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The basal ganglia (BG) have been hypothesized to implement a reinforcement learning algorithm. However, it is not clear how informa-
tion is processed along this network, thus enabling it to perform its functional role. Here we present three different encoding schemes of
visual cues associated with rewarding, neutral, and aversive outcomes by BG neuronal populations.

We studied the response profile and dynamical behavior of two populations of projection neurons [striatal medium spiny neurons
(MSNs), and neurons in the external segment of the globus pallidus (GPe)], and one neuromodulator group [striatal tonically active
neurons (TANs)] from behaving monkeys. MSNs and GPe neurons displayed sustained average activity to cue presentation. The popu-
lation average response of MSNs was composed of three distinct response groups that were temporally differentiated and fired in serial
episodes along the trial. In the GPe, the average sustained response was composed of two response groups that were primarily differen-
tiated by their immediate change in firing rate direction. However, unlike MSNs, neurons in both GPe response groups displayed
prolonged and temporally overlapping persistent activity. The putamen TANs stereotyped response was characterized by a single tran-
sient response group. Finally, the MSN and GPe response groups reorganized at the outcome epoch, as different task events were reflected
in different response groups.

Our results strengthen the functional separation between BG neuromodulators and main axis neurons. Furthermore, they reveal
dynamically changing cell assemblies in the striatal network of behaving primates. Finally, they support the functional convergence of the
MSN response groups onto GPe cells.

Introduction
Most models of the basal ganglia (BG) nuclei suggest they imple-
ment a reinforcement learning (RL) algorithm (Houk et al., 1995;
Sutton and Barto, 1998). One of the most compelling RL models
is the actor-critic architecture because it bears similarities to the
structure of the BG network. The actor component stores and
updates stimulus–response associations, such that actions asso-
ciated with greater cumulative reward are more frequently cho-
sen. The critic component generates a temporal difference
prediction error signal when there is a discrepancy between pre-
dictions and actual reinforcements. This is used as a teaching
message by the actor to adjust behavior. Hence, the analogy with
the BG, where the neuromodulators correspond to the critic, and
the actor corresponds to the BG main axis; i.e., the cortex-
striatum-pallidum-frontal cortex axis (Houk et al., 1995; Suri
and Schultz, 1998).

It has been demonstrated that the BG neuromodulators and
main axis neurons respond diversely to behavioral events in line
with their different functional roles. The neuromodulators, spe-
cifically midbrain dopaminergic neurons and striatal cholinergic
interneurons, display a homogeneous transient response, thus
providing the main axis with a single-dimensional teaching mes-
sage (Schultz, 1998; Bar-Gad et al., 2003; Joshua et al., 2008).
Neurons in the main axis, however, specifically in the globus
pallidus external segment (GPe) and the BG output structures,
exhibit diverse activity with an average sustained response that
enables a large information capacity (Mink, 1996; Bar-Gad et al.,
2003; Joshua et al., 2009b). Possibly these long duration re-
sponses are similar to the set-related activity described in the
cortex (Kojima and Goldman Rakic, 1982; Miyashita, 1988; Wise
and Kurata, 1989; Funahashi et al., 1993; Fuster, 1999; Romo et
al., 1999), which has been attributed to action preparation
processes.

The striatum is the primary input stage of the BG main axis
and the principal source of innervation to BG downstream struc-
tures (Haber et al., 2011). The main projection neurons of the
striatum are the medium spiny neurons (MSNs), which make up
the vast majority of the striatal cells (Tepper et al., 2007). Studies
that examined the role of primate MSNs in both movement ini-
tiation and decision making have found mostly sharp transient
activations to movement onset (Crutcher and DeLong, 1984a,
1984b; Hikosaka et al., 1989; Watanabe et al., 2003), cue presen-
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tation (Kawagoe et al., 1998; Cromwell
and Schultz, 2003; Samejima et al., 2005)
and reward delivery (Apicella et al., 1991).
Nevertheless, striatal MSNs are predicted
to display sustained activity. This would
correspond to their functional role in the
BG network and previous observations of
the GPe and BG output nuclei (Arkadir et
al., 2004; Wichmann and Kliem, 2004;
Joshua et al., 2009b).

To deepen our understanding of infor-
mation processing along the BG main
axis, we need to characterize the response
profile and dynamic behavior of the
MSNs, and specifically the ways in which
MSNs contribute to the sustained activity
generated in the pallidum. We thus re-
corded and compared the activity of
several BG neural populations (MSNs,
striatal cholinergic interneurons, and GPe
neurons) from monkeys while they were
engaged in a classical conditioning para-
digm with long cues that predicted the
trial outcome.

Materials and Methods
Two monkeys (Macaque fascicularis, G, male,
4.5 kg; and L, female, 3 kg) were used in this
study. All experimental protocols were con-
ducted in accordance with the National Re-
search Council Guide for the Care and Use of
Laboratory Animals and the Hebrew University
guidelines for the use and care of laboratory
animals in research. The experimental proto-
cols were approved and supervised by the In-
stitutional Animal Care and Use Committee of
the Hebrew University and Hadassah Medical
Center. The Hebrew University is an accredited
institute of the Association for Assessment and
Accreditation of Laboratory Animal Care
International.

