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Neurons in Monkey Prefrontal
Cortex That Track Past or

Predict Future Performance

Ryohei P. Hasegawa,'* Ari M. Blitz,"? Nancy L. Geller,?
Michael E. Goldberg™*

Although frontal cortex is thought to be important in controlling behavior across
long periods of time, most studies of this area concentrate on neuronal responses
instantaneously relevant to the current task. In order to investigate the relationship
of frontal activity to behavior over longer time periods, we trained rhesus monkeys
on a difficult oculomotor task. Their performance fluctuated during the day, and
the activity of prefrontal neurons, even measured while the monkeys waited for
the targets to appear at the beginning of each set of trials, correlated with per-
formance in a probabilistic rather than a determinist manner: neurons reflected
past or predicted future performance, much more than they reflected current
performance. We suggest that this activity is related to processes such as arousal
or motivation that set the tone for behavior rather than controlling it on a mil-
lisecond basis, and could result from ascending pathways that utilize slow, second-

messenger synaptic processes.

A hallmark of primate behavior is the sophis-
tication of its planning across long periods of
time, a function for which prefrontal cortex
has been suggested to be critical. Nonethe-
less, all neurophysiological studies of pre-
frontal cortex have restricted their analysis to
neuronal activity during the brief period of
the current trial (/). In these experiments, we
trained monkeys on a difficult oculomotor
task, and the monkeys’ behavior tended to
fluctuate during the day, from streaks in
which performance was perfect to streaks in
which the monkey’s behavior approached
chance. Because of this behavioral fluctua-
tion, we were able to ask if prefrontal neuro-
nal activity correlated not only with the mon-
key’s performance on the current trial, but
with the monkey’s probability of success
over a number of trials.

We taught two rhesus monkeys an oculo-
motor version of the self-ordered task (Fig.
1A) (2), which is useful in the diagnosis of
frontal deficits in humans (3). The task con-
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sisted of a set of three increasingly difficult
steps (trials). Although the monkeys never
performed the task perfectly throughout the
day, they reached a plateau on average that
made it clear that they had learned the task
(monkey #1, around 65%, monkey #2,
around 55%; Fig. 1B). The monkeys did not
perform uniformly. Instead, their perfor-
mance fluctuated, with streaks of as many as
six to eight consecutive correct sets alternat-
ing with epochs of far less accurate perfor-
mance. We calculated a performance fluctu-
ation function to provide a smoothed estimate
of the monkeys’ performance over a number
of sets (Fig. 1C). The probability of making
eight successive correct third-step choices is
<<0.000006. This high frequency of success-
ful consecutive correct sets reassured us that
even when the monkeys’ performance ap-
proached chance on the average, their poor
performance had to do more with disinterest,
fatigue, or lack of enthusiasm than with their
performing near chance in a random manner.
The monkeys worked at a constant rate, with
a mean duration for each set of trials of 23 s
for monkey #1 and 26 s for monkey #2. We
excluded all data after epochs in which the
monkey took breaks longer than 2 min, and
we only used data for which there were more
than one cycle of behavioral fluctuation.
We recorded the activity of neurons in pre-
frontal cortex, on both sides of the principal
sulcus (4). Neurons responded to various as-
pects of the current trial (5). A more unusual
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class of neurons had activity in a given epoch
which was not related to the current trial, but
which correlated with the performance on past
sets of trials. Neuronal activity even in the fix-
ation period of the first step reflected the mon-
key’s past performance (Fig. 2). The neuron
gave a transient biphasic response to the appear-
ance of the visual cues (Fig. 2A) but was not
selective for a given object or a given spatial
location. We calculated a neuronal fluctuation
function, which did not resemble the perfor-
mance fluctuation function, but matched the
performance fluctuation function shifted five
sets earlier (Fig. 2B). We plotted the neuronal
fluctuation function for each set against the per-
formance fluctuation function shifted five sets in
the past (Fig. 2C) and found a significant linear
regression (» = 0.81). We analyzed the correla-
tion of this neuron with the monkey’s perfor-
mance shifted in time from eight sets before the
current set to eight sets after (Fig. 2D), using a
permutation method to determine significance
(6). The maximum correlation occurred at a
shift of -5, i.e., five sets of trials in the past, but
the neuron also showed significant correlation
with behavior from —6 to —4 shifts. The activity
of the neuron did not correlate with the mon-
key’s performance in the current set of trials.
Another class of neurons predicted future per-
formance (Fig. 3). The neuron illustrated also
had a cue-related response (Fig. 3A), although it
did not show any selectivity for object or loca-
tion. Analysis similar to that for Fig. 2 (Fig. 3, B
through D) shows that its activity during the
fixation period of the first step correlated best
with performance four sets into the future (r =
0.78), exceeding the criteria of permuted data. It
fs important to emphasize that although this
neuronal activity correlates with the monkey’s
performance, the activity predicts the probabil-
ity of the monkey’s successful or unsuccessful
behavior rather than determining on a trial-by-
trial basis what that behavior will be.

