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Abstract

This research addresses the hypothesis that behavioral context is encoded in recurrent networks of the fronto-striatal system.
Behavioral context influences the processing of subsequent brain events, including responses to sensory inputs, thus providing a basis for
context-dependent behavior. We define context-dependent behavior as the adaptive ability to produce the appropriate response to a given
stimulus, dependent upon the context in which it appears. Behavioral context can change with a time-scale on the order of seconds to tens
of seconds or more. This suggests a flexible mechanism that encodes context via an ensemble of neural activation that will appropriately
influence the processing of subsequent sensory stimuli. We present a functional model of context encoding in recurrent connections of the
fronto-striatal system with simulation results that correspond closely to empirical data. Neuronal activity in monkeys that perform a
context-dependent task indicate that the prefrontal cortex and striatum participate differentially in this kind of context encoding. Likewise,
simulated neurons in our model of the fronto-striatal system, which performs the context-dependent task, display task-related activity
remarkably similar to that found in monkey frontal cortex and striatum, supporting our hypothesis. © 1997 Elsevier Science B.V.
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1. Introduction

As behavior becomes more advanced in the hierarchy of
cognitive function, the related processing becomes more
abstract, less directly related to specific sensory or motor
systems. From a neurophysiological perspective, the corre-
sponding requirements for direct sensory and motor con-
nections diminish, while those for associative connections
increase, with this trend culminating in the complex plan-
ning-related functions of the prefrontal cortex (PFC) [18].
Thus, it is not surprising in this context that PFC lesions
leave a number of primitive sensorimotor processes intact,
while producing impairments at more abstract behavioral
levels, in particular those situations in which the correct
behavior is dependent on a context established by an
earlier stimulus [19,31]. This suggests that indeed the
capacity to generate appropriate context-dependent behav-
ior relies on the prefrontal cortex and the neural networks
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of which it is a part. Questions remain, however, about the
mechanisms by which the PFC achieves this capability. In
reference to such questions, the current study attempts to
reconcile data from studies of primate neuroanatomy and
electrophysiology with those from an anatomically struc-
tured neural network simulation of context-dependent be-
havior.

We define context-dependent behavior as the adaptive
capacity to respond appropriately to a given stimulus in
different ways, dependent upon the behavioral context in
which that stimulus appears. A classic measure of this
capacity is provided by the Wisconsin Card Sorting Test
(WCST [29]), in which the same card must be differently
sorted, either by color, number or shape, dependent on the
context in which that card appears. The WCST is a classic
test for detecting frontal cortical dysfunction [30], although
it is not pathognomonic for frontal cortex.

The approach that we take in this study starts with a
theoretical analysis of the information processing resources
required to learn to perform context-dependent behavior.
The neuronal mechanisms underlying these processes are
then examined through the analysis of data recorded while
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primates performed a complex context-dependent behav-
ioral task [8,9,27,28]. We then attempt to understand the
architectural basis of these neurophysiological mechanisms
by examining the neuroanatomy of the primate frontal
cortex and corticostriatal system [2,5,19,24,39,45] (see
[7,20] for review). This leads to our hypothesis concerning
the neurophysiological basis of context representation. In
particular we advance the idea that recurrent cortical and
cortico-subcortical circuits provide the basis for context
encoding as suggested by Houk and Wise [23] and Dominey
et a. [14].

This hypothesis is then tested on an anatomically struc-
tured neural network model of the fronto-striatal system
that we have used to study context representation for
sensorimotor sequence learning [14,16]. We demonstrate
that this model is capable of learning a context-dependent
task. Of greater interest, single units in the model’s simu-
lated frontal cortex and striatum show task-related proper-
ties that are strikingly similar to those found in monkey
frontal cortex and striatum. In addition, we note that
prefrontal neurons in a context-dependent task [8,9] and in
a sequence learning task [6] display quite similar context-
dependent coding properties, and these are both repro-
duced by our model. This commonality suggests a shared
mechanism for both sequential and context-dependent be-
havior, including the possibility that each item in a se-
guence is selected in the context of what has preceded it.
We conclude that recurrent connections in the primate
fronto-striatal system participate in a generalized context
encoding function that supports sequence learning and
other forms of context-dependent behavior.

2. Context-dependent learning and behavior

The ability to learn an appropriate response to a given
stimulus is an important aspect of adaptive behavior. This

function can be realized by an associative memory mecha-
nism in which representations of given stimuli become
associated, through learning-related internal changes, with
the appropriate response. That is, a set of mappings be-
tween stimuli and responses is learned. This can be ex-
pressed as a one argument function f(), that takes a stimu-
lus as input and returns a response;

f(s;) = r;, forstimuluss; intheset of stimulusS,
andresponser; inset of responseR (1)

In the current framework, context-dependent learning
extends this function to take two instead of one arguments
so that the mapping between stimuli and responses is
determined by the context. That is, in context c, the
stimulus s; may be associated with response r,, but in
context ¢, the same stimulus s, is to be associated with
response r,. Thus, it is no longer the stimulus alone that
unambiguously determines the response, but the combined
stimulus and context pair, as described in Eq. (2).

f(si,c;) =ry, forstimuluss; inS, contextc; inC,

andresponser, inR (2)