Behavioral task. The monkeys were trained
(G for 4 months; L for 3 months) on a classical conditioning task (Fig.
1a). Each trial began with the presentation of a visual cue (full-screen
fractal images generated using Chaos Pro 3.2 program (www.cha-
ospro.de) and displayed on a 17 inch LCD monitor, 50 cm in front of the
monkeys’ faces) for a period of 2 s. The cues were immediately followed
by an outcome which could be one of three categories: liquid food in
the reward trials, air puff (directed at both eyes) in the aversive trials,
or neither in the neutral trials. The beginning of the outcome state was
signaled by one of three sounds (duration, 80 ms) that discriminated
the three outcome categories. Trials were followed by a variable in-
tertrial interval (ITI) of 5– 6 s. In each category there were three and
two (G and L, respectively) different visual cues. In the rewarding and
aversive trials, the cues were differentiated by the magnitude or in-
tensity of the liquid food or air puff, respectively. In the neutral trials,
the cues were differentiated by a change in the duration of the ITI
(�2/0/�2 s to ITI duration). In total there were nine and six (G and L,
respectively) different visual cues; three and two (G and L, respectively) for
each outcome category. In this study we combined the trials within each
outcome category and present the results for the rewarding trials (which
include all amounts of liquid food), the aversive trials (which include all
air-puff intensities), and the neutral trials. Visual fractal cues and auditory
sounds were randomized between monkeys.

Surgery and magnetic resonance imaging. After the training period, the
monkeys were operated on under full anesthesia and in sterile condi-

tions. In the surgery, an MRI-compatible Cilux head holder (Crist In-
strument) and a square Cilux recording chamber (AlphaOmega) with a
27 mm (inner) side, located above a burr-hole in the skull, were attached
to the monkeys’ heads. The recording chamber was attached to the skull
tilted 45° laterally in the coronal plane with its center targeted at the
stereotaxic coordinates of the left anterior putamen (G: A16, L5, H1; L:
A17, L6, H1; Martin and Bowden, 2000). Analgesia and antibiotics were
administered during surgery and continued for 2 d postoperatively. Re-
cording began after a postoperative recovery period of 5 d. We estimated
the stereotaxic coordinates of the physiological recordings using MRI
scans. The MRI scan (General Electric 3 tesla system, T2 sequence) was
performed with five tungsten electrodes at accurate coordinates of the
recording chamber [Y,X � (6,0), (0,�6), (0,0), (0,6), and (�6,0) in mm
from the chamber center]. We then aligned the two-dimensional MRI

Figure 1. Behavioral task. a, Classical conditioning paradigm. Visual cues were presented for 2 s and predicted the delivery of
food (reward trials, upper row), air puff (aversive trials, third row), or only sound (neutral trials, second row). The trial outcome
epoch was followed by a variable ITI of 5– 6 s. b, Normalized licking behavior (average � SEM, solid line and shaded envelope,
respectively) as recorded by an infrared reflection detector directed at the monkeys’ mouths. Time 0, cue presentation followed by
outcome delivery at time 2 s; blue, reward trials; green, neutral; red, aversive trials; N, number of trials. c, Blinking behavior
(average � SEM) as processed by the video signal, detecting within each recording frame the state of the monkeys’ eyes (open, 0;
closed, 1). In each time bin (20 ms) we calculated the fraction of trials with eyes closed. Same conventions as in b.

Table 1. The neuronal database

N Fraction of ISI �2 ms Isolation score
Stable recording
time (min)

Inclusion
criterion

�0.02 �0.7 �18 min

MSNs 344 0.0006 � 0.0001 0.86 � 0.004 49 � 1.58
TANs 145 0.0001 � 0.00002 0.92 � 0.006 50 � 2.36
GPe 179 0.003 � 0.0003 0.94 � 0.004 47 � 2.33

Recording quality parameters (average � SEM) of putamen and GPe neurons included in the study.
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coronal scans with the sections of the atlas of Macaca fascicularis (Martin
and Bowden, 2000). We performed an additional MRI scan at the final
stage of the recording period to verify our coordinate system. At the end
of the experiment, the chamber and head holder of monkey G were
removed, the skin was sutured, and after a recovery period the monkey
was sent to a primate sanctuary (http://monkeypark.co.il). Experiments
on monkey L are still in progress.

All surgical procedures were performed under aseptic conditions and
general isoflurane and N2O deep anesthesia. The MRI procedure was
performed under Dormitor and Ketamine light anesthesia.

Recording and data acquisition. During recording sessions, the mon-
keys’ heads were immobilized and eight glass-coated tungsten microelec-
trodes (0.3– 0.7 M� impedance at 1000 Hz) were advanced separately
(EPS, Alpha Omega Engineering) into the striatum and the GPe. In the
striatum we targeted the putamen (AC �1 to AC �4) which has been
shown to be involved in active movements or responses to sensory stim-
ulation in the arm, leg, and face areas (Crutcher and DeLong, 1984a;
Alexander and DeLong, 1985; Kandel et al., 2000). In the GPe, we re-
corded from the entire spatial nucleus span. The electrical activity was
amplified with a gain of 5 K and bandpass filtered with a 1– 6000 Hz