We analyzed the activity of 171 prefrontal
neurons from two monkeys (84 from monkey
#1; 87 from monkey #2). The activity during
the fixation period of the first step of 28/171
(16%) of the neurons showed a significant
correlation (14/84, 17% from monkey #1;
14/87, 16% from monkey #2) (Fig. 4A). The
probability of 28 neurons each of which has a
false significant correlation (P < 0.05) occur-
ring in a sample of 171 neurons is <1070
(7). Of 14 neurons with significant correla-
tions in monkey #1, eight were “past” neu-
rons and five were “future” neurons, and one
had a maximum correlation at 0. Of 14 sig-
nificant neurons in monkey #2, four were
“past” neurons and 10 were “future” neurons.
It was striking that only one neuron had a
peak correlation at —1, one had a peak corre-
lation at 0, and none at +1, although five
neurons did show significant but not maximal
correlations at those times. Instead, there was
a trend toward bimodality: one population
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tracked past performance with an average of
4.0 sets before the current, and a second
population predicted future performance with
an average of 4.6 sets after the current (Fig.
4A). A correlation of five sets implies a
correlation with an event that will occur near-
ly 2 min in the future (23 s per set X 5 sets =
115 s in monkey #1).

We also investigated whether any of the
neurons had a significant negative correla-
tion. We examined the minimum (e.g., most
negative) correlation at any shift. The distri-
bution of maximum and minimum correlation
coefficients for the permuted data was sym-
metric: the distributions of absolute values of
minimum and maximum correlations were
identical. The real data were not symmetric:
only 6/171 neurons passed our criterion for
significance of negative correlations (Fig.
4B) and this is within chance (P = 0.19). We
therefore cannot assert that there are anticor-
related neurons, and this asymmetry, in turn,
provides further evidence for the validity of
our results.

These results differ from most neurophys-
iological studies in two ways: their absence
of direct task-related aspects and their time

Fig. 1. (A) Representative tri- A
als of the oculomotor self-
ordered task. In the first step,
the monkey fixated a small
fixation point for 800 to
1200 ms, and then three of
six different objects appeared
at any of three of six possible
positions. The fixation point
disappeared after 600 to
1000 ms, and the monkey
made a saccade to fixate any
of the three. It then had to
hold fixation for 680 ms to
receive a liquid reward, 0.1
ml in volume. In the next
step, the same three objects
appeared, but at a new sub-
set of positions, and the
monkey had to make a sac-
cade to one of the two ob-
jects that it had not
chosen in the first step

Step 1

Step 2

Step 3

Fixation

course. Neuronal activity is usually correlat-
ed with the current behavior, or some aspect
of the current trial. Activity occurring before
stimulus presentation has usually been dis-
missed as background, and often subtracted
from task-related responses, although recent
studies have begun to emphasize the impor-
tance of this “background activity” (8, 9). In
particular, prestimulus activity in the superior
colliculus (/0) and the frontal eye field (11)
correlates with the direction of the saccade on
the previous trial. Although we have seen
correlations with aspects of the current trial in
these experiments, the neurons described
here correlate in a general way with the ani-
mal’s performance over a number of trials,
past or future, but not present. This activity is
consistent with the neurons tracking or pre-
dicting the monkey’s probability of success
that may be closely related to attentional,
arousal, or motivational level, but not with a
specific required component of the trial such
as memory load or reward expectation. Note
that we used only activity during the first step
of each set, a trial in which the monkey could
make any saccade and could only expect a
small reward. It is apparent that the activity

Cue Saccade

in order to receive a Bgoﬁ L o : c 100 ,
slightly larger reward, . |L+ chamce| it\ f\;’/ -
0.2 ml in volume. In £ 20 | step 1: 3 \// / AVA /\ 1
the third and final £ 60 | P E e vV W
step, the same objects ~ © | Steps 1+2: 0 4l |
appeared again at a | A el | |
new subset of posi- 2 1 Sf;e:%?é ] |
tions, and the monkey R % 25 P pes

had to make a saccade

to the one remaining Step Set number

object that it had not

chosen on the previous steps, for a much larger reward, 0.4 ml in volume. If the monkey made a
mistake on any step of the task, a new subset of three objects was chosen pseudorandomly from
the six and a new set of steps began. (B) An example of one monkey's average performance on 75
consecutive sets of trials on one day. Bars depict performance in steps 1, 2, and 3. The plus within
the bar shows chance level. (C) Performance fluctuation function computed over the same trials as
those averaged in (B). To compute the function, we constructed an impulse function for each set
(1 for a successful set, 0 for an unsuccessful set) and convolved it with a Gaussian of mean = 0
and o = 2.0. For display purposes, we multiplied this value by 100, thus yielding the percentage
of responses that would be correct at any given time.
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we have described here has little effect on the
specifics of the current trial, or on the specif-
ics of the trial in the epoch with which the
activity is best correlated.