Note that in this definition, behavioral context is neither
necessarily fixed nor stable and can in fact change with
roughly the same frequency as the stimulus. To provide a
more concrete example of context-dependent behavior, we
now consider a task developed by Boussaoud and Wise
[8,9] to dissociate attentional and visuomotor processes.
The task was performed by primates seated in front of a
video display on which visual stimuli were presented (Fig.
1). A subject could generate motor responses by moving
his hand from a central resting position to one of two pads
located to the left and the right of the central position. At
the core of the stimulus-response component of the task
were two predefined rules that associated visual motor
instruction cues (MICs) with left- or rightward motor
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Fig. 1. Schematic representation of the task. Three types of trials are shown (1-3). Within each trial are illustrated the response panel (bottom) with three
touch pads (central, left and right), and the status of the video screen at selected points in the trial. The small square at the center of each screen represents
the visual fixation point, the larger squares indicate the location of the stimulus. Filled squares indicate a red stimulus, open squares indicate green stimuli.
From bottom to top, the five panels show five major periods of the trials. Fixate — the subject visually fixates the central square. Attend — the spatial
attentional cue (SAM) is presented. Delay — a delay period. Get set — a motor instructional cue (MIC, one or two squares) is presented. If it is ambiguous
(two squares) the ambiguity can be resolved by the preceding SAM cue. GO — after the go signal (offset of the MIC) the subject responds to either the left
or the right touch pad (hatched square on the response panel) based on the decoded value of the MIC. The vertical arrow indicates the square to attend to as
identified by the SAM when there are two squares (trials 2 and 3). See text for details of the behavioral paradigm.
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responses. Specifically, a red MIC cue is to be associated
with a leftward response, and a green MIC with a right-
ward response. These two rules make up the simple asso-
ciative learning aspect of the task that could be learned by
the associative memory function Eq. (1) described above.

Now, superimposed on this task is an additional compo-
nent that brings into play the need for attentional context.
Imagine an ambiguous MIC that consists of two visual
stimuli — a red square at one location and a green square at
another. Given this ambiguous MIC, how can the subject
know whether to select the green stimulus and respond
left, or to select the red stimulus and respond right? In one
solution, the ambiguity can be resolved by an attentional
context cue that indicates one of the two locations. Specifi-
caly, prior to the dua MIC, a single spatial attention
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mnemonic (SAM) cue is presented as illustrated in Fig. 1.
This cue indicates the location at which the relevant
element of the ambiguous MIC will appear. The subject
can then select the MIC component at the cued location,
discriminate its color and make a limb movement accord-
ing to the core rules described above. Thus, when MIC
consists of two squares at the same time, the subject must
interpret the MIC dependent on the context established by
the SAM cue.

3. Neural coding of context

The context-dependent behavior problem defined above
can be reformulated more generaly in terms of the opera-

MIC

SAM

Fig. 2. An example of SAM > MIC activity of a prefrontal cortex neuron. Rasters and histograms of the neuronal activity are represented for four groups
of trials (1-4), corresponding roughly to the four behavioral conditions defined in Table 1. In each group, each line of the rasters represents one trial, and
each dot corresponds to the time of occurrence of an action potential. The trias are aligned on the onset of the SAM cue (vertical line); the squares indicate
the onset of the MIC cue. The histogram in each group represents the discharge frequency of the neuron. 1: SAM and MIC cues were both presented
within the lower visual hemifield. 2: the SAM and MIC cues were both presented within the upper hemifield. 3: the SAM cue was within the lower visual
field and the MIC was in the lower and upper field. 4: SAM was in the upper field and the MIC was in the upper and lower field. Note the substantial
increase in the activity following SAM presentation in the lower visua field in 1 and 3. Vertical scale: 100 imp/s.
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tion of a machine that is capable of maintaining an internal
state. In response to an input, the machine can make a
transition to a new state and/or generate an output, de-
pending on its current state. Thus in the example of Fig. 1,
the SAM in trial 2 puts the system in state &,, while the
SAM in trial 3 puts the system in state ¢,. The same MIC
isused in trials 2 and 3 and the system must learn that in
state ¢&,, MIC1 should generate a leftward response,
whereas in state ¢, it should generate a rightward re-
sponse. In applying this formulation to neurophysiological
data, we would like to know the mechanism that allows the
maintenance of these internal states. In other words, how
can a previously presented visual input modify the process-
ing of a subsequent visual input in order to determine the
appropriate response?

This could be realized by a structure that meets two
conditions: first, it should receive sensory inputs and,
second, it should receive recurrent inputs that allow previ-
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ous states of activity to influence subsequent sensory
processing. The prefrontal cortex is a likely candidate for
thisrole in that it satisfies both these requirements. Fulfill-
ing the first condition, prefrontal cortex receives visual
inputs from both the dorsal and ventral visual processing
systems (see [7] for review), and thus has direct access to
the visual cue information that establishes the behavioral
context. Fulfilling the second condition, the prefrontal
cortex has two types of recurrent connection that subserve
a form of working memory: (1) intrinsic connections be-
tween local cortical subdivisions [5]; and (2) extrinsic
connections linking the prefrontal cortex through the basal
ganglia and thalamus back to the prefronta cortex
[2,24,39,45] (see [7] for review).