Figure 2. Methodology of clustering analysis: K means. a, MSN responses to task cue events. In each subplot, each row is the color coded Z-PSTH of a single MSN to the presentation of the
rewarding cues (first column, time 0 –2 s) followed by Z-PSTH to the presentation of the aversive cues (second column) and to the neutral cues (third column). N � 344 neurons. Each subplot
presents grouping of the Z-PSTHs into different numbers of clusters (K � 1–5) delineated by a white horizontal line. Visual inspection of the cells’ responses falling into different numbers of clusters
served as one of our criteria for choosing K. b, Error as a function of K (number of clusters) when clustering was performed based on all cue events. Error was defined as the within-cluster sums of
distances of data points to centroid summed over all Ks. c, Silhouette (degree of similarity of each point to points in its own cluster compared with points in other clusters) as a function of K (number
of clusters).
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four-pole Butterworth filter and continuously sampled at 25 kHz by 12
bits, �5 V range, analog-to-digital converter (AlphaMap, Alpha Omega
Engineering). Spike activity was sorted online using a template matching
algorithm (ASD; Alpha Omega Engineering) by two experimentalists.
Classification of putamen cells into MSNs, tonically active neurons
(TANs, presumably cholinergic interneurons), fast spiking interneurons
(FSIs), and other unidentified types of striatal neurons was done online
based on the spike waveforms, firing rate, and pattern (Berke et al., 2004;
Sharott et al., 2009) and was validated offline. GPe cells can be categorized
into two subgroups (DeLong, 1971), one of which has a high-frequency
discharge rate (in this study �20 Hz, HFD) typically interrupted by long
pauses (Elias et al., 2007). The other is characterized by a low-frequency
discharge rate which usually includes short bursts. Here, we targeted the
HFD population of GPe cells.

Recorded neurons were subjected to offline quality analysis which
included tests for rate stability, refractory period, waveform isolation,
and recording time (Hill et al., 2011). First, the firing rate was graphically
displayed as a function of time and the largest continuous segment of
stable data was selected for further analysis. Second, cells in which �0.02
of the total ISIs were shorter than 2 ms were excluded from the database.
Third, only cells with an isolation score (Joshua et al., 2007) �0.7 were
included in the database. We ran the analysis on a subset of the cells with
an isolation score �0.85 (N � 213 MSNs, average � SEM of isolation
score: 0.92 � 0.002, N � 162 GPe neurons, isolation score: 0.95 � 0.002,
N � 123 TANs, isolation score: 0.94 � 0.003) and obtained similar
results (data not shown). Finally, only cells that fulfilled the above criteria
for �18 min of task performance were included in the database. Inclu-
sion criteria did not include significant responses to task events. Average
(�SEM) values of the quality parameters in the final database are given in
Table 1.

To assess the monkeys’ behavior, we monitored their mouth and eye
movements, licking and blinking, respectively. Licking movements were
monitored using an infrared reflection detector (Dr. Bouis Devices). The
infrared signal was filtered between 1 and 100 Hz by a bandpass four-pole
Butterworth filter, and sampled at 1.56 kHz. This was then normalized by
subtracting the average infrared signal in the last 0.5 s of the ITI and
dividing by the maximum value of the infrared signal. Blinking move-
ments were monitored using infrared digital video cameras (AVer-s 2.54,
AVer Information) which recorded the monkeys’ facial movements at 50
Hz. Video analysis was performed on custom software to identify periods
when the monkeys’ eyes were closed (Mitelman et al., 2009).

Clustering analysis. For each cell, activity was calculated for two differ-
ent epochs of the trial (cue presentation and outcome delivery) and for
the three different task categories (reward, neutral, and aversive).

Neural responses to behavioral events were first characterized by their
poststimulus time histogram (PSTH). The PSTHs were calculated in 1
ms bins and smoothed with a Gaussian window with a SD of 20 ms (we
repeated the analysis by smoothing the PSTHs with a Gaussian window
with a SD of 2 ms and received similar results). The baseline firing rate
was calculated by averaging the firing rate in the last 0.5 s of the ITI and
was subtracted from the smoothed PSTH. Next we Z-score transformed
each PSTH (Z-PSTH) by subtracting the mean baseline corrected PSTH
and dividing by the SD of the PSTH. Note that since the Z-PSTHs were
computed by subtracting the mean discharge rate of the PSTH from the
original PSTH and then dividing by the SD of the PSTH, a negative Z
score did not necessarily imply that the discharge rate was below the
baseline rate.

We performed principal component analysis separately for each task
event [six in total: three categories (reward, neutral, and aversive), times
two epochs (cue presentation and outcome delivery)]. The principal
components (eigenvectors) of the covariance matrix were sorted accord-
ing to their explained variance (eigenvalues). The first two principal
components had the highest explanatory power, whereas the following
components did not make a substantial contribution. We therefore used
the projection of the data points on the first two principal components
(times six task events) to represent each cell.

To cluster the cell responses we applied the K-means algorithm on the
cells’ principal components representation. The K-means algorithm uses
an iterative refinement procedure to minimize the sum, over all clusters,

of the within-cluster Euclidean distances from data point to cluster cen-
troid. To determine the most reproducible set of clusters, the algorithm
was run 50 times (each with different random initial centroids) and the
run that yielded the smallest error was chosen. We tested the K-means��
algorithm on several sets of our data and found no significant differences
between the clustering of the two algorithms.

We chose the number of clusters that best fit the data based on the
following three parameters. First we looked at the error as function of K
(number of clusters, Fig. 2b, we used the MSN population to illustrate the
methods). The error was defined as the within-cluster sums of point to
centroid distances summed over all Ks. By definition, the error decreases
monotonically with K; therefore we searched for the K from which there
was no substantial change in the rate of error decrease (slower change in
the slope). Second, we performed silhouette analysis which measures the
degree of similarity of each point to points in its own cluster compared
with points in other clusters and averaged over all points. This measure is
not monotonous in K. It ranges from �1 (data points that are appropri-
ately clustered), through 0 (data points that are on the border of two
natural clusters), to �1 (data points that would be more appropriately
clustered in the neighboring cluster). We aimed for the K that had the
highest (or nearest, which depended on our other measures to estimate

