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ABSTRACT

Although anatomical studies of the basal ganglia show the
existence of extensive convergence and lateral inhibitory connections,
physiological studies failed to show correlated neural activity or lateral
interaction in these nuclei. These seemingly contradictory results
could be explained with a model in which the basal ganglia reduce the
dimensionality of cortical information using optimal extraction
methods. Simulations of this model predict a transient change in the
efficacy of the feed-forward and lateral synapses following changes in
reinforcement signal, causing an increase in correlated firing rates.
This process ultimately restores the steady-state situation with
diminished efficacy of lateral inhibition and no correlation of firing.
Our experimental results confirm the model’s predictions: rate corre-
lations show a drastic decrease between the input stage (cortex) and
output stage (pallidum). Moreover, preliminary analysis revealed that
pallidal correlations show a transient increase following discrepancies

* Address for correspondence:

Hagai Bergman

Department of Physiology

The Hebrew University — Hadassah Medical School
P.O. Box 12272

Jerusalem 91120, Israel

e-mail: hagaib@md.huji.ac.il

©Freund Publishing House Ltd., 2000 305



Vol 11, No. 4, 2000 Dimensionality Reduction in the Basal Ganglia

between the animal’s predictions and reality. We therefore propose
that by using a reinforcement-driven dimensionality reduction process
the basal ganglia achieve efficient extraction of cortical salient
information that may then be used by the frontal cortex for execution
and planning of forthcoming actions.
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INTRODUCTION

A major pathway in the basal ganglia circuitry leads from most
cortical areas to the input stage of the basal ganglia, the striatum.
Subsequent projections link striatal neurons to the output stages of the
basal ganglia, e.g., the internal segment of the globus pallidus (GP1).
The GPi projects back to the frontal cortex through thalamic relay
stations (Fig. 1a) /1,2/.

The cortico-striatal-pallidal pathway is characterized by a high
degree of anatomical convergence. The number of cortical neurons
projecting to the striatum is two orders of magnitude greater than the
number of striatal neurons /3/ and an additional reduction of the same
magnitude occurs from the striatum to the GPi /4,5/. The basal ganglia
are further characterized by GABAergic inhibitory connections.
Anatomical studies have shown that most striatal and pallidal neurons
are GABAergic projection neurons /1,2/. These GABAergic neurons
also form massive collateral connections within their nuclei of origin
/2,6-8/, suggesting the possibility of strong collateral inhibition. This
prediction, however, has been thwarted by recent physiological intra-
cellular studies in which no evidence was found for functional
synaptic interactions between striatal projection neurons /9/. In accord
with these physiological results, but in apparent contrast to the
anatomical data, recent studies of the striatum /10,11/ and pallidum
/12,13/ have failed to reveal correlation between the spiking activity of
simultaneously recorded neurons. This low level of correlated spiking
activity in the basal ganglia is in sharp contrast with the significantly
correlated discharge of neighboring cortical neurons /14-16/.
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Most previous models of basal ganglia function have been
influenced by the anatomical evidence of strong lateral connectivity,
and assume strong mutual inhibition between striatal neurons /17/.
This leads to the predominant view that the basal ganglia function as
an action selection network /18-20/. However, these models fail to
incorporate the physiological data concerning the paucity of the intra-
nuclear interactions, and erroneously predict strong lateral interactions
and negative correlation of intra-nuclear neuronal firing. Here, we
present an alternative hypothesis claiming that the basal ganglia
perform efficient dimensionality reduction and decorrelation of the
large and complex information space spanned by the activity of
cortical neurons. Efficient reduction is achieved when all or most of
the information contained within the original space is preserved.
Theoretical studies demonstrate that neural networks can perform such
efficient coding using competitive Hebbian learning rules for inter-
layer connectivity /21/ and anti-Hebbian rules for the lateral inhibitory
connectivity /22,23/.

Dimensionality reduction in a behaving animal should be affected
not only by the statistical properties of the input patterns but also by
their behavioral significance. Such behaviorally significant signals
/24-26/ are received in the striatum from striatal cholinergic inter-
neurons /27/ and from midbrain dopaminergic neurons /28/. Anato-
mical and physiological studies have shown that these reinforcement
signals modulate the access of striatal neurons to cortical input /29-
31/. Our working hypothesis was, therefore, extended to suggest that
the basal ganglia network performs reinforcement-driven dimension-
ality reduction (RDDR) of their cortical inputs.

