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Growing evidence from primate neurophysiology and modeling indicates that in reaction time tasks, a perceptual choice is made

when the firing rate of a selective cortical neural population reaches a threshold. This raises two questions: what is the neural

substrate of the threshold and how can it be adaptively tuned according to behavioral demands? Using a biophysically based

network model of spiking neurons, we show that local dynamics in the superior colliculus gives rise to an all-or-none burst

response that signals threshold crossing in upstream cortical neurons. Furthermore, the threshold level depends only weakly on

the efficacy of the cortico-collicular pathway. In contrast, the threshold and the rate of reward harvest are sensitive to, and hence

can be optimally tuned by, the strength of cortico-striatal synapses, which are known to be modifiable by dopamine-dependent

plasticity. Our model provides a framework to describe the main computational steps in a reaction time task and suggests that

separate brain pathways are critical to the detection and adjustment of a decision threshold.

Decision making proceeds from deliberation to choice selection.
Deliberation is a gradual process, usually taking a longer time when
a decision is harder or when more choice options must be considered,
whereas choosing one of the possible alternatives is categorical, often in
the form of an overt action. For decades, psychologists have used
reaction time tasks to probe the process of accumulation of informa-
tion in perceptual decisions. Extensive behavioral analyses have led to
mathematical models in which sensory information is integrated
stochastically over time, resulting in a random walk of an abstract
variable toward a preset decision threshold. A decision is made when
the random walker reaches the threshold1–4.

Recently, neurophysiological studies on nonhuman primates have
discovered single-neuron activities correlated with time integration
of sensory information during perceptual decisions. In a reaction
time version of a random-dot motion direction discrimination task
(Fig. 1a,b)5, neurons in the lateral intraparietal (LIP) area were found
to be correlated with the monkey’s decision process. Specifically, when
averaged over trials in which the monkey’s chosen motion direction was
toward the response field of a recorded LIP cell, the cell’s firing activity
showed a ramping time course during stimulus presentation, and the
ramping slope was larger with a stronger motion strength (higher
quality of sensory information), defined by the fraction of dots moving
coherently in the same direction6. Furthermore, the decision choice (as
signaled by a saccade) was made when the average firing rate of a
selective population of parietal neurons reached a threshold, which was
independent of the coherence level and the response time6. Similar
decision-correlated neural activity has also been reported in prefrontal
cortex during the same visual motion discrimination task7 and in the
frontal eye field during a visual countermanding task8,9. These observa-
tions indicate that the activity of cortical neurons resembles the

behavior predicted by models in psychology7,10–12. A biophysically
based neural network model13,14 offers a similar but modified picture,
in which neural groups selective for opposite directions of motion
compete with each other through local recurrent synaptic inhibition.
Moreover, the model proposes a candidate cellular mechanism (slow
reverberatory network dynamics mediated by NMDA receptors) for the
continuous accumulation of the sensory information (visual stimulus
in the random-dot task) over time.

Both empirical observations and theoretical analyses suggest that
ramping activity in cortical networks during stimulus presentation
only indicates the likelihood of a decision choice10,11. The actual
decision relies on downstream neurons’ ability to detect the event of
threshold crossing and to pass this information to motor systems. It is
also suggested that the threshold can be tuned to optimize the trade-off
between speed and accuracy11,15. We thus ask the following questions:
(i) what is the neural substrate of a decision threshold, (ii) how is the
threshold-crossing event read out, and (iii) can the threshold be tuned
by biologically plausible mechanisms to optimize a decision-making
process11,15,16? In this paper, we address these questions by using
biophysically based circuit modeling. We considered a large-scale
network of interconnected cortex, superior colliculus and basal ganglia.
The idea is that threshold crossing of ramping cortical neural activity
may be detected by neurons in a downstream motor command center,
which is presumably the superior colliculus in the case of saccadic eye
movements17. Indeed, burst neurons in the intermediate layer of the
superior colliculus receive inputs from many cortical areas, including
the parietal cortex, and project to midbrain neurons responsible for the
generation of saccadic eye movements17–20. These burst neurons are
typically silent when the eyes are fixated, but fire immediately before a
saccade at a rate of around 200–300 Hz for less than 100 ms. Based on
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in vitro electrophysiological data17,21–24, we built a recurrent network
model for the superior colliculus burst cells, and we tested the
hypothesis that these burst cells are suitable for reading out threshold
crossing in upstream neurons. Furthermore, the superior colliculus is
known to be under the control of the basal ganglia, which have a critical
role in voluntary motor behavior in general25–28. Neurons in substantia
nigra pars reticulata (SNr), an output structure of the basal ganglia,
send GABAergic projections to principal cells in the superior colliculus
and exhibit baseline activity as high as 50–100 Hz, providing a ‘default’
tonic inhibition to the superior colliculus. This inhibition is released
when the SNr receives increased inhibitory inputs from caudate
nucleus (CD, part of the striatum), which is driven by excitatory inputs
from many cortical areas including the LIP and frontal eye field25,29.
Thus, the cortico–basal ganglia pathway has a modulatory role in the
generation of saccadic eye movements. In addition, the striatum is the
recipient of prominent projections from midbrain dopamine neu-
rons25,30, suggesting that reward-related signals may modulate the