Figure 3. Putamen TANs average transient response versus putamen MSN and GPe average
sustained response. a, GPe cell population average response (�SEM) to behavioral cues pre-
sented at time 0. The PSTHs were calculated in 1 ms bins and smoothed with a Gaussian window
with SD of 20 ms. The baseline firing rate, calculated by averaging the firing rate in the last 0.5 s
of the ITI, was subtracted from the smoothed PSTH. For the GPe population, we averaged over
the absolute value of the PSTHs. Abscissa, time in seconds; ordinate, firing rate in Hz. Blue,
responses to all reward cues; green, responses to all neutral cues; red, responses to all aversive
cues. N � 179 neurons. b, TAN population average response (�SEM) to behavioral cues pre-
sented at time 0. Same conventions as in a. N � 145 neurons. c, MSN population average
response (�SEM) to behavioral cues presented at time 0. Same conventions as in a. N � 344
neurons.
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K ) silhouette score (Fig. 2c). Last, we visually inspected the Z-PSTHs
grouped into K clusters (Fig. 2a), and confirmed our visual impression
with the other two measures (error rate and Silhouette analysis).

We ran the K-means algorithm twice, once representing each cell with
the principal components of the cue events and again with those of the
outcome events.

For each cluster, we determined the fraction of cells that had a signif-
icant response. We calculated the mean (baseline) and SD of the PSTH of
the last 3 s of the ITI (ITI-SD) using the same number of trials as in the
studied PSTH and identified time segments in which there was a devia-
tion of the PSTH from the baseline firing rate that exceeded three times
the ITI-SD. A response was considered significant if the duration of the
deviant segment was more than 60 ms (three times the SD of the smooth-
ing filter). Finally, for each cell that had a significant response, we iden-
tified the delay in ms from presentation of the cue to the start of a
significant increase/decrease in firing rate.

The data from the two monkeys were grouped since no significant
difference was detected between the individual monkeys. Data analysis
was performed on custom software using MATLAB V7.

Results
Behavioral task and neuronal database
Two monkeys were trained on a classical conditioning task (Fig.
1a) that involved three categories of visual cues predicting differ-
ent outcomes: rewarding (food), aversive (air puff), and neutral
(no outcome). The monkeys were trained on the behavioral task
before recording and data acquisition. During recordings the

monkeys, which were familiar with the different cues, displayed
the appropriate anticipatory behavior (Fig. 1b,c). While the mon-
keys were engaged in the task we recorded the spiking activity of
putamen phasically active neurons (presumably striatal projec-
tion neurons or MSNs), putamen TANs (presumably cholinergic
interneurons), and GPe high-frequency discharge projection
neurons. Recordings were made from up to eight electrodes si-
multaneously. Only neurons that passed the study inclusion cri-
teria (see Materials and Methods, Recording and data acquisition
and Table 1; N � 344 MSNs, 145 TANs, and 179 GPe neurons)
were included in the analysis database.

Different populations in the BG display transient versus
sustained average responses
We first examined the cells’ responses to the cue events at the
population level. Figure 3 displays the average response of all
three populations to the presentation of the visual cues. GPe
high-frequency discharge neurons increased and decreased their
firing rates to cue presentation; we therefore averaged over the
absolute response (Joshua et al., 2009b) and obtained an average
sustained response that lasted throughout the entire 2 s of cue
presentation (Fig. 3a). By contrast, TANs displayed a homoge-
neous bipolar transient response (Fig. 3b). This persistent GPe
versus transient TANs response is expected from neurons along
the BG main axis compared with neuromodulators and in line

Figure 4. Average persistent response of putamen MSNs consists of three cell assemblies firing sequentially along the trial cue epoch. a, MSN responses to task cue events. Each row is the Z-PSTH
of a single cell to the presentation of the rewarding cues (RC, time 0 –2 s) followed by Z-PSTH to the presentation of the aversive cues (AC) and to the neutral cues (NC). Cells are ordered according
to the clustering analysis. Within each cluster cells are randomly ordered. N � 344 neurons. Blue negative Z-scores do not always imply suppression of discharge rates below the baseline discharge.
b, Population average responses (�SEM) to cue presentation (time 0) divided into clusters. Abscissa, time in seconds; ordinate, firing rate in Hz normalized by the ITI discharge rate. Blue RC, reward
cues; red AC, aversive cues; green NC, neutral cues. c, Fraction of MSNs with a significant response (both increases and decreases in firing rate) to task cue events. Green, MSNs that were classified in
the first cluster; cyan, MSNs that were classified in the second cluster; brown, MSNs that were classified in the third cluster. d, Correlation coefficient of the Z-PSTH matrix in a. Each dot is the
correlation coefficient between a pair of cells. Hot colors, positive correlation; cold colors, negative correlation.
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with previous observations (Joshua et al., 2008, 2009b). Next, we
examined the average response of the low-frequency discharge
MSNs and found it was also sustained (Fig. 3c). Thus, BG neural
populations display transient (TAN) versus sustained (MSN and
GPe) average responses. To understand the functional relation-
ship between MSNs and GPe neuronal activity, we further inves-
tigated the response profile and dynamic behavior of the MSNs at
the single cell level (see below).

