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A cognitive signal for the proactive timing of action

In macaque LIP

Gaby Maimon & John A Assad

Natural movements often occur without any immediate external event to cause them. In contrast to reactive movements, which
are directly triggered by external cues, it is less clear how these proactive actions are initiated or when they will be made. We
found that single neurons in the macaque’s lateral intraparietal area (LIP) exhibit gradual firing rate elevations that reach a
consistent value—which may correspond to a threshold—at the time of proactive, but not reactive, arm movements. This activity
differs from sensory- and motor-related activity recorded in nearby cortical areas and could provide an internal trigger for action

when abrupt external triggers in the visual input are unavailable.

How does the brain link vision to action in real time? Experiments
investigating this question have largely focused on reactive tasks, in
which a stimulus triggers an immediate response' ™. Natural sensori-
motor behavior, however, is not easily characterized as a cascade of
stimulus-response associations>”. For example, many actions occur
with no immediate external event to trigger them. In these cases, one
could always ask: why did the organism move at that precise moment
and not a second earlier or later?

Of particular interest is the case where visual information is readily
available and must be acted upon but does not include an abrupt cue
for timing action. Consider a tennis player deciding when to initiate a
swing: the looming ball is clearly visible, but there is no abrupt visual
event that tells the player, “Swing now.” How does the brain determine
when to move in such circumstances? Previous studies have addressed
the initiation of action in the complete absence of external cues®'° or
when noisy sensory input must be integrated gradually over time!l;
however, a much more common yet largely unexplored situation is one
in which non-noisy (suprathreshold) information is available but the
initiation of action is not directly linked to any abrupt external event, as
in the tennis example.

We trained monkeys in a task that directly compared visuomotor
processes during proactive mental states, in which there is no abrupt
external trigger for action, and reactive mental states. We found that
when the visual world did not offer an abrupt external trigger for
movement, a population of neurons in parietal cortex could provide
the necessary internal trigger.

RESULTS

Behavioral performance

Monkeys viewed repeated presentations of the same moving visual
stimulus. What changed, across different blocks of trials, was the
relationship between that stimulus and an associated arm movement.

In proactive blocks, the monkeys pressed a lever before the moving
stimulus reversed direction; in fact, their lever press caused the
direction reversal. In reactive blocks, the monkeys pressed the lever
after the direction reversal occurred, as a simple reaction to this abrupt
cue. The task was designed so that the same visual and motor events
occurred in all trials. The key difference, however, was that in proactive
trials there was no abrupt external trigger for action, whereas in reactive
trials there was an external trigger.

Each trial began with the monkeys fixating a small spot on the
monitor. After 500 ms, two parallel bars (22° apart) appeared peri-
pherally, with one bar placed inside or directly abutting the receptive
field of the cell being recorded. A dot located between the bars appeared
simultaneously and, after a brief delay, began moving at 13.5 deg s™! in
a straight path toward the bar inside the receptive field (Fig. 1a).

The task alternated between three different blocks of trials:
active, active delay and reaction (Fig. 1b). In the active block,
when the monkeys depressed the lever in front of them, the dot
reversed its direction of motion immediately. The monkeys’ task
was to turn the dot when it was within 3° of the bar, but not yet
touching it; if the monkeys pressed the lever too early or too late,
the trial was immediately aborted. The active-delay block was identical,
except that the dot turned 200 ms after the lever press. In this block,
the monkeys had to make their arm movements earlier in order
to cause the dot to turn within the requisite spatial window. The
active-delay block was also proactive, but it served to dissociate the time
of the arm movement from the time of the motion reversal, so that
neuronal activity could be more clearly related to one or the other
event. In the reaction block the monkeys no longer had control over
the motion reversals. Rather, they were required to press the lever
immediately after noticing a motion reversal generated by the compu-
ter. In this block, we replayed dot trajectories from trials just completed
in the active and active-delay blocks, so that the monkeys reacted
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Figure 1 Behavioral task and neuronal recording sites. (a) Schematic of the
visual stimulus. Cross, fixation point. Dotted oval, receptive field. (b) Three
behavioral modes of the main task. (c) Schematic of macaque brain and
recording sites. IPS, intraparietal sulcus; STS, superior temporal sulcus;
MT, middle temporal area; MST, medial superior temporal area; LIP, lateral
intraparietal area.

to the identical visual events that they had proactively generated
before (Methods).

In the active and active-delay blocks, the monkeys pressed the lever
within a ~230-ms window to perform the task successfully. In the
reaction block, the monkeys almost never made premature movements
as the dot approached the bar (<2% of trials). Instead, almost all lever
presses occurred correctly, with a mean reaction time of 368 ms
(s.d. = 48 ms) following motion reversals. These data support the
distinction in how movements were initiated on proactive versus
reactive trials (Methods).

