers (AxoClamp 2B, Molecular
Devices; and BA-1S, NPI). Recordings in voltage-clamp mode were made
using the AxoClamp 2B in continuous single-electrode mode with un-
compensated series resistance. Data were acquired at 10 kHz using Signal
software and a micro1401 data acquisition unit (Cambridge Electronic
Design). Input resistance was monitored under current-clamp condi-
tions with small negative current injections (500 ms to 1 s; 15–20 pA).

In paired recording experiments, the distance between two MSNs was
measured as the minimal distance between the somata of the cells as
visible with the optics used. This is less than the distance between the
centers of the cells, which was not unequivocally defined under the
present conditions. Input resistance in current-clamp experiments was
measured with small current injections at resting membrane potential. In
the presence of a treatment that caused depolarizations, resistance was
measured while the cells were briefly repolarized to control level.

Drugs. Drugs were bath-applied through the superfusion system.
NBQX and AP-5 were obtained from Sigma-Aldrich and atropine sul-
fate, naloxone hydrochloride, S-(�)-sulpiride, SCH 23390 hydrochlo-
ride, CGP 52432, bicuculline, L-732,138, and tubocurarine chloride from
Tocris.

Evoked synaptic responses. Glutamatergic responses were recorded in
current-clamp mode as EPSPs or in voltage-clamp as EPSCs. These re-
sponses were evoked with a monopolar stimulating electrode, consisting
of a patch micropipette filled with ACSF, placed either in the corpus
callosum (CC), between the cortex and the striatum, or in the striatum
just below (�50 �m) the white matter, both in coronal and sagittal slices;
in both cases, this procedure aimed at activating preferentially corticos-
triatal fibers. The resistance of the micropipettes used for stimulation was
0.3–1 M�. Stimulation amplitude was 10 –100 V, and its duration was
0.01– 0.1 ms. All the experiments were performed in the continuous
presence of antagonists of the following receptors: GABAA (bicuculline,
10 �M); GABAB (CGP 52432, 2 �M); opioid (naloxone hydrochloride, 10
�M); dopamine D1 (SCH 23390 hydrochloride, 10 �M); dopamine D2

[S-(�)-sulpiride, 3 �M], muscarinic (atropine sulfate, 25 �M), and nic-
otinic (tubocurarine chloride, 10 �M). Under these conditions, evoked
responses, recorded under either current-clamp or voltage-clamp condi-
tions, were completely abolished by coapplication of the ionotropic glu-
tamate receptor antagonists 2,3-dihydroxy-6-nitro-7-sulfonyl benzo-
[f]quinoxaline (NBQX) (10 �M) and AP-5 (10 �M) (n � 20). A single
electrical stimulus was applied every 10 s. This interval was chosen be-
cause, after the first 10 stimuli, the EPSC amplitude did not display a
statistically significant trend of variation as a function of time (ANOVA
regression analysis always yielded significance levels �0.05). On the
other hand, the first 3–10 responses were often significantly larger than
the following ones. Therefore the first 10 responses were always discarded
from analysis. Antidromic stimulation of MSN axons was achieved in
sagittal slices using a second stimulating electrode (similar to the one
used to stimulate corticostriatal fibers) placed in the GP, as illustrated in
Figure 5A. GP stimulation also elicited glutamatergic responses in MSNs;
In some experiments, we tried to reduce the duration of these responses,
which was defined as the time elapsed after the last GP stimulus before
the evoked EPSP subsided to 10% of its peak value.

Spike-evoked response sequences. Paired recordings were performed to
investigate whether action potentials in a MSN could affect the glutama-
tergic responses of another MSN located nearby. The two simultaneously
recorded MSNs were arbitrarily named MSN1 and MSN2. Spikes were

elicited in MSNs under current-clamp conditions by using short (3 ms)
but relatively large (1.0 –1.5 nA) current injections, separated by 10 ms
intervals. This procedure allowed us to trigger bursts of spikes repeti-
tively (at 77 Hz) with high temporal precision. An example of this pro-
cedure is shown in Figure 1C.

In these experiments, a single glutamatergic response was evoked every
10 s by stimulating the corticostriatal fibers. Each cortical stimulus was
sequentially preceded by (1) no spikes in MSN1 or MSN2 (control); (2) a
burst of spikes in MSN1; and (3) a burst of spikes in MSN2. This three-
step sequence is illustrated in Figure 1 D and was repeated, without in-
terruptions, 60 –150 times for each pharmacological condition in each
experiment. Data for each condition (1, 2, or 3) and each pharmacolog-
ical condition were grouped after the experiments for averaging and
statistical analysis. The continuous repetition of the three protocols en-
sured that any slow change over time in the recording conditions would
affect each condition equally. However, we continuously monitored the
quality of the MSN recordings, and only the experiments in which the
membrane potential and the input resistance of both cells did not change
by �5% during the whole experiment were accepted for analysis. The
interval between the spikes in one MSN and the glutamatergic response
of the other cell was measured from the start of the current injection that
elicited the first spike of a burst to the artifact of the electrical stimulation.

Statistical analysis. Values are expressed as mean � SD, and statistical
comparisons between two groups were made using Mann–Whitney test
for unpaired data. We chose this nonparametric test as no assumption is
needed about normality of data distribution. Statistical comparison of
three groups of data was performed with Kruskal–Wallis test. Statistical
comparison of the frequency of action potential generation in the ab-
sence or presence of preceding antidromic MSN stimulation was per-
formed with McNemar’s test for paired data. For this purpose, each
stimulation trial without preceding antidromic MSN stimulation was
paired with the subsequent one (that was preceded by antidromic
stimulation).