Average persistent response of MSNs consists of cell
assemblies firing sequentially along the trial
Examining the responses of all putamen MSNs separately re-
vealed a wide range of modulations in both the direction (in-
creases vs decreases in firing rates) and temporal profile (Fig. 2a,
upper left). We therefore used clustering to separate the activity
of single MSNs into groups of cells with similar response patterns.
We conducted a principal component analysis on the normalized
PSTHs (Z-PSTHs) and used the K-means algorithm to classify
the cells into different response groups (Fig. 2). The responses of
the MSNs best fit three clusters. Figure 4a presents the color-
coded Z-PSTHs (one row for each cell) ordered by the clustering
analysis. The clusters were differentiated primarily by the neu-
rons’ temporal response profile. Neurons belonging to the first
cluster displayed a sharp and immediate increase in firing rate in
response to cue presentation (average � SEM delay to significant
increase in firing rate, 252.4 � 34.95 ms). Neurons belonging to
the third cluster displayed a more moderate increase in firing rate
that was delayed after cue onset (average � SEM delay to signif-
icant increase in firing rate 835.2 � 25.01 ms) and lasted for the
remainder of the cue presentation. For some cells, this elevation

in rate was preceded by a decrease in firing rate (average � SEM
delay to significant decrease in firing rate, 223.55 � 26.74 ms).
Neurons belonging to the second cluster displayed an intermedi-
ate response to cue presentation both in the magnitude and in the
timing of the response (average � SEM delay to significant in-
crease in firing rate, 403.14 � 23.85 ms). Figure 4b depicts the
average PSTHs separately for each MSN cluster. Finally, Figure 4c
displays the fraction of cells which had a significant response
(both increases and decreases in firing rate) for each cluster sep-
arately. This analysis confirms that MSNs in the different clusters
responded at different times during cue presentation. Thus, the
average persistent response of the MSNs to cue presentation was
composed of three major cell assemblies that fired in sequential
episodes along the trial.

The results of the PSTH clustering were supported by a corre-
lation analysis of cue related activity (Fig. 4d). Cells belonging to
the same cluster tended to display a high positive correlation,
whereas those in different clusters displayed a negative or no
correlation.

We also clustered the MSN responses for each cue event (re-
ward, aversive, and neutral) separately and compared the results
with the original clustering, which was performed using all cues
together (data not shown). Three similar sequentially switching
response groups were found. Thus, MSNs displayed a general
pattern of response to significant behavioral events (i.e., cluster 1,
2, or 3) regardless of which valence triggered the response. The
difference between values was coded by the amplitude of change
in firing rate (Figs. 3c, 4b). In this article we address the general
result of three temporally distinct response groups and not the
coding of valence by the MSNs.

Figure 5. TANs display homogeneous responses to cue presentation. a, TAN responses to task cue events. Same conventions as in Figure 4a. N � 145 neurons. Cells are randomly ordered. b,
Population average responses (�SEM) to cue presentation (time 0). Same conventions as in Figure 4b. c, Fraction of TANs with a significant response (both increases and decreases in firing rate) to
task cue events. Same conventions as in Figure 4c. d, Correlation coefficient of the Z-PSTH matrix in a. Same conventions as in Figure 4d.
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TANs display a single homogeneous response pattern
We performed the same clustering analysis on the responses of
the TANs to cue presentation. TANs displayed a homogeneous
response, as previously described (Graybiel et al., 1994; Joshua et
al., 2008, 2009a) and as expected from their functional role as
neuromodulators. The clustering analysis suggests accordingly
that their responses conformed to a single response pattern (Fig.
5). Clustering analysis of the baseline activity of the TANs (start-
ing 1 s after cue presentation) also did not reveal robust clustering
of the TAN activity (data not shown).

Average persistent response of GPe cells is composed of
persistent response at the single cell level
The responses of GPe cells, on the other hand, best fit two clusters
(Fig. 6). The two GPe clusters primarily reflected the neurons’
immediate change in firing rate. Neurons belonging to the first
cluster displayed a sharp increase in firing rate to cue presentation
(average � SEM delay to significant increase in firing rate,
275.47 � 21.5 ms). Neurons belonging to the second cluster dis-
played an immediate decrease (average � SEM delay to signifi-
cant decrease in firing rate, 276.82 � 23.39 ms). However, most
neurons, whether they belonged to the first or second cluster, had
a prolonged component in their response after the sharp imme-
diate increase/decrease in firing rate that lasted for the remainder
of the cue presentation (Fig. 6b,c). This contrasted with the re-
sponse groups found for putamen MSNs, where each response
group dominated a different epoch in cue presentation time in a
sequential manner (compare Fig. 4c with 6c). Thus, GPe neuronal

activity was divided into two response groups that overlapped in
time.

MSNs response profile does not reflect the neurons’ intrinsic
properties or spatial layout
There is heterogeneity in the intrinsic properties of the MSNs, the
most prominent probably being D1 versus D2 dopamine recep-
tor expression (Gerfen et al., 1990; Gradinaru et al., 2009; Bateup
et al., 2010). The D1/D2 heterogeneity is coupled with the expres-
sion of substance P or enkephaline as a cotransmitter, intrinsic
excitability and morphological properties (Day et al., 2008;
Gertler et al., 2008) and with different targets in the BG network.
It could have been that MSNs belonging to different response
clusters represent different types of cells. In our study design,
which involved extracellular recordings from behaving monkeys,
we were not able to tag or characterize single cells (Belujon et al.,
2010; Flores-Barrera et al., 2010). However, we could examine the
spiking parameters of the cells, which are often used to classify
cells recorded in the same location into different types (for exam-
ple, in our study, MSNs vs TANs). There was no significant dif-
ference (one-way ANOVA) in the average firing rates or in the
average length of the spikes’ waveform between the MSN clusters
(Fig. 7a,c). Although there was a difference (one-way ANOVA,
p � 0.05) in the coefficient of variation of the interspike interval
of cells belonging to the first cluster compared with the second
and third cluster, it was very weak (Fig. 7b). As for the MSNs, cells
in the two GPe clusters were not differentiated by their spiking

Figure 6. Average persistent response of GPe cells is composed of persistent response at the single cell level. a, GPe cell responses to task cue events. Cells are ordered according to the clustering
analysis. Within each cluster cells are randomly ordered. Same conventions as in Figure 4a. N � 179 neurons. b, Population average responses (�SEM) to cue presentation (time 0) divided into
clusters. Same conventions as in Figure 4b. c, Fraction of GPe neurons with a significant response (both increases and decreases in firing rate) to task cue events. Same conventions as in Figure 4c.
d, Correlation coefficient of the Z-PSTH matrix in a. Same conventions as in Figure 4d.