In order to evaluate the proposal that prefrontal cortex
encodes behavioral context, we can compare the neura
activity evoked by the same stimulus when it is presented
either as the context cue (SAM) or the instruction cue
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Fig. 3. An example of SAM tonic activity of a frontal cortex neuron. Notation as in Fig. 2. Panels 1-4 correspond to the neura activity of this neuron in
the four behavioral conditions defined in Table 1. SAM and MIC cues were presented within the left or right visual hemifields. 1: when SAM and MIC are
both presented in the left visual field, the neuron begins a tonic activation that persists until the tria’s end. 2: if only MIC is presented in the left field, the
neuron begins to discharge shortly after MIC onset. 3: SAM in the |eft field triggers a tonic discharge that is then cut off when MIC isin the opposite, right
field. 4: with SAM and MIC in the right field, there is no discharge. Vertical scale: 50 imp/s.
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(MIC), in prefrontal cortex and in other brain regions
believed to participate in sensory and motor aspects of this
context-dependent task. Thus, on some trials, MIC cues
consisting of a single square were presented at the location
of the SAM cue to permit observation of the neura
activity related to the same physical stimulus as both a
context-setting stimulus (SAM) and an instruction stimulus
(MIC). A cell that responds selectively to a given stimulus
when it appears as the SAM cue but not as MIC is |abeled
SAM-specific, or SAM > MIC. Such cells can be consid-
ered to participate in establishing the internal state or
context in which the subsequent MIC is interpreted. Exam-
ples of neurons recorded in the study of Boussaoud and
Wise [8,9] are displayed in Fig. 2, Fig. 3 and Fig. 4 to
illustrate the most salient properties of frontal neurons in
the context-dependent SAM-MIC task.

The activity of atypica SAM-specific cell is displayed
in Fig. 2. This cell responds to the SAM when it appearsin
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the lower visual field (Fig. 2, 3), but does not respond to
the same stimulus when it appears as MIC (Fig. 2, ,). Fig.
3 presents a related cell termed SAM tonic. This neuron
displays a tonic discharge for the SAM when it appears in
the left visual field (Fig. 3, ;) and continues to discharge
until the end of the trial if the SAM and MIC are the same
(Fig. 3,). However, if MIC is different from SAM, the
tonic discharge is abruptly terminated shortly after MIC
onset (Fig. 3,).

Cells for which a phasic response is more purely stimu-
lus driven, independent of whether the stimulus is SAM or
MIC, are labeled SAM = MIC. An example of this type of
response is displayed in Fig. 4. This cell responds to
stimuli presented in the right visual field, independent of
whether that stimulus is SAM or MIC.

In contrast to SAM-related activity, cells have also been
recorded that display selective responses for a stimulus
when it is MIC as opposed to when the same stimulus
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Fig. 4. An example of SAM = MIC activity of a prefrontal cortex neuron. Notation as in Fig. 2. The ** +’’ signs represent SAM offset. Panels 1-4
correspond to the neural activity of this neuron in the four behavioral conditions defined in Table 1. 1: when both SAM and MIC are in the left field, there
isno activity. 2: SAM in the right field triggers activity in the neuron, while there is no response to MIC in the left field. 3: in contrast, SAM left generates
no response, while MIC right activates the neuron. 4: when both SAM and MIC are in the right field, both trigger phasic discharge from this neuron.

Vertical scale: 100 imp/s.
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serves as a SAM. Their response to the MIC is dependent
on the SAM that precedes it, termed a movement effect
[9]. That is, their activity reflects the context-dependent
decoding of the meaning of the MIC.

The mgjority of task-related neurons recorded in the
primate prefrontal cortex discharge in relation to SAM
cues [8]. In the proposed framework, these cells encode the
context — established by the SAM cue — in which the
subsequent MIC isinterpreted. In PFC 69% of the cells are
of the SAM > MIC or SAM = MIC types. In contrast, a
smaller percentage (31%) of the PFC units display the
movement effect that reflects the output side, i.e., the
result of the context-dependent decoding of the MIC.
While the predominance of SAM-related activity in the
prefrontal cortex indicates that this region participates
more in the coding of behavioral context than in coding or
selection of action, the opposite is the case for the stria-
tum. The majority of striatal neurons recorded in this task
(60%) display activity that is related to the MIC and that
reliably predicts the upcoming movement, 39% are SAM
> MIC, and 1% SAM = MIC [26]. In summary, these
neuronal responses indicate that SAM-related processing
in frontal cortex participates in establishing the internal
state, or context, in which the subsequent MIC can inter-
preted, processing that occurs more predominantly in the
striatum. The mixture of SAM- and MIC-related activity in
both areas indicates, however, that this functional division
is graded rather than absolute.

The prefrontal cortex has aso been shown to participate
actively in the representation of context in sequentia
motor tasks. Barone and Joseph [6] studied prefrontal
cortex neurons in primates that had been trained to observe
and remember a sequence of lighted push buttons and then
reproduce the sequence by pressing the buttons in the
order they were initially presented. Individual PFC neurons
encode components of the spatial locations of targets, their
temporal order in the sequence, and their ‘‘touched’’ or
‘“‘not yet touched’’ status. The ensemble of PFC unit
activity thus encodes an ongoing representation of the
internal state, or context, of the sequence input and execu-
tion that changes as each successive element of the se-
guence is first seen and then reproduced. These results will
be examined in more detail below.