Two populations of data points were considered to be significantly
different if p � 0.05. Statistical tests and cumulative frequency plots were
implemented with MATLAB software (The MathWorks).

Results
Current- and voltage-clamp whole-cell recordings were obtained
from 348 MSNs, identified by their distinctive electrophysiolog-
ical properties (Kita et al., 1984; Nisenbaum and Wilson, 1995;
Bracci et al., 2004). These properties included resting membrane
potentials more negative than �75 mV; strong inward rectifica-
tion giving rise to asymmetric responses to negative and positive
current injections of the same magnitude; slow depolarizing
ramps during subthreshold depolarizations; and delayed appear-
ance of action potentials during suprathreshold depolarizing
steps. The average resting membrane potential was �76 � 7 mV.
The average input resistance was 214 � 75 M�. Typical MSN
responses are illustrated in Figure 1B.

To investigate the effects of synaptically released SP on gluta-
matergic input to MSNs, we performed paired recordings from
MSNs located �100 �m apart in coronal brain slices. All re-
corded cells were �500 �m from the stimulating electrode. The
typical positioning of the recording and stimulating electrodes is
shown in Figure 1A. The protocol used to study interactions
between MSNs is described in the Materials and Methods, and
illustrated in Figure 1C. Bursts of precisely timed action poten-
tials were elicited (at 77 Hz) in each of the two recorded MSNs
with brief current injections, as described in the Materials and
Methods and illustrated in Figure 1D; in the experiment of Figure
1D, a burst of five spikes was elicited in a MSN every 10 s. Super-
imposition of 150 consecutive trials shows that the temporal scat-
tering of individual spike peaks was �1 ms. To isolate pharma-
cologically the evoked glutamatergic responses, and to limit the
activation of other types of presynaptic receptors, all the experi-
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ments were performed in the presence of GABAA, GABAB, opi-
oid, dopamine (D1 and D2), nicotinic, and muscarinic receptor
antagonists (see Materials and Methods for details). It should be
noted that direct GABAergic connections between MSNs (Tun-
stall et al., 2002; Tepper et al., 2008) were pharmacologically
blocked throughout these experiments.

Effects of MSN action potentials on MSN
membrane properties
In a previous study, we showed that exogenous SP can directly
depolarize MSNs by activating an inward rectifying chloride cur-

rent (Blomeley and Bracci, 2008). We
therefore investigated if spikes in a MSN
could evoke depolarizing postsynaptic re-
sponses in a neighboring MSN. However,
despite recording from 137 pairs under
current-clamp conditions, we did not ob-
serve any postsynaptic effect in MSNs that
were time locked to the spikes of a neigh-
boring MSN. Examples of this lack of di-
rect effects can be seen in the experiments
illustrated in Figures 2A, 3A, and 4A. We
also failed to observe slower depolarizing
effects that could have resulted from repet-
itive burst firing in MSNs. We conclude
that direct SP-mediated synaptic commu-
nication between MSNs was not signifi-
cant under these conditions.

Effects of MSN action potentials on
MSN glutamatergic responses
In these 137 MSN pairs, we used the protocol
illustrated in Figure 1C to test whether spikes
in one MSN affected the glutamatergic re-
sponses of the other MSN. Preliminary ex-
periments showed that bursts of five spikes,
with the first spike preceding the stimulation
of afferent fibers by 100 ms, were particularly
effective in facilitating glutamatergic re-
sponses. Therefore, we used this temporal
sequence to test for the presence of interac-
tions in MSN–MSN pairs. With this proto-
col, we found significant facilitation of gluta-
matergic responses at least in one direction
(i.e., a burst of spikes in one MSN signifi-
cantly increased the amplitude of the evoked
EPSPs in the other MSN) in 31/137 pairs
(23%). In 4 of these 31 pairs, the interactions
were bidirectional, i.e., spikes in each MSN
caused significant facilitation of evoked EP-
SPs in the other MSN. A representative ex-
ample of these bidirectional interactions is
shown in Figure 2, where each trace in A and
B is the average of 100 consecutive traces.
The cumulative distributions of the evoked
EPSP amplitude for each MSNs, in the ab-
sence or presence of spikes in the other MSN,
are shown in Figure 2C; the presence of a
burst of spikes in MSN1 caused a rightward
shift of the distribution of MSN2 responses
(with respect to the control one, in which no
spikes were present), and vice versa.

In the remaining 106/137 pairs, the
presence of preceding spikes in either MSNs did not significantly
affect the evoked responses of the other MSN; spike-induced
inhibition of the glutamatergic responses was never observed un-
der the pharmacological conditions of this study. The overall
distribution of the effects of a burst of spikes in a MSN on the
responses of the other MSN is illustrated by the histogram of
Figure 2D. The white part of each column indicates cases in
which no significant effects were found, while the black part in-
dicates cases in which significant facilitation was present. In the
cases in which significant facilitation was found, the spike-
induced increase in EPSP amplitude was on average 14.2 � 8.9%.

Figure 1. Experimental configuration for paired recording experiments. A, Typical positioning of the electrodes used for
whole-cell paired recordings from MSNs (located �100 �m apart), and of the stimulating electrode (gray area) used to activate
corticostriatal fibers end evoke glutamatergic responses in MSNs in coronal brain slices. B, Typical responses of MSNs to positive
and negative current injections (�200 pA). The positive injection was just large enough to elicit one spike. Note the depolarizing
ramp causing delayed firing, and the smaller extent of responses to negative steps, indicative of inward rectification. C, Graphical
illustration of the protocol used to investigate the effects of spikes in each MSN on the glutamatergic responses of the other MSN.
For sake of clarity, time is not represented to scale, as the intervals between single stimuli to corticostriatal fibers (10 s) have been
compressed with respect to the duration of the bursts of spikes and the interval between such bursts and the stimulation of the
corticostriatal fibers. D, Bursts of precisely timed action potentials were evoked in MSNs using 3 ms current injections separated by
10 ms intervals; this protocol was repeated every 10 s. In this experiment, 150 bursts (each comprising 5 spikes) were evoked.
Superimposition of 150 consecutive traces (middle) shows that there was little scattering (�1 ms) in the action potential peak
time; the average of the 150 traces is shown on the right.
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The distribution of these effects is enlarged
in the histogram of Figure 2E.