MATERIALS AND METHODS

To examine the RDDR hypothesis, we first studied a simulated
neural network incorporating key aspects of basal ganglia connectivity
(Fig. 1b). The three layer feed-forward network consisted of neurons
with linear activation functions and lateral connectivity within the
layers. The simulations employed an input layer of 64 “cortical”
neurons, an intermediate layer of 16 “striatal” neurons and an output
layer of four “pallidal” neurons. The feed-forward weights were
initialized to random values and the lateral weights were initialized to
zZero.
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Learning was Hebbian for the feed-forward weights and anti-
Hebbian for the lateral weights. Learning in the intermediate (striatal)
layer was regulated by a reinforcement signal. The cortico-striatal-
dopaminergic triple synapse is modeled by a reinforcement signal
controlling the feed-forward Hebbian learning. The control signal is
positive for reward-related events and zero for non-reward-related
events (baseline dopamine levels). Dopamine depletion, such as in
Parkinson’s disease, is modeled by negative reinforcement values /28/.
All learning rules were local and no global information was used
/22,23/. The synaptic weights were constrained according to the
known physiology and anatomy of the basal ganglia. Thus, positive
weights simulated glutamatergic synapses and negative values simu-
lated GABAergic synapses.

To measure the information loss of the network due to the RDDR
process, the output layer was expanded back to an input-size space
using the same weights. This procedure recreates the reconstructed
decompressed pattern. The reconstruction error is the mean squared
difference between the normalized original and reconstructed elements
over the input patterns. The high-dimensional input patterns actually
lie within a lower dimensional sub-space. Input patterns were created
by summing a small number of independent patterns /32/. The number
of originating patterns is 16; out of these patterns 12 receive low
reinforcement and four receive higher reinforcement. After reaching
steady state values, the reinforcement signal changes to either re-
inforcing a new set of input patterns or to negative reinforcement
values.

In the second stage we tested the predictions of the model by
extending the studies of simultaneous activity of neurons from the
frontal cortex /33/ and the pallidum /34/ of macaque and vervet
monkeys engaged in a similar “Go/No-Go” behavioral task. The spike
train of each neuron was converted to a continuous rate signal, and the
covariance of the two rate functions was calculated for lags of up to
110 seconds for the entire data stream (Fig. 2a, left). The significance
of the covariance at zero time lag was calculated relative to the
variance of the rate cross correlation at large lags (Fig. 2a, right).

Finally, we tested the predictions of the model by studying the
dynamics of firing covariance of simultaneously recorded pallidal
cells. We trained a vervet monkey to perform a key-pressing task and
recorded its pallidal activity during task performance. The monkey
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was facing three pushbuttons and rewarded with water for touching
the central key. The spike trains of the pallidal neurons were converted
to rate functions and a sliding correlation coefficient was calculated
for pairs of pallidal neurons as a function of time. Behavioral events
leading to transient changes in rate correlation were defined as events
appearing up to 60 seconds before an occurrence of a significant value
(p<0.01) of the correlation coefficients.

RESULTS

Following a change in the reinforcement signal, the simulated basal
ganglia network (Fig. 1b) performed sub-optimal information com-
pression and the activity of the output neurons became correlated. This
correlation caused an increase in the efficacies of the inhibitory lateral
synapses (Fig. 3a) and changes in the efficacies of the feed-forward
connections. These changes, in turn, resulted in decorrelation of
neuronal activity within the output layer (Fig. 3b) and improvement of
the information compression. The reinforcement signal caused the
extraction to become discriminative, performing better for reward-
related inputs but not for unrelated events (Fig. 3c). Similar behavior
was observed following presentation of novel input patterns (data not
shown). Overall, the modification of the neural network replicates the
paradoxical findings concerning the basal ganglia: uncorrelated acti-
vity of the output neurons and diminished efficacy of lateral synaptic
interactions in the steady-state period.

The analysis of the simultaneous activity of neurons from the
frontal cortex /33/ and the pallidum /34/ revealed that the firing rate of
41.4% of cortical pairs covaried significantly, whereas only 15.5% of
the pallidal pairs showed significant rate covariance (p<10™) at zero
time lag. The fraction of negatively correlated pairs out of all
significantly correlated pairs was small in both recording areas (Fig.
2b). The mean absolute rate covariance of pallidal pairs was 2.6
standard deviations while cortical pairs had a mean absolute
covariance of 4.8 standard deviations. The finding that the fraction of
significantly correlated pallidal pairs is smaller than that of cortical
pairs is a robust one. Consistent results were obtained when different
level of confidence limits were used (Table 1a) and for different time
windows of the correlation peaks (Table 1b).
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TABLE 1

Significant rate correlations in the cortex and the pallidum for various
significance levels and time windows