4, Materials and methods

Based on the results reviewed above we propose the
hypothesis that recurrent fronto-striatal networks provide
the architectural basis for encoding context, and thus for
allowing context-dependent activity. According to this hy-
pothesis, these recurrent networks can take at least two
forms: the first is made up of cortico-cortical connections
within the frontal cortex and the second is made up of
connections from cortex to striatum and the output nuclei
of the basal ganglia, to the thalamus and back to the cortex

[2,5,19,24,39,45] (see[7] for review). Our prediction is that
a system based on these architectural constraints should be
sufficient for learning context-dependent behavior. In order
to test this prediction in a strong sense, i.e., to demonstrate
that other systems are not necessary, one might work with
a neurophysiological preparation that eliminates all other
candidate systems that might contribute to learning and
memory. Such a preparation is difficult to implement at
present. An alternative is to use a model that is made up of
only these fronto-striatal networks, and demonstrate that
this ‘*reduced preparation’’ is capable of the desired per-
formance. We have recently developed such a model for
the study of fronto-striatal function in sensorimotor se-
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Fig. 5. Sensorimotor sequence learning model. A: model architecture.
Each of the structures are 5X5 arrays. Sequences of spatial target
locations (A—H) are presented in the (5% 5) retina input array. During
output saccade generation in the superior colliculus (SC), continuous
inhibition of SC by substantia nigra (SNr) is temporarily interrupted by
caudate (CD) inputs. CD saccade-related cells are influenced by topo-
graphic projections from frontal eye fields (FEF), and also by modifiable,
non-topographic projections from the prefrontal cortex (PFC). PFC com-
bines visual input from LIP (via WP synapses), motor efferent copy
from SC (via WP synapses), and self-input (via W ™P synapses) in order
to generate a time varying sequence of internal states for each presaccade
period in the sequence reproduction task. These states or patterns of
activity become associated with caudate activity for the correct saccade
by reinforcement learning mechanism that monitors responses and
strengthens state-response connections for correct responses and weakens
them for incorrect responses. B: schematic representation of seguence
reproduction. See text (From [16]).

Outputs:
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guence learning, and we thus proceed with a test of our
hypothesis using this model.

4.1. A sequence learning model based on fronto-striatal
neuro-architecture

The model [14] displayed in Fig. 5 is based on the well
characterized architecture of the corticostriatal oculomotor
system [15] and was developed to explain the results of
prefrontal coding of sensorimotor sequences by Barone
and Joseph [6]. In the model, visual input to the 2-D (5 X 5
element) retina produces motor output in the form of
activation of the superior colliculus (SC), a 2-D map of
saccadic eye movements. In the simplest case, a visua
input to the retina (activation of one of the 5 X 5 elements)
produces activation in the lateral intraparietal area (LIP) of
the posterior parietal cortex [4] which then activates an
oculomotor frontal eye field (FEF) [3,42]. FEF activates
SC directly by an excitatory projection [41], and indirectly
by disinhibition through the basal ganglia[11,21,40]. SC is
under tonic inhibition from the substantia nigra pars reticu-
lata (SNr), and this inhibition can be temporarily and
selectively removed when the caudate nucleus (CD) of the
striatum inhibits SNr as a consequence of activation of CD
by FEF [11,22,40]. Thus, the striatum is an anatomical
structure that can allow selective control of motor output
choices, as suggested by Rolls and Williams [37].

In this simplest case of visually guided saccadic eye
movements to a single target, the redundancy between
FEF's direct and indirect (via CD and SNr) paths to the
motor output in SC seems unnecessary. In the segquence
reproduction task, however, at each step in the sequence,
the correct one of several targets (simultaneously presented
to the retina) must be chosen. In this case where a choice
must be made between several targets, the brain might use
PFC’ s selective modulation of CD to activate only the part
of CD that corresponds to the correct target, ignoring the
others. Indeed PFC has the required information that
uniquely encodes each successive state in the sequence [6]
that can be used to selectively activate CD for the correct
response at each successive step.

Based on evidence of learning-related plasticity in
synapses connecting cortex to caudate [10,43] we imple-
mented an associative memory in modifiable synapses
between PFC and CD [14]. The neurotransmitter dopamine
(DA) isreleased in the striatum following reward or events
that predict reward and participates in corticostriatal plas-
ticity [10,36,38,43]. We thus use a reinforcement learning
rule so that each time a correct response is made, synapses
are strengthened between the state encoding elements that
are active for the current state in PFC and the units in CD
that participate in the generation of the correct movement.

The anatomical basis for this associative memory exists
in the projection from prefrontal cortex to striatum [39].
Kermadi and Joseph [27] recorded single units in the
striatum whose activity reflected this conditional associa-

tion between sequence state and associated motor re-
sponses, in agreement with previous findings that striatal
activity often encodes associations between internal state
and behavior [37].