Adler et al. • Sequential and Persistent Basal Ganglia Responses J. Neurosci., February 15, 2012 • 32(7):2473–2484 • 2479



parameters (Fig. 7d–f). The TANs unimodal distribution of spik-
ing parameters is shown for comparison in Figure 7g–i.

In addition, we did not observe a spatial layout of the MSNs
response clusters; i.e., there was a representation of all three clus-
ters in all recording coordinates (Fig. 8a). We further examined
whether the probability that a pair of MSNs will have the same
response profile decreases with the spatial distance between the
cells. We calculated the fraction of pairs of cells belonging to the
same cluster when the cells were recorded simultaneously and
from the same electrode, when they were recorded simultane-
ously but from different electrodes, and when they were recorded
in different recording sessions. The estimated distance between
the neurons was �100 �m for the pairs recorded from the same
electrode, �2 mm for the pairs recorded in the same session, and
�2 mm for the pairs recorded in different sessions. There was a
small decrease in the fraction of pairs belonging to the same
cluster when the estimated distance between neurons increased
(Fig. 8b). Nevertheless, the fraction of pairs belonging to the same
cluster did not change significantly when cells were recorded in
the same or in different recording sessions (� 2 test). As for the
MSNs, we did not observe a spatial layout of the GPe response
clusters (Fig. 8c). The fraction of GPe neuron pairs belonging to
the same cluster was not significantly different when cells were
recorded in the same or in different sessions (� 2 test, Fig. 8d).

Thus, the formation of the MSNs and GPe response clusters
could not be accounted for by the cells’ intrinsic firing properties
or spatial layout within the nuclei.

The formation of clusters is dynamic
Up to now we have described modulations of MSN activity fol-
lowing cue presentation. Next, we studied whether the formation
of MSNs assemblies remained constant throughout different
parts of the trial (i.e., as expected from fixed anatomical cluster-
ing). Figure 9a displays the Z-PSTHs of the MSNs ordered by the
clustering analysis as in Figure 4a, but this time including the
responses at the outcome epoch. There was no apparent cluster-
ing in the MSNs’ responses to outcome delivery. We therefore
performed the same clustering analysis using the outcome events
and found that cells were reorganized into different groups of
clusters (Fig. 9b). For example, if a cell belonged to the first cluster
(transient early response) in the cue epoch, its response to the
outcome epoch could be associated with any of the three response
groups found in the outcome epoch and vice versa (Fig. 9c,d).
Hence, the formation of MSN assemblies in the putamen was
dynamic and probably did not reflect the anatomical or the neu-
rochemical properties of the MSNs. The GPe neurons were less
responsive in the outcome epoch of the trial; however, similar
dynamic clustering was also found (data not shown).

Figure 7. Clusters are not differentiated by the spiking parameters of the BG neurons. a, Distribution of MSN firing rates. Abscissa, firing rate in Hz; ordinate: fraction of cells. Green, MSNs classified
in the first cluster; cyan, MSNs classified in the second cluster; brown, MSNs classified in the third cluster. b, Distribution of MSNs coefficient of variation of the ISIs. Abscissa, coefficient of variation
(CV); ordinate, fraction of cells. Same color code as in a. c, Distribution of MSN waveform length. Abscissa, spike waveform length calculated as the duration from the first negative peak to the next
positive peak; ordinate, fraction of cells. Same color code as in a. d–f, Same as a–c for GPe cells. g–i, Same as a–c for TANs.
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Discussion
In this study we presented three different encoding schemes of
visual cues associated with rewarding, neutral, and aversive out-
comes by three BG neuronal populations. TANs displayed an
average transient sharp response, whereas GPe neuron and MSN
responses were sustained. At the single cell level, TAN activity was
stereotyped and associated with one cluster of response profiles.
GPe neurons and MSNs, on the other hand, were classified into
two and three response groups, respectively. The two GPe re-
sponse groups reflected their bipolar change in firing rate. In both
groups, however, there was sustained activity at the single cell
level. The average persistent activity observed in the MSNs was
composed of three cell assemblies that fired in serial episodes
along the trial. Finally, the formation of MSN cell assemblies was
dynamic, as the cells were reorganized into different response
groups at different trial epochs.

Is the actual number of clusters arbitrary?
Here we used the K-means algorithm to cluster the cell responses.
The number of clusters (K) is an input parameter to the algo-
rithm, which thus raises the question: What is the appropriate
choice of K? Our aim was to find the smallest number of clusters
to represent the cell responses. We ran the analysis several times,
each with different assignment for K, and used three parameters

as the criteria for choosing the optimal K
(for details see Materials and Methods,
Clustering analysis). Finally, we chose
K � 3 clusters as the best fit for the MSNs
data and K � 2 clusters as the best fit for
the GPe data. We believe the number of
response clusters is not arbitrary but rep-
resents separate subpopulations of cells
with clear distinctive functions. Nonethe-
less, the main result of this study—the
MSN persistent population activity is
composed of dynamically changing cell
assemblies whereas the GPe persistent
population response is composed of persis-
tent single cell responses—is not affected by
the exact number of clusters chosen.