The experiment was designed so that purely ‘visual’ cells and purely
‘motor’ cells would activate in all trials in a manner linked to the visual
and motor events in the task, respectively. However, neuronal signals
present during proactive, but not reactive, trials probably performed a
more cognitive function related to generating or monitoring proactive
movements, such as predicting the dot turn, calculating the time-to-
contact between the dot and the bar, or internally triggering an action.
By dissociating the timing of the lever press from the timing of external
visual events, one can constrain the potential function(s) served by
proactive neuronal signals. For example, a correlation of proactive
activity with the time of lever press would suggest a role in the internal
triggering of movement, whereas a correlation with the time of the dot
turn would suggest an abstract visual-prediction function.

Single-neuron activity in parietal cortex

We recorded activity in four different cortical areas, the middle
temporal area (MT), the medial superior temporal area (MST), area
5 and the lateral intraparietal area (LIP) (Figs. 1¢ and 2, and Methods).
First, we show the response from a single MT neuron, aligned to the
time of the dot’s motion reversal (Fig. 3a). The stimulus was oriented
such that the direction-selective neuron under investigation would be
stimulated in the preferred direction as the dot approached the bar. The
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cell’s firing was virtually the same in the three blocks, reflecting the
consistent visual stimulation of the moving dot. Neurons in MT and
MST tended to respond in a purely visual fashion in this task (Fig. 3b).

Neurons recorded in area 5 had a completely different response
profile, activating at the time of the arm movement. Area 5 neurons
fired whenever the monkeys pressed the lever, in both proactive and
reactive blocks (Fig. 3¢,d).

An examination of a single neuron in area LIP shows that the cell
fired a brief burst of spikes after the dot’s turn in all blocks, which we
interpret as a visual response to the motion reversal (Fig. 3e). In active
and active-delay blocks, however, the neuron fired an additional, wider
burst of spikes centered roughly on the time of lever press. This extra
activity crudely resembled a motor response. However, unlike area 5
neurons, which fired whenever the arm moved, this LIP neuron did not
respond to reactive arm movements (Fig. 3e, bottom).

Before the motion reversal, LIP cells tended to have higher activity in
proactive blocks than in the reaction block (Fig. 3f). For each LIP
neuron, we calculated a modulation index in a 250-ms window starting
200 ms before the turn (details in Fig. 3 legend). Positive values of the
index indicated stronger activity in proactive blocks and negative values
indicated stronger activity in the reaction block. The distribution of 93
indices (one value per cell) was significantly shifted away from zero, in
the positive direction (t-test, P = 6.3 x 107, inset in Fig. 3f). Among
individual neurons, 40 were significantly more active in proactive
blocks than in the reaction block, whereas only 13 showed the opposite
trend (t-test, P < 0.01).

What is the function of increased activity in proactive conditions? To
gain insight, we examined the temporal properties of the modulation in
the 40 LIP cells with significantly positive modulation indices (Fig. 3g).
Like the single-neuron example (Fig. 3e), the population response of
these cells included a clear surge of activity centered roughly on the time
of the lever press, but this surge was absent in the reaction block (Fig. 3g,
thick arrow). Notably, in active and active-delay blocks, the rising
response achieved a consistent spike rate at the time of the lever press
(Fig. 3g, thin arrows), suggesting that activity in these neurons might
reach a uniform spike rate threshold to trigger a proactive movement.
The population response of the remaining 53 LIP cells (those lacking
significantly elevated activity) did not exhibit this tendency: these cells
fired more consistently across the three blocks (Fig. 3h).
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Figure 2 Structural T1-weighted MRI images and recording sites. 1-mm
sections are shown. Mineral oil—filled capillary tubes served as fiducial
markers and appear as dark lines above the image of the brain. Colored dots,
sites at which we encountered area 5 neurons (yellow), LIP neurons (red) and
MT/MST neurons (blue) (Methods).
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A parietal signal for the triggering of action

If a subset of LIP neurons indeed function to trigger action, their
activity should predict the precise time of proactive hand movements
whenever these movements occur during a trial. Again analyzing the 40
LIP cells with elevated modulation indices, we plotted the population-
averaged activity from proactive trials, aligned to the start of dot
motion and grouped by the time of lever press (Fig. 4a). These data
included premature and late lever presses and therefore spanned more
than 800 ms of arm-movement initiation times. The activity of these 40
LIP neurons evolved quite differently depending on the ultimate time
of lever press, yet always reached a consistent firing rate of ~ 40 spikes
per s at the time of the hand movement. Note that these cells were not
preselected for having this effect.