Of the 137 MSNs pairs, in which mod-
ulation of glutamatergic responses was
studied, 74 were recorded in slices from
animals aged P21-P24; in these 74 experi-
ments, significant facilitation (12.5 �
3.7%) of glutamatergic input was found in
14 cases (19%). This percentage is similar
to the one observed in the whole popula-
tion, showing that, within the age range
tested, these effects were not prevalent in
preweaning animals.

To test whether spike-induced facili-
tation of glutamatergic responses was
due to SP release, we bath-applied the
NK1 receptor antagonist L-732,138 in 11
paired recording experiments in which
significant effects had been observed in
control solution. As previously reported
(Blomeley and Bracci, 2008), in 18 of
these 22 MSNs application of L-732,138
per se caused a significant ( p � 0.01)
decrease in the amplitude of control glu-
tamatergic responses (i.e., not preceded
by spikes in the other MSN). Further-
more, in all 11 pairs L-732,138 fully
blocked the ability of MSN spikes to af-
fect the glutamatergic responses in the
other MSN; an example of these effects is
shown Figure 3. We concluded that the
facilitatory effects of MSN spikes on glu-
tamatergic responses were entirely me-
diated by NK1 receptors.

We then investigated how these facili-
tatory effects depended on the interval
between the spikes and the evoked gluta-
matergic response. In these experiments
the protocol was similar to that illus-
trated in Figure 1C, but the interval be-
tween the first spike of a burst and the
stimulation of afferent fibers was se-
quentially set to 50, 100, and 200 ms in
each MSN. In five cases in which signif-
icant effects were observed for 100 ms
intervals, no significant effects were ob-
served for 50 ms intervals; when the in-
terval was 200 ms, significant facilitation
was still present (although it was signif-
icantly smaller than for 100 ms interval;
p � 0.05) in 2/5 pairs, while no facilita-
tion was present in the other 3 pairs. A
representative example of these experi-
ments is shown in Figure 4 A. In this case,
spikes in MSN2 significantly increased
the amplitude of the evoked EPSP in
MSN1 at 100 ms, but no significant effects were observed at 50
or 200 ms. The plot of Figure 4 B shows the average results
obtained in each of the five experiments. Overall average re-
sults are shown in Figure 4C. These data showed that the
effects of MSN spikes depended quite steeply on the interval
from the EPSP, with maximal facilitatory effects occurring 100
ms after the first spike of a burst.

Effects of MSN antidromic stimulation on MSN
glutamatergic responses
The paired recording experiments provided useful information
on the effects of spikes in a single MSN on the glutamatergic
responses of another MSN. Using parasagittal brain slices, it is
possible to evoke antidromic spikes in a population of MSNs.
Stimulations delivered in the GP are expected to trigger anti-

Figure 2. Action potentials in MSNs facilitate glutamatergic responses of neighboring MSNs. A, Average responses of two
simultaneously recorded MSNs to stimulation of corticostriatal fibers in the absence of preceding spikes (left); in the presence of a
preceding burst of five spikes in MSN1 (middle); and in the presence of a preceding burst of five spikes in MSN2 (right). The first
spike of a burst in MSN1 or MSN2 preceded the stimulation of corticostriatal fibers by 100 ms. These three protocols were applied
sequentially at 10 s intervals (each protocol was applied 100 times in this experiment). B, Enlargement of average glutamatergic
responses in MSN1 and MSN2 (same experiments as in A) in the absence (black trace) or the presence (gray trace) of preceding
spikes in the other MSN. In this experiment, spikes in each MSN significantly ( p � 0.001) facilitated the responses of the
neighboring MSN. C, Cumulative distribution of EPSP amplitude in the same MSNs of A and B, in the absence (black line) or
presence (gray line) of preceding action potentials in the other MSN. In both cases, a rightward shift of the distribution in the
presence of spikes in the other cell is clearly visible. D, Overall distribution of the effects of a burst of five spikes in a neighboring
MSN on the amplitude of glutamatergic responses evoked by stimulation of corticostriatal fibers. Data are from 137 paired
recording experiments (for each of which effects in both directions were considered). The white part of each column represents
cases in which no significant effects of the spikes were observed; the black part represents cases in which significant ( p � 0.05)
facilitation was present; note that significant inhibition of evoked responses was never observed under the conditions of this
study. E, An enlargement of the distribution of the effects for the cases in which significant facilitation was present.
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dromic spikes in a large population of MSNs, as the axons of both
striatonigral and striatopallidal neurons pass through, or termi-
nate in, this region. This technique has been recently introduced
and successfully used to study the effects of synchronous firing of
MSNs (Guzmán et al., 2003; Tecuapetla et al., 2005). We used a
similar experimental configuration to explore whether spikes in a
population of MSNs could affect the evoked glutamatergic re-
sponses of a MSN to a larger extent, and for a longer period than
those of a single MSN. In these experiments, a MSN was recorded
in whole-cell configuration, while the axons of MSNs were stim-
ulated antidromically in the GP. A second stimulating electrode
was placed in the white matter of the corpus callosum (CC) be-
tween the cortex and the striatum, or in the adjacent striatal area,
and was used to activate preferentially corticostriatal fibers. The
position of the two stimulating electrodes in these experiments is
illustrated in Figure 5A. All recorded MSNs were �500 �m from
either stimulating electrode. These experiments were performed
in the presence of the same receptor antagonists used for the
paired recording experiments. The intensity of the GP stimula-
tion was adjusted to 60 –70% of the minimum intensity eliciting
antidromic spikes in the recorded MSN; this was chosen as a
trade-off between the need to activate a large number of MSNs,
and that to avoid antidromic spikes in the recorded MSN (which
would have complicated the interpretation of the results), and to
limit the extent of the glutamatergic responses which were
evoked by GP stimulation; these responses were presumably due
to antidromic activation of corticostriatal fibers directed toward
the brainstem (Wilson, 1987; Jaeger et al., 1994), and ortho-
dromic and/or antidromic activation of thalamostriatal fibers
(Wilson et al., 1983). Examples of GP-evoked responses can be
seen in Figures 5C, 6A, and 7A. GP-evoked glutamatergic re-
sponses were not of interest in the present study, but it was not
possible to abolish them, as the functional integrity of ionotropic
glutamate receptors was vital for these experiments. The rela-
tively long duration of such GP-evoked responses limited our
ability to investigate the effects of GP stimuli on corticostriatal
response evoked at intervals as short as those used in paired re-