Possible different sources of
innervation of different MSN
response groups
MSNs throughout the entire putamen are
innervated by both the cortex and the
CM-Pf complex of the thalamus (Smith et
al., 2004; Haber et al., 2011). The thalam-
ostriatal synapses have not been studied as
extensively as the corticostriatal synapses
although they constitute �40 –50% of the
glutamatergic synapses formed on MSN
dendrites (Smith et al., 2004; Doig et al.,
2010). Physiologically, these two path-
ways are presumed to have different func-
tional roles. It is hypothesized that the
corticostriatal projections are involved in
cognitive and motivational properties
of associative learning (Graybiel, 2000),
whereas thalamostriatal projections sup-
ply information about behaviorally signif-
icant sensory events involved in arousal
and attention (Matsumoto et al., 2001).

Anatomically, these synapses have been shown to share similar
morphology and to converge onto single MSNs (Raju et al.,
2006). However, recently it was demonstrated that repetitive
stimulation of the cortical or the thalamic pathways lead to dis-
tinct patterns of spiking activity in the MSNs. Cortical stimula-
tion generated a postsynaptic depolarization that grew and then
maintained with little subsequent decline. Thalamic stimulation,
on the other hand, generated a postsynaptic depolarization that
steadily declined in amplitude (Ding et al., 2008). In this study we
showed that MSNs belonging to different response clusters were
differentiated primarily by their temporal profile. Neurons be-
longing to the different response clusters were uniformly distrib-
uted within the putamen and were not characterized by different
spiking parameters, suggesting they are not separated by their
neurochemical properties. This is in line with recent results
showing that D1 and D2 receptors expressing MSNs undergo the
same form of dopamine-dependent synaptic plasticity (Bagetta et
al., 2011) and cholinergic-dependent D2/A2A modulation (Tozzi
et al., 2011). Thus, different pathways (cortical vs thalamic) may
possibly drive the different MSN response groups and could con-
vey distinct information and lead to different functions. We can-
not, however, rule out other factors possibly differentiating the
cells; this topic requires further inquiry.

Figure 8. Clusters are not differentiated by the spatial layout of MSNs and GPe neurons. a, Spatial layout of MSN clusters. Each
point represents a MSN. Abscissa: coordinates in the horizontal plane (in mm); M, medial; L, lateral; zero in the center of the
putamen in our recordings. Ordinate: coordinates in perisagital plane (in mm); A, anterior; P, posterior; zero is coronal section AC0
(AC, anterior commissure) according to the fusion of the MRI and the primate stereotaxic atlas. z-axis: depth from entry to the
putamen (in mm). Cells are color coded according to their clusters. Green, MSNs classified in the first cluster; cyan, MSNs classified
in the second cluster; brown, MSNs classified in the third cluster in the cue presentation epoch. b, Fraction of pairs of MSNs
belonging to the same cluster. “Same elec’,” cell pairs recorded simultaneously from the same electrode; “same session,” cell pairs
recorded simultaneously from different electrodes; “different session,” cell pairs recorded in different sessions. c, Spatial layout of
GPe clusters. Same as in a for the GPe neurons. d, Fraction of pairs of GPe cells belonging to the same cluster. Same as in b for the
GPe neurons. In the pallidal recordings there were only two pairs recorded on the same electrode (left bar in b for MSN pairs), thus,
data not shown.
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Functional convergence of MSNs onto GPe
It has been suggested that the GPe acts as more than simply a relay
nucleus but rather as an integration site for different behaviorally
relevant neuronal circuits (Bolam et al., 2000; Kita, 2007). Ana-
tomically, the large pallidal neurons are characterized by long and
sparsely branched dendritic arborizations. The arborizations are
discoidal in shape and are perpendicular to the main bundle of
the afferents of striatal axons (Yelnik et al., 1984; Kita and Kitai,
1994). Thus, GPe cells receive input from wide regions of the
striatum (Percheron et al., 1984). Furthermore, the massive re-
duction in the number of cells from the striatum to the GPe
implies convergence of many MSNs onto single GPe neurons
(Percheron and Filion, 1991; Oorschot, 1996). Physiological
findings support information convergence at the GPe level and
have shown coding of both movement direction and reward pre-
diction by single pallidal neurons (Gdowski et al., 2001; Arkadir
et al., 2004). At the striatal level, the findings are more contradic-
tory with reports of convergent representation of limbic and mo-
tor information on the one hand (Parthasarathy et al., 1992; Levy
et al., 1997; Kawagoe et al., 1998) and a lower degree of conver-
gence up to separate representations on the other (Flaherty and
Graybiel, 1991; Cromwell and Schultz, 2003; Schmitzer-Torbert
and Redish, 2004). Together, these findings could imply a greater
degree of convergence at the GPe compared with the striatal level.
We found that the average persistent response of the MSNs was
composed of three major cell assemblies whose response patterns
were temporally differentiated and were sequentially active along
the trial. The average persistent response observed in the GPe,
however, was composed of sustained activity at the single cell

level resulting in an overlap in the time of activation between the
two response clusters. Our results thus support the funneling
model with anatomical convergence of MSNs onto GPe and
point to functional convergence as well. In addition, they are in
line with stronger convergence at the GPe compared with the
striatal level.