The self-ordered task is useful for the
analysis of frontal deficits (/2). The interpre-
tation of this deficit is not clear: it could be
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related to the failure of a memory mechanism
as memory load increases throughout the set
of trials or to the failure of a self-monitoring
mechanism. It could merely be related to the
tendency for perseveration, exhibiting the
same behavior repetitively rather than chang-
ing it to fit the context of the current task,
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Fig. 2. An example of prefrontal neuron reflecting previous performance. (A) Peristimulus raster and
spike probability density histogram (solid line) of unit activity, synchronized on cue appearance.
There is a weak biphasic response to the cue onset that is not specific for object or spatial location.
Horizontal bar delineates fixation period. (B) Neuronal and performance fluctuation functions
plotted against set number. Thin solid line: Neuronal fluctuation function, computed by convolving
mean activityin the fixation period of the first step of each set with a Gaussian of mean = 0 and
o = 2.0. Dotted line: Original performance fluctuation function. Thick solid line: Performance
fluctuation function shifted five sets in the past. Note the striking similarity between the neuronal
and the shifted performance fluctuation functions. (C) Average activity in the fixation period of the
first trial of each set (ordinate) plotted against the performance fluctuation function (abscissa)
shifted five sets before the neuronal activity. Straight line is the linear regression of the data (r =
0.81). (D) Correlation of neuronal activity with data shifted in time. Each point represents the
correlation coefficient of neuronal activity with behavior shifted the number of trials at that point
on the ordinate. The diamond is the maximum correlation coefficient. The dashed line defines the
one-sided 95% confidence limit for the set of random shuffles by the permutation method.
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Fig. 3. An example of prefrontal neuron predicting future performance. (A) Raster and histogram
synchronized on cue onset. (B) Neuronal (thick solid line), actual performance (dotted line), and
shifted (thin solid line) performance fluctuation functions. The shifted function is shifted four sets
into the future. (C) Neuronal activity plotted against correlation four sets in the future. (D)
Correlation of neuronal activity with data shifted in time. Symbols for all panels are identical to
those in Fig. 2.

well-described in frontal deficits. Alterna-
tively it could be related to the increased
arousal or attention necessary to perform the
task as its difficulty increased. The neurons
that we have described must be related to
some general aspect of the task. Their activity
could be related to the motivation or even an
emotional correlate of the performance, or to
the associated increased demands of arousal
or attention in a difficult task with a signifi-
cant memory load. Neurons that track past
performance and success may be useful for
monitoring and/or setting the necessity for
current performance in the task; neurons that
predict future performance may well deter-
mine the likelihood of distractibility or
changes in behavioral plan.

The correlation of neuronal activity in the
prefrontal cortex with general probabilities of
behavior with significant time lags, rather than
with the details of the current trial may provide
the cortical neurophysiological function of as-
cending pathways such as the modulatory do-
paminergic and/or noradrenergic pathways.
Usher et al. (13) showed that the activity and
synchrony of neurons in the locus coeruleus
correlate with the monkey’s performance. The
ascending pathways are clearly important to
prefrontal function. Subcortical aminergic areas
project diffusely to prefrontal cortex and re-
ceive input from it (/4). A few studies suggest
a functional role for them on prefrontal activity:
antagonists change the properties of prefrontal

Mean of future
neurons

Mean of past
neurons

>

Number of Cells with Significant
Positive Correlation

87 6-5-4-32-10122324526738
Shift with maximum correlation

Number of Cells with Significant
Negative correlation

8-7-6-5-4-3-2-10123425267 8
Shift with maximum correlation

Fig. 4. Distribution of significant maximum cor-
relations as a function of shift. Each bar has the
number of neurons whose maximum correla-

‘tion occurred at a given shift level. (A) Neurons

with significant positive correlation coefficients
in the fixation period. (B) Neurons with signif-
icant negative correlations.
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neurons in monkeys performing memory tasks
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techniques and isoflurane/ketamine anesthesia, for

dent neurons is <107 7° by the normal approxima-
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cending pathways. The critical result of these
experiments is the demonstration of a tonic
signal in prefrontal cortex that changes across
minutes rather than milliseconds, and which
predicts or tracks the probability of past or
future success rather than the actual details of
the behavior itself.
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