The details of the model have been described previously
[14,16]. Here we only summarize the most important fea-
tures. Each of the layers displayed in Fig. 5A is modeled
as a 5X5 array of leaky integrator neurons. Eg. (3)
describes how the internal state of the system is updated
by sensory inputs from the lateral intraparietal area (LIP),
motor responses from SC (represented as routed through
thalamus), and a recurrent input from PFC and thalamus
(TH). The cortico-cortical connections W™ are mixed
inhibitory and excitatory (corresponding to intrinsic gluta-
matergic and GABAergic cortico-cortical synapses), yield-
ing the situation that a given unit’s sensory response may
be modulated (+ or —) by the occurrence of a previous
event. These recurrent inputs thus allow the current state to
influence the encoding of subsequent inputs, providing a
context-dependent state transition mechanism. Eq. (4) de-
scribes how the sensorimotor input to CD from FEF is
biased by PFC (via adaptive W ™) to produce the learned
motor response in CD. Eq. (5) describes how connections
between PFC and CD are modified during learning. When
a response is evaluated, the connections between units
encoding the current state in PFC, and units encoding the
current response in CD, are modified as a function of their
rate of activation and learning rate R. R is positive for
correct responses (Learning Rate) and negative for incor-
rect responses (Forgetting Rate). An effective learning
strategy uses Learning Rate > Forgetting Rate for initial
training and then reduces values for both, with Forgetting
Rate > Learning Rate for final training [16]. Note that the
total projection strength or synaptic weight for each unit in
PFC is conserved by normalization (not shown, see
[14,16]). This avoids saturation due to continuous growth
of the weights. The function f(x) generates a non-linear
output of its integrated inputs to x, where X is treated as a
leaky integrator.

PFC(t + At) = f(LIP(t)"W" P + PFC(t) "WP~P
+SC(1) "WS~P + TH(1)) (3

CD(t + At) = f(FEF(t) + PFC(t) "WP~€) (4)

W™ S (t+ At) = W™ S(t) + R«PFC(t), *CD(t);  (5)

Fig. 5B shows the progression in time of the reproduc-
tion of sequence A-B-C. In dl simulations, a given stimu-
lus such as A in A-B-C is presented to the model as
activation of a single element in the input array. The model
PFC starts in an initial state of activity &,. Presentation of
the first visual input A drives PFC to a new dtate, &,.
Presentation of input B drives PFC from &, to &,. Then
presentation of input C drives PFC from X, to x5 (Eg. (3)).
Presentation of the first go signal (g = illumination of A, B
and C simultaneousdly) drives the model to state £, and
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triggers the model to produce a motor output (Eq. (4)) by
retrieving from the associative memory the output cur-
rently associated with state £, (dark vertical arrow). This
information originates in the layer CD, corresponding to
the caudate nucleus of the striatum. This activity in CD
serves as a bias that influences the selection of the correct
response by a winner-take-all mechanism in the layer SC,
corresponding to the superior colliculus.

If the retrieved output is incorrect, the offending associ-
ation between state encoding cells in PFC and motor
response cells in CD is weakened (Eq. (5)), reducing the
probability that the same choice will be made again. If the
output is correct, A, this association is strengthened, and
the system moves on to state & which retrieves B’ from
the associative memory by the same process, and so on
(Eg. (5)). By this trial and error learning, this system will
learn the state-output associations (indicated by the heavy
arrows in Fig. 5B) and, thus, will reproduce spatiotemporal
sequences as the concatenation of state-response associa
tions. Once a trial has been successfully completed, or if
an error is made, the simulator terminates that trial.

4.2. Sequence reproduction capability

Dominey et al. [14] tested the model described above in
the same sequence learning task used with primates by
Barone and Joseph [6]. While the model is able to learn
and execute the six 3-element sequences, it also reproduces
the same kind of context-dependent properties in the simu-
lated PFC neurons as seen in the neurons of primate
prefrontal cortex. Fig. 6 shows that in both the model and
the primate, neurons are found that respond with a spatial
preference for one of the three targets, but only when it
appears at a given rank in the sequence (first, in this
example).

Thus, in the analysis of Dominey et a. [14] it was
demonstrated that this model not only reproduced the
behavior of sequence learning and reproduction seen in
primates, but also the single unit activity of PFC neurons
during the sequence reproduction tasks (Fig. 6). It was
later demonstrated that in addition to learning simple
3-element sequences, the model was also capable of learn-
ing and discriminating between complex sequences, such
as S ABCDABCEABCFABCGABCH [16]. This se
quence is complex because the repeated subsequence ABC
does not have a unique successor. In order to learn a
complex sequence, the system must be capable of encod-
ing and exploiting the context established by the element
four places behind. This capacity is an indication that the
model developed for sequence learning displays inherent
context encoding capabilities, as it can reproduce the con-
text-dependent successors to ABC in the sequence S

4.3. Smulation of fronto-striatal context-dependent pro-
cessing

While the model thus appears to display some context-
dependent capabilities, we wanted to determine if it could
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Fig. 6. Sequence context encoding in simulation and monkey. Compari-
son of simulated and real neural activity encoding sequence context. L, U
and R stand respectively for the left, upper and right of three lighted
push-button targets. Activity of the typical simulated and real neurons is
displayed for each of the possible three element sequences. A: simulated
neuron. Presentation of three successive targets during sequence observa-
tion phase marked with long arrows. Three successive go signals (pre-
sentation of all three targets simultaneously) and responses during repro-
duction phase marked with short arrows on line labeled ‘*trial progress’’.
Note that this unit becomes active during the presentation of the left
target, but only when it appears first in the sequence, not second or third,
thus encoding both the spatial location of the element and its order. B:
neuron from PFC recorded by Barone and Joseph [6]. Vertical arrows
indicate target presentation, and triangles following the vertica bar
indicate go signal and response. This neuron responded to presentation of
the upper target, but only when it appeared first in the sequence, thus
encoding both location and temporal order. (From Dominey et a. [14].)