cordings. Nevertheless, we found that that
GP stimulation could strongly facilitate
CC-evoked responses of MSNs for inter-
vals as long as 500 ms. A protocol similar to
that used for paired recordings was imple-
mented; 100 – 600 single glutamatergic re-
sponses were evoked by CC stimulation
every 10 s. Every other time, CC stimula-
tion was preceded by a burst of five GP
stimuli (at 100 Hz). The CC-evoked re-
sponses with or without preceding GP
stimulation, were then grouped for statis-
tical analysis. Using a 500 ms interval (de-
fined as the temporal distance between the
first GP stimulus and the CC stimulus),
significant facilitatory effects of preceding
GP stimulation on CC-evoked responses
were found in 18/41 (44%) MSNs. In these
cells, average facilitation was 22 � 9%. Sta-
tistical tests performed on the EPSP re-
sponses with or without preceding GP
stimulation, yielded p � 0.05 in 6, and p �
0.001 in the remaining 12 cases. An exam-
ple of the facilitation of CC-evoked re-
sponses caused by preceding GP stimula-
tion is shown in Figure 5C (top traces). In

the remaining 23 MSNs, GP stimulation did not cause significant
changes in the amplitude of corticostriatal responses. Of these 41
experiments, 19 were performed in slices from animals aged P21-
P24; in this subgroup, significant facilitation (17 � 4%) of CC-
evoked responses was found in 11/19 cases (58%). Thus, the fa-
cilitatory effects of GP stimulation were found with similar
frequency in MSNs of preweaning and postweaning animals in
the age range tested.

In 11 experiments in which significant facilitation was ob-
served, we subsequently applied L-732,138. In all cases, this an-
tagonist fully blocked the effects of GP stimulation on CC-evoked
responses, as shown in the example of Figure 5C (bottom traces).
Similar to what observed in paired recording experiments,
L-732,138 also produced a significant ( p � 0.001) decrease in
basal (i.e., not preceded by spikes) CC-evoked responses ampli-
tude in all cases tested. Figure 5D shows the cumulative distribu-
tion of cortically evoked EPSP amplitudes for the experiments of
Figure 5C, before (left) and after (right) application of L-732,138.
In the absence of L-732,138, preceding GP stimulation caused a
clear rightward shift in the distribution, while this is not the case
in the presence of the antagonist. We concluded that, as in the
case of the facilitation caused by action potentials in a single
MSN, facilitation of glutamatergic responses caused by preceding
GP stimulation was due to activation of NK1 receptors.

In another series of experiments, we compared the effects of
five GP stimuli (at 100 Hz), with those of a single GP stimulus.
This was accomplished by delivering a single CC stimulus every
10 s, preceded sequentially by (1) no GP stimulation; (2) a single
GP stimulus (500 ms interval); and (3) five GP stimuli (500 ms
interval). In 6 experiments in which a burst of five GP stimuli
(preceding CC stimulation by 500 ms) caused significant ( p �
0.001) facilitation of CC-evoked responses in MSNs, we found
that the facilitatory effects of a single GP stimulus were either
absent (in 3/6 cases), or still present ( p � 0.05), but significantly
( p � 0.05) smaller than that caused by 5 stimuli. An example of
these experiments is shown in Figure 6A, while the average effects
for these 6 experiments are shown in Figure 6B. We concluded

Figure 3. The facilitatory effects of MSN spikes on glutamatergic responses are mediated by NK1 receptors. In this represen-
tative example, 5 spikes in MSN2 significantly ( p � 0.05) increased EPSP amplitude in MSN1. Traces are averages of 100
consecutive presentations for each protocol. Superimposed traces on the right show the average evoked EPSP in MSN1 with (gray)
and without (black) preceding spikes in MSN2 for each pharmacological condition. Subsequent bath application of the NK1
receptor antagonist L-732,138 (5 �M) fully blocked the ability of MSN2 spikes to facilitate MSN1 evoked glutamatergic responses.
L-732,138 also significantly decreased the amplitude of basal evoked glutamatergic responses.
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that a burst of five antidromic spikes in MSNs was more effective
than a single antidromic spike in facilitating glutamatergic re-
sponses on MSNs

Given the time course of the effects observed with paired re-
cording experiments, it was of interest to investigate the effects of
GP stimulation at shorter intervals from the CC stimulation. As
mentioned above, this possibility was limited by the fact that GP
stimuli evoked relatively slow glutamatergic responses, which
would overlap with CC-evoked ones, complicating the interpre-
tation of the results. Therefore, we tried to reduce the duration of
GP-evoked responses with bath application of the NMDA recep-
tor antagonists APV (10 �M), and MPEP hydrochloride (1 �M)
an antagonist of metabotropic glutamatergic receptor mGluR5,
which is strongly expressed by MSNs (Testa et al., 1995) How-
ever, both APV (n � 5) and APV�MPEP (n � 5) failed to sig-
nificantly affect the duration of GP-evoked responses.