decision process through the striatum31–33. Based on these observa-
tions, we incorporated the cortico-collicular and cortico–basal ganglia
pathways into our model. By using a phase plane analysis, we reveal a
parallel circuit mechanism, in which the two pathways have distinct
roles in the detection and adaptive tuning of a decision threshold.

RESULTS

Our model was designed for the reaction time version of the random-
dot direction-discrimination task6. The model consists of three brain
areas (Fig. 1): the cortex (Cx), the superior colliculus (SC) and the basal
ganglia (BG). Each of the three networks contains competing neural
populations selective for left or right motion directions (denoted by
superscript L or R, respectively), and this selectivity is preserved along
the processing stages (Fig. 1c; details of model in Methods). The
cortical neurons slowly accumulate information about the stimulus
over time (Fig. 1b). The neural population receiving a stronger input
has a higher probability of ramping up its firing rate and winning the
competition; this process is stochastic because of irregular neuronal
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b Figure 1 A large-scale brain network model for the reaction time version of a

random-dot task. (a) In the task, a subject is shown a display of randomly

moving dots. The subject is required to hold his or her gaze at a fixed point

on the screen while figuring out the net motion direction of the dots. As soon

as a decision is reached, the subject indicates the direction of dot motion by

a saccadic eye movement. (b) A schematic picture showing that firing rates of

two cortical populations (CxeR and CxeL) slowly change in response to sensory

inputs (random-dot motion). A saccade is made whenever one of the popula-
tion firing rates reaches the threshold. (c) Schematic model architecture.

Neural pools in the cortical network integrate sensory information and also

compete against each other. They project to both the superior colliculus and

the caudate nucleus in the basal ganglia. Blue, populations of excitatory

neurons; red, populations of inhibitory neurons. Each population is simulated

by noisy spiking leaky integrate-and-fire neurons.
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Figure 2 Threshold detection by burst discharge in the superior colliculus

network. (a) SCe neurons display a strong burst of spikes (top) only when the

input exceeds a certain threshold level (bottom). Each input and its

corresponding SCe response are plotted with the same color. Note that a

larger input above the threshold shortens the response latency but does not

alter the shape of the stereotypical burst. (b) The SCe neuronal response

(peak spiking rate) is a step function of the input amplitude, indicating a

sharply defined threshold. The curve is drawn from the data shown in a.

(c) Interaction between excitatory (SCe) and inhibitory (SCi) neurons

underlies SCe burst generation. Schematic of sequential events (top): SCe

neurons are first activated by the input and develop a strong response due

to recurrent excitation (i); then SCe neurons activate SCi neurons slowly,

through synapses endowed with short-term facilitation, until SCi neurons

are excited (ii); finally, activated SCi neurons quickly inhibit SCe (iii) and the
system goes back to the initial state. Bottom, population firing rates (blue

and red curves), overlapped with rasters (blue and red dots, each row of dots

represent the spiking activity of a neuron) in a simulated trial, demonstrate

that SCe neurons develop a strong but brief burst of activity as a result of the

interaction between SCe and SCi.
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