indeed learn the correct response choices for identical
visual stimuli based on a context formed by a previous
visual stimulus, as in the task of Boussaoud and Wise
[8,9]. In order to determine if the model is sufficient for
this type of context-dependent learning, we developed a
reduced version of the context-dependent task in which the
color dimension of the task was eliminated, as color is not
represented in the model. We then attempted to train the
model in this context-dependent task. In the modified
version of the task, SAM and MIC can be presented in
positions A or B, by activating single elements in the
upper left and upper right visual fields, respectively, of the
5X 5 input array. Later, responses are to be directed to
either C or D, which are presented simultaneously in the
lower left and lower right fields, respectively. For exam-
ple, the MIC A corresponds to response C if SAM was A,
and response D if SAM was B. The complete set of
behavioral context-dependent contingencies is presented in
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Table 1
Task contingencies for the four conditions of the simulated context-de-
pendent task

Condition  Context cue (SAM)  Instruction cue (MIC)  Response
1 A A C
2 B A D
3 A B D
4 B B C

Table 1. In a given trial, the SAM s presented for a fixed
period (corresponding to 40 network update cycles or
simulation time steps (STS)). Following an equivaent
delay (40 STS) after SAM offset, the MIC is then pre-
sented for the same duration. After a 40 STS delay,
elements C and D are then simultaneously presented,
forming the *‘go signal,”” and the model must respond with
a forced choice. While this reduced version of the task
eliminates one degree of freedom from the origina task,
i.e, the color coding of direction choice, the essential
property of interest is retained. That is, the significance of
the MIC to the response of the network is completely
determined by the context established by the SAM that
precedes it.

Training proceeds based on the reinforcement learning
rule described in Eq. (5). That is, for correct responses,
connections (W™€) between active elements in PFC and
CD are strengthened. This increases the probability that the
next time the same context-dependent activity pattern is
present in PFC the same (correct) choice will be made via
the PFC influence on CD. Likewise, on error trials, the
involved connections (W) are weakened, reducing the
probability of a subsequent error in the same context.

5. Simulation results

The results will be presented in three parts. First, we
will consider the behavioral aspect, that is, can the model
learn to correctly interpret ambiguous instruction cues
based on the context cues that precede them? Next, we will
compare the distribution of neurons coding context vs.
behavior in the model and primate cortex and striatum.
The point of this comparison is to determine if the two
systems (model and primate) resolve this context-depen-
dent problem based on similar functional organization of
the frontostriatal system. Finally, we will make some
detailed comparisons between individual units in the pri-
mate and model prefrontal cortex, in order to illustrate how
context appears to be similarly coded over time in these
systems.

5.1. Behavior

Eleven instances of the model were created by using
different starting values for the connections specified in

Eqg. (3), Eq. (4) and Eq. (5) (WPC, WPP, WSP WLP),
The 11 models were trained to 100% correct performance
by the procedure described above. In al cases, error-free
performance was attained within 500 mixed trials of the
four conditions or approximately 125 trials per condition.
By this observation, the first requirement of our hypothesis
is met. That is, from a purely behaviora point of view, a
model that encodes behavioral context in recurrent net-
works is capable of learning the context-dependent task. It
learns the behavioral significance of instruction cues as a
function of the preceding context cues. In order to satisfy
the second requirement we must now consider the manner
in which this response was achieved.

5.2. Quantitative comparison of context and behavior cod-
ing in model and primate

If the model resolves context dependencies in a manner
similar to that of the primate brain, we should see similar
coding of context and behavior in model and primate
neurons. In particular, as in the primate, we would expect
to see a greater percentage of context coding neurons in
the simulated frontal cortex, with a greater percentage of
behavior coding neurons in the simulated striatum. For the
model, this is because in the recurrent PFC network,
context information has not yet become associated with
behavioral motor responses, which takes place in the stria-
tum via modifiable corticostriatal synapses.

The 25 PFC célls from each of the 11 models were
pooled together to form a group of 275 units. Of these, 119
were task-related, while the remaining units were either
never activated, or non-specifically activated. Among the
119 units, 65% responded preferentially to SAM, 23%
with equal SAM and MIC response, and 12% with a
preference for MIC. This distribution of response types is
in good correspondence with that found in the primate, and
the comparison between physiological and simulated activ-
ity revealed some rather striking similarities. Likewise, of
the 275 striatal cells pooled from the 11 models, 36 were
task-related. Of these 28% responded preferentially to
SAM, 11% with equal SAM and MIC response, and 61%
with a preference for MIC. Asin the case of the prefrontal
cortex, this distribution of response typesis in good corre-
spondence with that found in the primate.