As expected, GP-evoked EPSCs recorded under voltage-
clamp conditions were generally shorter than GP-evoked EPSP
recorded under current clamp conditions. Therefore, voltage-
clamp recordings were used, as these often allowed us to test
intervals as short as 250 ms. In a series of experiments, the effects
of 5 GP stimuli on cortical responses at 250 and 500 ms were

compared. In 8 experiments, single CC stimuli were delivered
every 10 s, and were preceded sequentially by (1) no GP stimula-
tion; (2) GP stimulation at 250 ms interval; and (3) GP stimula-
tion at 500 ms interval. In 6 of these experiments GP stimulation
caused significant ( p � 0.001) facilitation both at 250 and 500 ms
intervals; in the 2 remaining experiments no significant facilita-
tion was observed at either interval. In all cases where there was
facilitation, the effects were significantly ( p � 0.05) larger at 250
ms than at 500 ms. An example of this phenomenon is illustrated
in Figure 7A. The average effects observed in each of these 6
experiments for 250 and 500 ms intervals are shown in the plot of
Figure 7B.

Figure 4. The facilitatory effects of MSN spikes on glutamatergic responses are maximal at
100 ms intervals. A, In this experiment, a burst of 5 spikes in MSN2 significantly ( p � 0.05)
increased EPSP amplitude in MSN1 when the interval between the first spike and the glutama-
tergic response was 100 ms; however, no significant facilitation was present when this interval
was 50 or 200 ms. Traces are averages of 100 consecutive presentations for each protocol.
Superimposed traces on the right show the average evoked EPSP in MSN1 with (gray) and
without (black) preceding spikes in MSN2. B, Effects of a burst of five spikes in a MSN on the
evoked glutamatergic responses of a neighboring MSN, for intervals of 50, 100, and 200 ms.
Data are from five paired recording experiments in which significant facilitatory effects were
observed (in one direction) for intervals of 100 ms. Each point represents the average effect of
the spikes for a given interval; data from the same experiment are connected by lines. In all
cases, no significant facilitation was present at 50 ms intervals. In two of five cases there was still
significant ( p � 0.05) facilitation at 200 ms, although this was always smaller than at 100 ms.
C, Average effects for the five experiments of B. Error bars represent SDs.

Figure 5. Antidromic stimulation of a population of MSNs facilitates evoked corticostriatal
glutamatergic responses of individual MSNs through activation of NK1 receptors. A, Typical
positioning of the patch electrode used for single whole-cell recordings, and of the stimulating
electrodes used to elicit orthodromic activation of corticostriatal fibers and antidromic activa-
tion of MSN axons in sagittal slices. Corticostriatal fibers were preferentially stimulated with an
electrode placed in the CC, between the cortex and the striatum (area 1). MSN axons were
stimulated with an electrode placed in the GP (area 2). B, Simplified diagram illustrating the
neurons and axons activated in these experiments. Antidromic spikes travel from the GP to the
striatum, invading MSN axon collaterals and releasing neurotransmitters, including substance
P, in the striatum. Corticostriatal fibers impinge on the recorded MSN, eliciting glutamatergic
responses. C, In a representative experiment, preceding GP stimulation strongly increased
( p � 0.001) the amplitude of CC-evoked responses in a MSN. Five stimuli were delivered at 100
Hz in the GP, and were followed by a single stimulation in the CC; the interval between the first
GP stimulus and the CC stimulus was 500 ms. This protocol was alternated (every 10 s) with one
in which a single stimulus was delivered in the CC without preceding GP stimuli. Each trace is the
average of 150 consecutive presentations of a certain protocol. Superimposed traces on the
right show the average evoked EPSP with (gray) and without (black) preceding GP stimulation.
Subsequent bath application of L-732,138 fully abolished the effects of GP stimulation on cor-
ticostriatal responses. L-732,138 also caused a significant decrease in the amplitude of control
corticostriatal responses. Traces are the average of 100 consecutive presentations. D, Cumula-
tive distribution of CC-evoked EPSP amplitude for the MSN of C, in the absence (black line) or
presence (gray line) of preceding GP stimulation, before (left) and after (right) application of
L-732,138. In the absence, but not in the presence, of L-732,138, preceding GP stimulation
causes a substantial rightward shift of the cumulative distribution of EPSP amplitude.
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In a different series of experiments, we used a similar protocol
to compare the effects of 500 and 1000 ms intervals. Among the
MSNs tested with this protocol, significant ( p � 0.001) facilita-
tory effects were observed in 7/14 cases at 500 ms intervals (in the
other 7 no effects were present at either 500 or 1000 ms). In 3 of
the 7 cases in which significant effects were present at 500 ms,
significant ( p � 0.05) facilitation was also observed for 1000 ms
intervals, although in all cases this facilitation was significantly
( p � 0.05) smaller than at 500 ms intervals. In the remaining 4
MSNs in which significant effects were present at 500 ms, no
significant facilitation was observed at 1000 ms. These results are
illustrated in Figure 7C.