The GPe response clusters were differentiated primarily by the
change in the cells’ response direction, which exhibited both de-
creases and increases in firing rates. Firing rate decreases are ex-
pected by striatal convergent GABAergic innervations. The
source of GPe increases in firing rates could be the excitatory
convergent information received from the subthalamic nucleus
(Hazrati and Parent, 1992; Shink and Smith, 1995; Hanson et al.,
2004). However, other alternatives could explain the GPe re-
sponse profiles, such as opposing effects of D1 versus D2 recep-
tors expressing MSNs and/or striatal inhibitory connections
along with disinhibition by axon collaterals within the GPe (Kita
and Kitai, 1994; Parent et al., 2000; Sato et al., 2000).

Formation of dynamically changing functional correlations
within the striatal MSNs network
The striatum plays a key role in reinforcement and associative
learning; however, how information is processed within the stri-
atal network is still open to debate. The dense local axon collateral
system found between spiny cells led early studies to hypothesize
a functional competition among the neurons which enabled a
winner-take-all dynamics (e.g., one action is selected over all
other alternatives; Wickens, 1993; Fukai and Tanaka, 1997).
However, physiological studies have found these lateral connec-

Figure 9. The formation of MSN clusters is dynamic. a, Single MSN responses to task events. Same as Figure 4a, however for each cell (row) all six task events are presented. RC, reward cue; AC,
aversive cue; NC, neutral cue; RO, reward outcome; AO, aversive outcome; NO, neutral outcome. b, Same as in a, however clustering analysis was run on the outcome events. c, d, Cells are clustered
differently in cue versus outcome events. Each group of three bars (green, cyan, and brown) represents the MSNs in every cluster in the outcome (c) or the cue (d) events. The separate bars represent
distribution of the cells among the clusters in the cue (c) or the outcome (d) events. There is no pattern in the distribution within each cue or outcome cluster; i.e., the formation of clusters changes
along the trial.
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tions to be sparse, weak, and asymmetrical (Jaeger et al., 1994;
Tunstall et al., 2002; Koos et al., 2004; Tepper et al., 2004; Planert
et al., 2010) thus casting doubt on competitive inhibition as a key
computational process in the information processing of the stria-
tum. Ponzi and Wickens (2010) recently showed that in a model
based on a realistic striatal inhibitory network, cells form assem-
blies that fire in sequential coherent episodes. Cell members of
the same assembly showed correlated firing rate fluctuations at
behaviorally relevant timescales, whereas cell members in differ-
ent assemblies were negatively correlated. This simulation was
supported by an in vitro experimental study (Carrillo-Reid et al.,
2008) showing that a set of neurons in a corticostriatal slice ex-
hibit episodes of recurrent and synchronized bursting. They fur-
ther demonstrated that blockage of glutamatergic transmission
abolished the correlated activity, whereas blockage of GABAergic
transmission locked the network into a single dominant state.
Our results demonstrate the formation of dynamically changing
functional correlations within the striatal MSN network and are
thus the first representation of the above dynamics in a behaving
primate. Based on previous results and our findings, we hypoth-
esize that the cortical and/or thalamic excitatory input likely gen-
erates the coordinated MSN assemblies. Once formed during
learning, these assemblies need only a trigger for activation there-
after. However, without lateral inhibitory connections, the net-
work would constantly remain in a certain state. Thus, the
response profile and network dynamics of MSNs, as revealed here
in behaving primates, reflect the complex interplay between stri-
atal excitatory input and lateral inhibitory connections.

In conclusion, we presented three different encoding schemes
by MSNs, GPe neurons, and TANs. Our results strengthen the
functional separation between BG neuromodulators and the
main axis by showing that MSNs display an average sustained
response as expected by their functional role in associative learn-
ing. Furthermore, these results point to the strong functional
convergence of MSNs onto GPe cells, leading to the average sus-
tained response of single GPe neurons. Finally, the MSNs display
a response profile and dynamic behavior that incorporates the
elements required for information processing in a dynamic net-
work of cell assemblies.
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Sato F, Lavallée P, Lévesque M, Parent A (2000) Single-axon tracing study of
neurons of the external segment of the globus pallidus in primate. J Comp
Neurol 417:17–31.

Schmitzer-Torbert N, Redish AD (2004) Neuronal activity in the rodent
dorsal striatum in sequential navigation: separation of spatial and reward
responses on the multiple T task. J Neurophysiol 91:2259 –2272.

Schultz W (1998) Predictive reward signal of dopamine neurons. J Neuro-
physiol 80:1–27.

Sharott A, Moll CK, Engler G, Denker M, Grün S, Engel AK (2009) Different
subtypes of striatal neurons are selectively modulated by cortical oscilla-
tions. J Neurosci 29:4571– 4585.

Shink E, Smith Y (1995) Differential synaptic innervation of neurons in the
internal and external segments of the globus pallidus by the GABA- and
glutamate-containing terminals in the squirrel monkey. J Comp Neurol
358:119 –141.

Smith Y, Raju DV, Pare JF, Sidibe M (2004) The thalamostriatal system: a
highly specific network of the basal ganglia circuitry. Trends Neurosci
27:520 –527.

Suri RE, Schultz W (1998) Learning of sequential movements by neural
network model with dopamine-like reinforcement signal. Exp Brain Res
121:350 –354.

Sutton RS, Barto AG (1998) Reinforcement learning—an introduction.
Cambridge, MA: MIT.

Tepper JM, Abercrombie ED, Bolam JP (2007) Basal ganglia macrocircuits.
Prog Brain Res 160:3–7.

Tepper JM, Koós T, Wilson CJ (2004) GABAergic microcircuits in the neos-
triatum. Trends Neurosci 27:662– 669.

Tozzi A, de Iure A, Di Filippo M, Tantucci M, Costa C, Borsini F, Ghiglieri V,
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