These results are summarized in Fig. 7, where they are
also compared with the same data from primates. We see
that for both the model and the primates, in the frontal
cortex there is a dominant neural coding of the behavioral
context as opposed to the specific behavior to be produced.
Again, in both the model and primates, this trend is
reversed in the striatum.

5.3. Qualitative comparison of context and behavior cod-
ing in model and primate

Fig. 8 illustrates a neuron with phasic activity specifi-
caly related to the occurrence of the SAM cue at a
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Fig. 7. Comparison of task-related neuronal responses in the model and
primate frontal cortex and striatum. Primate cortex data from Boussaoud
and Wise [8] and striatal data from Kermadi and Boussaoud [26].
Responses that were classified (in [8] and [26]) as SAM > MIC or
SAM = MIC are considered to encode context, as their response is
correlated with the context cue (SAM) independent of the behavioral
response. Those neurons classified MIC > SAM are considered to encode
behavior as their activity directly predicts the upcoming behaviora
response. We observe that in both the model and the primate, frontal
cortical neurons participate more predominantly in the coding of context
than in the behavioral outcome, with the reverse holding in the striatum.

specific location. No such activity followed the presenta-
tion of the same stimulus as an instructional cue (MIC),
nor with a SAM cue at another location in space . This
type of neuronal activity strikingly resembles that recorded
from the prefrontal cortex of primate, as displayed in Fig.
2. A similar example of SAM-specific activity found in a
simulated PFC neuron is shown in Fig. 9. As in the
previous case, this neuron is active following a SAM cue
that appeared at a given location, but the activity istonic in
that it remains at a high level of activation until the MIC
cue is presented. Also note that this neuron displays activ-
ity following the MIC cue that appears at the location for
which the neuron responds to the SAM cue. Thus, the

b A c ¢ PA D
4
4A \ B D D e C
SAM MIC SAM MIC

Fig. 8. Representative examples of neura responses displaying SAM >
MIC activity in the smulated PFC. Same presentation format asin Fig. 2,
Fig. 3 and Fig. 4. Duration of SAM and MIC presentation (corresponding
to 40 simulation time steps) indicted by labeled horizontal bars. The
activity of this simulated neuron is displayed in the four conditions
defined in Table 1. Recall that A and B are stimuli in the upper left and
right fields, respectively, and that C and D are responses to the lower left
and right fields, respectively (corresponding to the primates’ responses to
the left and right touch-pads). In each condition, the neural activity is
displayed above, and the time course of the SAM, MIC and response
displayed below. The neuron discharged shortly following SAM that
appeared in the left hemifield but not to the identical MIC presented
within that hemifield, nor to the SAM or MIC presented in the right
hemifield. Compare with Fig. 2.

1

D e i 5. C
SAM MIC SAM MIC

Fig. 9. SAM tonic response in a simulated PFC neuron. Same format as
Fig. 8. The neuron discharged shortly following SAM in the left hemi-
field, remained active if MIC was in the same hemifield and stopped if
not. The neuron also became active for MIC in the left hemifield
independent of SAM’s location. Compare with Fig. 3.

neuron is activated by the presence of a stimulus within a
given part of space, independent of whether the stimulus
appeared first, as the context cue, or second, as the instruc-
tion cue. Again, a parald can be drawn between the
coding properties of our simulated neurons and those in
the primate frontal cortex, by comparing these simulated
task-related responses with those of the real prefrontal
neuron in Fig. 3.

Fig. 10 shows a neuron that displays a SAM = MIC
response type. Here, when a cue appears at location B, the
neuron responds independent of whether that cue is a SAM
or a MIC. This neuron is similar to the previous example
in that it does have a visua receptive field, though the
responses in this case are more phasic, whereas those in
the previous case are more tonic. This neuron’s activity
resembles that of the real frontal neuron in Fig. 4.

As mentioned above, neuronal activity preferentially
related to MIC cues is rarely found in PFC. Fig. 11
illustrates one example of such a case where the activity
was specifically related to the onset of the MIC cue at a
given location. In addition, this MIC-related activity is
observed only if that MIC cue was preceded by a SAM
cue a a different location. Thus, MIC-related activity is
dependent upon the location of a previously presented
SAM cue, and thus on the context-dependent behavioral
significance. Interestingly, this type of neuron was just as
infrequent in the primate prefrontal cortex as in the model
PFC.

This set of example simulated neuronal responses and
their correspondence with neuronal activity recorded in the

N
SAM MIC SAM MIC

Fig. 10. SAM = MIC activity in a simulated PFC neuron. Same format as
Fig. 8. This neuron discharged for MIC and SAM equally when they
appeared in the right hemifield. Compare with Fig. 4.
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Fig. 11. MIC activity in a simulated PFC neuron. Same format as Fig. 8.
The cell discharged only to the MIC in the right hemifield and only when
it was preceded by SAM in the left hemifield. This shows both a stimulus
effect and movement effect.
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primate brain suggest at least some degree of similarity in
the way that these two systems code context and its
behavioral significance.

6. Discussion

In human and non-human primates, the prefrontal cor-
tex participates less in the direct processing of sensory and
motor parameters of behavior than in the more abstract
manipulation of these parameters based on previously es-
tablished plans or contexts [18,19,34]. This suggests that
the prefrontal cortex might play a special role in the
representation of behavioral context in order to correctly
guide subsequent context-dependent behavior. Adopting
such a position, we are then obliged to specify a hypothe-
sis for the neural mechanisms by which the prefrontal
cortex might realize this function.