The overall distribution of the effects of GP stimulation on
cortical responses for 250, 500, and 1000 ms in all MSNs tested
(including those in which no significant effects were observed) is
presented in the histograms of Figure 8A. Longer intervals (2 and
3 s; n � 7 and n � 6, respectively) were also tested in different
experiments, in which significant facilitation was present at 500
ms intervals. However, no significant facilitation was observed in
any of these cases. The average facilitation of CC-evoked re-
sponses as a function of the interval between GP and CC stimu-
lation are plotted in Figure 8B; these data include all experiments
in which significant facilitatory effects were observed for at least
one interval. This plot shows that after GP stimulation there is a
an approximately exponential decay of the facilitatory effects,
which are maximal at the shortest interval tested (250 ms), and
disappear after 1–2 s.

To test whether synaptically released SP actually increased the

probability of action potential generation in MSNs, we per-
formed a series of experiments using higher CC stimulation in-
tensities, so that the evoked EPSPs were large enough to drive the
MSN membrane potential close to spike threshold. We set the CC
stimulation intensity at a level which evoked spikes in 25– 40% of
cases (without preceding GP stimuli). After this, we applied a
protocol similar to that used to test the effects of GP stimulation
on the smaller subthreshold CC-evoked responses: a single CC
stimulus was applied every 10 s; every other CC stimulus was
preceded (by 500 ms) by a burst of 5 GP stimuli at 100 Hz. At least
200 consecutive CC stimuli were delivered in each pharmacolog-
ical condition. The number of spikes elicited in the absence or in
the presence of preceding GP stimuli were then statistically com-
pared using McNemar’s test for paired data. In 7/8 MSNs, the
probability of observing an action potential was strongly and
significantly ( p � 0.05) larger when GP stimuli preceded the CC
stimulation. On average, spikes were elicited by 28 � 6% of CC-
evoked EPSPs not preceded by GP stimuli, and by 58 � 5% of
CC-evoked EPSPs preceded by GP stimuli. L-732,138 was subse-

Figure 6. Five GP stimuli are more effective than one at facilitating CC-evoked responses. A,
In this representative experiment, a single CC stimulus (delivered every 10 s) was sequentially
preceded by (1) no GP stimulation; (2) one GP stimulus (preceding CC stimulation by 500 ms);
and (3) five GP stimuli (also preceding CC stimulation by 500 ms). Traces are averages of 90
consecutive presentations of each protocol. Average CC-evoked responses for the three condi-
tions are enlarged and superimposed on the right. While both one and five preceding GP stimuli
significantly facilitate CC-evoked responses, facilitation is significantly larger with five preced-
ing stimuli than with a single one. B, Similar results were found in each of six different experi-
ments. For each experiment, data points representing average facilitation of CC-evoked re-
sponses in the presence of one or five preceding GP stimuli are connected by a line.

Figure 7. Facilitation of corticostriatal responses induced by GP stimulation is larger at 250
ms than at 500 ms intervals. A, In this representative voltage-clamp experiments (Vholding �
�80 mV), a single CC stimulus was delivered every 10 s. These stimuli were sequentially pre-
ceded by (1) no GP stimulation; (2) five GP stimuli preceding CC stimulation by 500 ms; and (3)
five GP stimuli preceding CC stimulation by 250 ms. Traces are averages of 120 consecutive
repetitions for each protocol. Average synaptic currents evoked by CC stimulation for each of
these three conditions are enlarged and superimposed on the right. While at both intervals GP
stimuli significantly ( p � 0.001) facilitated CC-evoked responses, facilitation was significantly
( p � 0.05) larger when the GP stimuli preceded CC stimulation by 250 ms than by 500 ms. B,
Similar results were found in six different experiments. For each experiment, data points rep-
resenting average facilitation of CC-evoked responses in the presence of GP stimuli preceding CC
stimulation by 250 and 500 ms are connected by a line. C, In a different series of experiments, a
similar protocol was used to compare the effects of GP stimuli preceding CC stimulation by 500
and 1000 ms. In each of the seven cases represented in the plot, significant ( p � 0.01) facili-
tation was observed at 500 ms intervals. In three of these cases no facilitation was present at
1000 ms intervals; in the remaining four cases, there was significant ( p � 0.05) facilitation of
CC-evoked responses at 1000 ms intervals, but this was always significantly ( p � 0.05) smaller
than at 500 ms intervals.
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quently applied in each of these experiments; since L-732,138 per
se caused a decrease in the amplitude of evoked glutamatergic
responses (Blomeley and Bracci, 2008), the CC stimulation in-
tensity was slightly increased so that CC-evoked responses elic-
ited spikes in 25–35% of cases. Under these conditions, the ability
of preceding GP stimuli to increase spike generation probability
was completely abolished, and the numbers of spikes evoked with
or without preceding GP stimuli were not significantly different.
A representative example of these experiments is illustrated in
Figure 9. We concluded that the facilitatory effects of synaptically
released SP increased the probability of MSN spike generation,
and were therefore functionally excitatory.

Discussion
This is the first demonstration that striatal projection neurons
interact in an excitatory manner; we showed that action poten-
tials in MSNs can facilitate glutamatergic responses and increase
the probability of action potential generation in neighboring
MSNs with a rapid time course, and that these effects are entirely
mediated by NK1 receptors. These results are particularly signif-
icant as MSNs are traditionally considered to form a network of
mutually inhibiting GABAergic units, and several theories of stri-
atal function are based on this feature and its ability to create
competitive dynamics (Plenz, 2003; Wickens et al., 2007; Wilson,
2007). The present data suggest that cooperative dynamics also
exist between MSNs, and this may have profound implications
for our understanding of the striatal operation.