Whereas the responses of many neurons in our study could easily be
related to classic sensory or motor processing, the activity of these 40
LIP neurons could not. For example, the 53 LIP cells that lacked
elevated pre-turn activity in proactive blocks fired similarly regardless
of lever-press time (Fig. 4b). MT/MST responses were likewise
uncorrelated with the time of lever press and presumably reflected
the visual stimulation of the moving dot, which was identical on all
trials (Fig. 4c). Area 5 activity was correlated with the time of lever
press (Fig. 4d), but rose at the same rate regardless of when the arm
movement occurred during a trial. In contrast, the firing rate buildup
of the 40 LIP neurons with elevated activity on proactive trials
ascended at different rates: when activity rose quickly the monkeys
moved early, and when activity rose more slowly the monkeys
moved late (Fig. 4a). This profile describes a cognitive process
that could evolve toward a threshold to trigger action, rather than a
stereotyped motor response>®!l. We refer to this process as
‘proactive timing’.

Figure 3 Neuronal activity aligned to the time at which the dot turned.

(@) Activity from a single MT neuron. Each tick mark in the rasters
corresponds to a single spike time recorded in one correct trial.

(b) Population-averaged histograms from MT/MST. (c) Activity from a single
area 5 neuron. (d) Population-averaged histograms from area 5. (e) Activity
from a single LIP neuron. (f) Population-averaged activity from LIP. For

each LIP cell (n = 93), we measured the mean firing rate during a 250-ms
window, starting 200 ms before the turn. We then calculated a modulation
index as (R, — R2)/(Ry + Ro), where R, denotes the mean firing rate in active
and active-delay trials combined and R, denotes the mean rate in reaction
trials. Inset, distribution of the 93 indices (statistically significant values in
black; P < 0.01). (g) Population-averaged histograms from the 40 LIP cells
with significantly positive modulation indices. Vertical dotted line, lever-press
time in the active-delay block. (h) Population-averaged histograms from the
53 LIP cells that did not have significantly positive modulation indices.

Threshold analysis in single cells
The population-averaged activity suggested a functional division in LIP,
with only a subset of cells involved in proactive timing. To test this issue
directly, we plotted the proactive responses of single neurons grouped by
the time of lever press (Fig. 4e-h). For each cell we then extracted the
time points at which neuronal activity crossed a threshold line drawn
through the data, and regressed the threshold-crossing times against the
corresponding arm-movement times (Methods). For cells that
responded the same regardless of lever-press time, the regression slope
would be 0; for cells whose activity crossed an identical threshold level at
the time of an arm movement, the regression slope would be 1.
Regression slopes in LIP were distributed with a distinct cluster around
1 and a second cluster below 1, supporting the notion that a subset of
LIP neurons participates in proactive timing and a distinct subset is not
involved (Fig. 4i). As expected, regression slopes from MT/MST and
area 5 were unimodally clustered around 0 and 1, respectively (Fig. 4j,k).
LIP cells with regression slopes near 1 also tended to have higher
activity in the proactive blocks than in the reaction block, as expected
(correlation analysis between the modulation index calculated in Fig. 3f
and the regression slope, r = 0.56, Fgy 4 = 3.51, P = 1.8 X 1076
Fig. 5a). Furthermore, when restricting the regression slope distribu-
tion to only those LIP cells particularly well fit by the regression model
(s.eem. < 0.15), the bimodality in the distribution was even more
conspicuous (Fig. 5b). That is, some cells had regression slopes of 0.7 or
below and other cells had slopes of 0.8 or above, with fewer values near
the boundary. How distinct were these two pools of neurons? We set a
boundary by eye to a slope value of 0.75. The five cells with regression
slopes immediately on either side of this border exhibited the bimod-
ality that was evident across the entire population, where some cells
were highly predictive of lever-press time (Fig. 5c¢) and others
responded consistently regardless of lever-press time (Fig. 5d). These
results support a genuine functional division within the LIP population.
Most area 5 neurons and even a few MT/MST neurons had
regression slopes near 1 (Fig. 4j,k). However, the temporal character-
istics of activity in these cells were inconsistent with proactive timing.
There are various time courses by which neuronal activity could rise to
reach a consistent firing rate at the moment of action. For example,
activity might rise at the same rate but with different onset latencies, a
result expected for a stereotyped motor response (Fig. 6a, top).
Alternatively, activity might rise at varying rates (Fig. 6a, middle).
These two profiles can be dissociated by examining regression slopes at
thresholds well below the highest possible threshold for each cell. At
lower thresholds, area 5 neurons still had regression slopes near 1,
consistent with these cells showing a stereotyped motor response
(Fig. 6b, top). LIP neurons with proactive timing activity, however,
had regression slopes intermediate between 0 and 1 at lower thresholds,
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