(2)
Significance level (STD) Cortex Pallidum

+ - Total + - Total
107 (3.29) 40.2 11.5 51.7 15.5 5.6 21.1
107 (3.89) 34.5 6.9 41.4 11.3 4.2 15.5
107 (4.42) 28.7 5.7 34.4 9.9 2.8 12.7
(b)
Time window - Cortex Pallidum
Significance level (STD) N _ Total + B Total
1 ms-107(3.29) 40.2 11.5 51.7 15.5 5.6 21.1
100 ms - 107 (4.42) 333 6.9 40.2 11.3 2.8 14.1
1000 ms - 10 (4.89) 36.8 8.0 44.8 16.9 4.2 21.1

a) Percentage of cortical and pallidal pairs with significant correlations at time shift
0. Percentage is calculated for various significance levels. + = significant positive
correlations, — = significant negative correlations.

b) Percentage of cortical and pallidal pairs whose maximal correlation within a
certain time window around 0 exceeds a significance level. Significance levels
are adjusted to reflect the duration of the examined window.

Finally, correlation coefficients of pairs of pallidal neurons were
calculated as a function of time and were related to behavioral events.
Our preliminary analysis revealed that the correlation coefficients
were low during performance of a known task leading to an expected
reward and during rest periods. However, significant positive and
negative transients in correlations were observed following unpredic-
ted behavioral events. The similar time courses of these transients
enabled the detection of population phenomena by averaging the
absolute correlation values over all simultaneously recorded pairs. A
dramatic increase in absolute correlation values occurred following
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unexpected extra rewards given to the monkey. Significant changes in
the correlation values were also found after withdrawal of reward for
previously rewarded actions. Both types of events, i.e., unrewarded
action and unpredicted reward, are characterized by a mismatch
between prediction and reality. The proportion of events followed by
high absolute correlation values was significantly higher following
such mismatches than following predictable events.

DISCUSSION

The reinforcement-driven dimensionality reduction (RDDR) model
emphasizes the role of the basal ganglia in extraction and pre-proces-
sing of information from the whole cortex. This compression process
is eminently useful since it allows the transmission of large amounts
of information within a limited number of axons and synapses /35,36/.
In contrast to action-selection models of the basal ganglia, the RDDR
model does not force a single selection but rather performs multi-
dimensional encoding. For example, in a case of N binary units, an
action selection process can encode only N states while a model
similar to the RDDR could conceivably encode 2N states. The RDDR
network also provides a vehicle by which reinforcement learning may
be carried out in the brain in a central, parsimonious location.

The model provides an explanation for the apparent lack of
physiological expression of the lateral inhibitory connections and
uncorrelated spiking activity observed in previous studies of the basal
ganglia /9-13/. These physiological studies were carried out in adult
animals which were not engaged in learning new skills and situations,
whereas the RDDR model maintains that the lateral connections are
functional only during the learning phase. After this phase, their
efficacy decreases (Fig. 3a) as the activity of the output neurons
becomes uncorrelated (Fig. 3b).

A critical prediction of the RDDR model is that rate cross-
correlation will be reduced in neurons of the output stage (pallidum)
relative to the input stage (cortex). This is shown in recordings of
neuron pairs in the monkey: pallidal pairs have lower correlation
coefficients and a smaller percentage of them are significantly
correlated. Even those pallidal pairs with significant rate correlations
show low spike-to-spike correlation /12/, further indicating their high
information capacity. The highly correlated activity of the input

316



1. Bar-Gad et al. Journal of Basic & Clinical Physiology & Pharmacology

cortical neurons suggests that the lack of correlated activity in the
basal ganglia cannot be explained merely by the sparse cortico-striatal
connectivity /3/. These decreased correlations rather suggest an active
decorrelating process.

Another important prediction of the RDDR model is that transient
changes in basal ganglia intra-layer cross-correlation will occur during
periods of learning. In general, periods of active learning follow
detection of discrepancies between expectations and reality (e.g..
unpredicted rewards or disappointing outcomes) /26/. Our preliminary
finding of prolonged transient changes in the cross-correlations of
pallidal pairs following such discrepancies suggests that reinforce-
ment-driven dimensionality reduction is a major characteristic of basal
ganglia physiology.

Finally, the RDDR mechanism also offers explanations for some
open questions in the pathophysiology of movement disorders. For
example, dopamine depletion (a negative reinforcement signal) as in
Parkinson’s disease substantially damages the RDDR process since no
discrimination is possible between important and negligible infor-
mation (Fig. 3d). Conventional dopamine replacement therapy restores
the background level of dopamine. However, the pulsatile nature of
the conventional treatment causes inevitable fluctuations in striatal
dopamine /37/. These fluctuations are randomly timed relative to the
actual reinforcement of the environment and therefore may result in
the generation of random encoding and the development of dyskinesia.
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