Using paired recordings and antidromic stimulation of MSN
axons, we were able to investigate in detail the extent and time

course of these facilitatory effects. Glutamatergic responses were
evoked in MSNs by stimuli delivered in (or close to) the white
matter between the cortex and the striatum; this is likely to acti-
vate corticostriatal axons, although involvement of thalamostria-
tal fibers (Smeal et al., 2007) is also likely, especially in coronal
slices in which stimulation current has to spread further to acti-
vate glutamatergic fibers impinging on MSNs. In this case, stim-
ulation is also likely to activate local striatal fibers and neurons, in
addition to glutamatergic axons; however, the effects of this acti-
vation were minimal, because all the experiments were per-
formed in the presence of antagonists for GABA, opioid, and
cholinergic receptors. D1 and D2 dopamine receptors were also
blocked, so that their involvement in the present phenomena can
be ruled out.

In connected pairs, when a burst of five spikes was evoked in a
MSN, maximal effects (on average 14% facilitation) were present
100 ms after the first spike of the burst, while no facilitation was

Figure 8. Time course of facilitatory effects of GP stimulation on CC-evoked responses. A,
These histograms illustrate the overall distribution of the effects of five preceding GP stimuli on
CC-evoked responses for intervals of 250, 500, and 1000 ms. While a similar percentage of cases
in which no significant facilitation was present (white columns) is found for all intervals, in cases
where significant ( p � 0.05) facilitation is present (black columns) its extent is larger for 250
ms than for 500 ms, and for 500 ms than for 1000 ms intervals. B, Average effects of GP
stimulation on CC-evoked responses as a function of the interval preceding CC stimulation. Data
from all experiments in which significant effects were found for at least one interval are in-
cluded. Effects are maximal for the shortest interval (250 ms), and decay in an approximately
exponential manner. Error bars represent SDs.

Figure 9. Antidromic MSN stimulation facilitates spike generation through NK1 receptor
activation. A, Glutamatergic responses were evoked in a MSN by a single CC stimulation every 10
seconds; every other CC stimulation was preceded by five GP stimuli (at 100 Hz). Eight consec-
utive CC responses (four of which preceded by GP stimuli) are shown in the absence (upper
traces) and in the presence (lower traces) of L-732,138. In the absence, but not in the presence,
of L-732,138, CC stimulation evoked a spike more frequently when it was preceded by GP
stimuli. Stimulation intensity was increased in the presence of L-732,138, which had caused a
slight decrease in CC-evoked response amplitude. B, Raster plots for the experiment illustrated
in A. A black vertical dash indicate that a spike was elicited by CC stimulation not preceded by GP
stimuli, while a gray vertical dash indicate that a spike was elicited by CC stimulation preceded
by GP stimuli. Three hundred six CC stimuli were delivered in the absence of L-732,138, and 300
CC stimuli were delivered in the presence of L-732,138.
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present after 50 ms, and little residual facilitation was found after
200 ms. The facilitatory effects elicited by five antidromic stimuli
were larger and longer lasting, presumably because activation of a
population of MSNs caused a much larger release of SP than that
of a single MSN. For technical reasons, with antidromic stimula-
tion we were not able to explore intervals smaller than 250 ms;
however, we observed maximal effects 250 ms after the first GP
stimulus (on average 40% facilitation), and robust effects persist-
ing after 500 ms (on average 22% facilitation). When the data
from the two sets of experiments are combined, the picture
emerges that NK1 receptor-mediated facilitatory effects would
peak 	100 ms after the first spike of a short burst, and decay in an
approximately exponential manner over 1–2 s. In interpreting
these results, one should consider that these experiments were
performed at room temperature, and it is plausible that this phe-
nomenon may have a faster time course at physiological
temperature.

We did not explore systematically which pattern of action
potentials produced maximal facilitatory effects, but antidromic
stimulation experiments showed that the facilitatory effects of a
burst of 5 stimuli were invariably large than those of a single one.
In vivo intracellular recordings from MSNs have shown that these
cells often fire bursts of 3–10 action potentials at frequencies
similar to those used in this study (77–100 Hz) during up states
(Stern et al., 1997; Sachdev et al., 2004); based on present results,
this pattern of activity would be well suited to cause robust facili-
tatory effects in connected MSNs.

Facilitation of glutamatergic inputs was present (either in
one direction or bidirectionally) in 23% of MSN pairs tested;
this connectivity rate is similar to the one found for direct
GABAergic synapses (Tunstall et al., 2002; Koos et al., 2004;
Shindou et al., 2008); we never observed spike-induced inhi-
bition of glutamatergic inputs to MSNs. It should be noted,
however, that this could be due to the fact that GABAB and
opioid receptors, which may be activated by neurotransmit-
ters released by MSNs, and mediate presynaptic inhibition
(Calabresi et al., 1992; Jiang and North, 1992; Miura et al.,
2008), were pharmacologically blocked. Since GABAA recep-
tors were also pharmacologically blocked, we could not deter-
mine whether postsynaptic GABAergic connections and SP-
mediated presynaptic facilitation coexisted in the same pairs,
or were substantially segregated. This is undoubtedly an im-
portant issue that deserves further investigation. The distribu-
tion and the extent of SP-mediated effects in preweaning and
postweaning (�P21) animals were similar, suggesting that this
was not a transient developmental phenomenon taking place
before the first three postnatal weeks.