The simulation results reported in this study and their
correspondence with neural activity in the primate pre-
frontal cortex are in agreement with our hypothesis: behav-
ioral context is encoded in recurrent connections of the
fronto-striatal system in order to influence the processing
of subsequent brain events, including responses to sensory
inputs, in a context-dependent manner. In this sense, the
prefrontal cortex appears to participate in the more genera
function of maintaining internal state in the classic sense
of finite state machines. We propose that recurrent net-
works, such as the frontal cortex, encode context in that
stimulus-driven responses are influenced by previous con-
text-setting stimuli. These networks are thus sufficient for
learning the context-dependent task described above. In the
present simulation, the initial attentional cue established a
context (i.e, a state of activity in PFC) in which the
second instructional cueis ‘interpreted’’ and the resulting
state of activity becomes associated, by learning, with the
correct response. The finding of neurons in the model’s
PFC that generate context-dependent responses similar to
those recorded in primate PFC suggests that the capacity
for context-dependent behavior is based in part on the
organization of recurrent networks in the fronto-striatal
system.

Likewise, the shift from prefrontal cortex to striatum in
their respective biases for coding context vs. response
selection in the primate and model suggests a dual role for
striatum. While this structure participates in the recurrent,
context coding loop to prefrontal cortex via the thalamus,
it also participates in motor response generation via motor
circuits that project to the supplementary motor area and
primary motor cortex, and to the superior colliculus [2].

6.1. Functional relation between sequence- and context-re-
lated processes

A related point in the general domain of context-depen-
dent behavior is that there is a certain degree of functional
equivalence between the neural activity encoding context
for sequence learning [6] and for the context-dependent
task [8,9]. Comparing real vs. simulated neural activity in
Fig. 2 vs. Fig. 8, and Fig. 6B vs. Fig. 6A, respectively, we
see two distinct examples of simulated and rea neurons
that display selectivity for a given stimulus, but only when
that stimulus appears in a particular temporal position in
the task sequence. Though the physiological data from Fig.
2 and Fig. 6B come from different experiments, they share
the similarity that the representation of externa events is
dependent on their seria order, and that this dependence is
reflected in the neural activity. The fact that the same
model can reproduce these two physiological results ar-
gues for a shared mechanism. While we do not attempt to
state that context-dependent behavior and sequence learn-
ing are functionally equivalent, it is nevertheless clear that
they share certain features, especialy when the context is
defined by a stimulus that precedes the instruction stimulus
in a temporal sequence.

The model used in the present simulation was designed
to test the capacity to generate a sequence of saccadic eye
movements. However, the basal ganglia output signals are
not directed only to the oculomotor areas of the brain (e.g.
[1,2]). Striatal output signals have been suggested to be
organized into multiple, partially segregated parallel path-
ways including the ‘‘cognitive’”’ pathway terminating in
prefrontal cortex, the ‘‘motor’’ pathway terminating in
premotor areas, and the ** oculomotor’’ pathway in the FEF
(and SEF). Houk and Wise [23] have suggested that the
principal neuron mediating the selectivity of these recur-
rent loops is the striatal medium spiny neuron, which is
thought to act as a bistable pattern recognizer. Through the
motor pathway, basal ganglia-thalamocortical signals can
influence the skeletomotor system, especially the supple-
mentary motor area (SMA) and the dorsal premotor cortex
(PMd). Interestingly, in comparison to the PFC, PMd
contains the opposite distribution of neuronal properties
under the same task [8,9]. The magjority of PMd cells are
active following MIC cues, whereas in the PFC, the cells
are preferentially active with SAM. It can be postulated,
thus, that PMd is a further stage in sensorimotor process-
ing where context-dependent action is selected. Context
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information can get to the PMd either directly from the
PFC ([7] — review) or via the fronto-striata loop
[1,2,18,31].

6.2. Related models

The use of recurrent connections has been explored as a
fruitful method to encode sequential context as demon-
strated in a number of recurrent sequence learning models
([17,25,32,35], see [33] for a review). It is of interest to
note that our current model differs from these othersin at
least one fundamental fashion in that it learns by a simple
reinforcement mechanism, rather than by error gradient
calculation mechanisms such as backpropagation.

Independent of the specific architecture, context-depen-
dent behavior implies the need to rely on, and thus some-
how to encode, the history of previous events in order to
respond correctly or predict future events. Indeed, in the
domain of complex sequence learning, where the necessary
context is not just from the previous element, but possibly
elements several places behind, both recurrent networks
[12] and dternative architectures [13,28,44] have been
shown to accommodate, up to certain limits, these contex-
tual constraints. These studies support the idea that se-
guence learning is a specific example of the more genera
class of context-dependent learning problems.

6.3. Limitations

We note that there are clearly certain limitations to the
simulation of fronto-striatal function as presented here.
The model does not address a number of brain functions
that are likely to be involved in context-dependent behav-
ior. However, this study demonstrates that an adaptive
recurrent system is sufficient for allowing context-depen-
dent behavior, and that this recurrent system provides a
working model of the fronto-striatal system and its role in
context-dependent behavior.
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