While it was not possible to demonstrate directly that facilita-
tion of glutamatergic input by endogenous SP was mediated by
presynaptic receptors, results from previous studies strongly sup-
ports this hypothesis. We recently found that exogenous SP facil-
itates glutamatergic responses of MSNs through a presynaptic
mechanism (Blomeley and Bracci, 2008). Furthermore, anatom-
ical studies have showed that presynaptic NK1 receptors are
present on corticostriatal and thalamostriatal glutamatergic ax-
onal terminals impinging on MSNs in the rat and the monkey
(Jakab and Goldman-Rakic, 1996). How did SP reach these pre-
synaptic receptors? SP-immunoreactive axon terminals arising
from MSNs form synapses with spines and dendritic shafts of
other MSNs (Bolam and Izzo, 1988; Yung et al., 1996). Cortico-
striatal terminals synapse on dendritic spines, and thalamostria-
tal terminals on dendritic shafts (Jakab and Goldman-Rakic,
1996). Thus, diffusion may allow synaptically released SP to reach

NK1 receptors located on glutamatergic terminals, as originally
hypothesized by Jakab and Goldman-Rakic (1996).

In this study, we did not directly identify the subpopulation of the
recorded MSNs; however, the MSNs whose action potentials caused
facilitation of glutamatergic input are most likely able to release SP,
and therefore belong to the “direct pathway” subpopulation, which
also express D1 dopamine receptor. The subpopulation of the MSNs
whose glutamatergic inputs were facilitated is less easily identified. In
pairs in which reciprocal facilitation of glutamatergic inputs was
present, both MSNs must have been able to release SP; glutamatergic
inputs into these cells were facilitated. We can therefore exclude that
the MSNs that had their input facilitated belonged exclusively to the
“indirect pathway” subpopulation. On the other hand, anatomical
studies have shown that SP-immunoreactive terminals form syn-
apses on the dendrites of both D1 and D2 receptor bearing MSNs
(Yung et al., 1996). These data suggest that SP-mediated facilitation
of glutamatergic input was not segregated to one of the two MSN
subpopulations. A diagram illustrating the possible synaptic ar-
rangement underlying SP-mediated interactions between MSNs is
presented in supplemental Figure 1 (available at www.jneurosci.org
as supplemental material).

While some of the effects of endogenously released SP over-
lap with those previously observed with exogenous SP appli-
cation (Blomeley and Bracci, 2008), there are also some im-
portant differences. Exogenous SP facilitated evoked
glutamate responses acting on both NK1 and NK3 receptors.
Conversely, the facilitatory effects of MSN action potentials
were always completely blocked by NK1 receptor antagonist,
showing that NK3 receptors were not significantly activated by
endogenous SP. This may be due to a different localization of
NK3 receptors on glutamatergic terminals and/or to their
lower affinity for SP compared with NK1 receptors (Almeida
et al., 2004). Exogenous SP also caused direct depolarizing
effects in MSNs through activation of postsynaptic NK1 recep-
tors (possibly a short isoform not detected in some immuno-
histochemical studies), causing an increase in inward-
rectifying chloride conductances (Blomeley and Bracci, 2008).
However, MSN action potentials did not cause detectable
postsynaptic effects in neighboring MSNs; in these experi-
ments either a single MSN, or a population of MSNs generated
bursts of five spikes every 10 –30 s for long periods of time
(often �60 min). The absence of fast or slow responses in
MSNs suggests that postsynaptic NK1 receptors were not ac-
tivated by endogenous SP, perhaps as a result of their extra-
synaptic location. These observations highlight the impor-
tance of studying the effects of presynaptic and postsynaptic
receptor activation by endogenous transmitters released by
controlled patterns of action potentials, as the spatiotemporal
distribution of this release can strongly differ from that of
exogenous ligand applications.

SP-mediated facilitation of glutamatergic transmission was
observed here in the presence of opioid and GABAB receptor
antagonists. Enkephalin, dynorphin, and GABA, are also released
by MSNs (Gerfen, 1992), and may activate presynaptic receptors
located on glutamatergic terminals; therefore, in vivo MSNs may
also inhibit glutamate release through activation of GABAB and
opioid receptors (Calabresi et al., 1992; Jiang and North, 1992).
The net effects on glutamatergic transmission will depend on the
distribution of these receptors on the glutamatergic terminals
and the ability of the neurotransmitters released by MSNs to
reach these receptors.

The dense local network of MSN axon collaterals is a salient
anatomical feature of the striatum, and direct synaptic com-
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munication among MSNs has been extensively investigated
(Tunstall et al., 2002; Koos et al., 2004). One controversial
issue has been whether GABAergic inhibition between MSNs
is strong enough to significantly shape striatal dynamics
(Wickens et al., 2007; Wilson, 2007). The magnitude of SP-
mediated facilitation of glutamatergic responses found in the
present study was substantial; action potentials in a single
MSN increased the amplitude of the glutamatergic responses
in a connected MSN typically by 10 –20%, and facilitation as
large as 30 –50% was caused by antidromic stimulation of
MSN axons. While the latter protocol may induce an artificial
degree of synchronicity in MSN firing, these cells do receive
strongly correlated cortical inputs in vivo (Stern et al., 1998);
thus, large, semisynchronous SP release may occur in the in-
tact brain, causing strong facilitation of glutamatergic inputs
in a set of MSNs. The striatal output, as well as the formation
of long-term corticostriatal memories (Gubellini et al., 2004;
Calabresi et al., 2007), will be determined, for a certain barrage
of cortical inputs, by a dynamic balance between SP-mediated
facilitation of glutamatergic inputs, and feedforward and feed-
back GABAergic inhibition (Tepper et al., 2008). Unraveling
the synaptic architecture of presynaptic and postsynaptic con-
nections between striatal neurons will be critical to under-
stand the operation of this nucleus and its role in motor
control.
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