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Cognitive control is the ability to modify re-
sponses to a given stimulus according to
changing contexts or goals (Miller and
Cohen, 2001). It encompasses diverse
functions, including working memory, at-
tention, context and goal processing, and re-
sponse inhibition. Given the multifaceted
nature of cognitive control, addressing its
neurophysiological basis in a structured
protocol can be challenging. However, such
study is necessary to understand how we
solve problems in real life, where even sim-
ple tasks require many cognitive functions
simultaneously, while we integrate informa-
tion “on the fly” according to current goals
and needs.

How various cognitive control mecha-
nisms are implemented and coordinated
in the brain is a long-standing question.
Studies in human and nonhuman pri-
mates point to the prefrontal cortex (PFC)
as a key area in building cognitive control
(MacDonald et al., 2000; Miller, 2000;
Koechlin et al., 2003). But how do pre-
frontal neurons implement the required
cognitive flexibility? Mixed neuronal se-
lectivity has been proposed as an efficient
way to expand the coding capabilities
of neuronal populations (Stokes, 2011;

Mante et al., 2013; Rigotti et al., 2013;
Fusi et al., 2016). Neurons that respond to
diverse combinations of task variables
(including stimulus features, rules, and
decisions) have been identified in the PFC
(Warden and Miller, 2010; Stokes, 2011;
Mante et al., 2013; Rigotti et al., 2013).
The response patterns of these multitask-
ing neurons change over the course of a
trial and could enable cognitive flexibility.

In a paper published in The Journal of
Neuroscience, Blackman et al. (2016) re-
corded prefrontal single-cell activity while
monkeys performed a task that demands
cognitive control. The authors used a
modified version of the AX continuous-
performance task applied in clinical set-
tings. In the original task, different letters
are flashed in a continuous stream. Sub-
jects are instructed to respond whenever
the letter X follows an A. In the dot pattern
expectancy task (Blackman et al., 2016,
their Fig. 1A,C), letter stimuli are substi-
tuted with dot patterns (Jones et al., 2010)
and the continuous nature of the task is
replaced by a trial structure. On each trial,
monkeys were shown a cue stimulus, fol-
lowed by a delay and then a probe stimu-
lus. The cue stimulus could either be the
specific target dot pattern A or one of sev-
eral nontarget patterns collectively called
B. Similarly, the probe stimulus could ei-
ther be the specific target pattern X or one
of the dot patterns referred as Y. Monk-
eys were required to respond with a left
movement to the target pattern combina-
tion (A-cue, X-probe) and with a right
movement for any other combination of
cue and probe dot patterns (AY, BX, and

BY trials). The cue type (A or one of B)
provided the context in which the identity
of the following probe was either relevant
or irrelevant for the response. In A-cue
trials, the identity of the probe pattern is
needed to select a response. In B-cue tri-
als, the response can already be deter-
mined in the cue period as any following
probe (X or Y) would require a rightward
response.

The task was administered in two kinds
of trial blocks. In balanced blocks, the four
types of trials (AX, AY, BX, and BY) were
presented with the same frequency. In pre-
potent blocks, target trials (AX) were over-
represented to increase the subjects’
tendency to respond impulsively to nontar-
get combinations. In A-cue trials, response
inhibition was required when a nontarget Y
dot pattern was presented in the probe pe-
riod. In B-cue trials, response inhibition is
demanded in trials involving the target X
dot pattern.

Three results of this study make impor-
tant contributions to the current discussion
on the neuronal dynamics in PFC. The first
concerns the encoding of the cue stimulus in
the delay period. The task requires the cue
identity to be held in working memory and
integrated with information concerning the
subsequent probe. The classical view of
working memory holds that task-relevant
stimulus information is maintained online
by persistent activity of prefrontal neurons.
According to this view, one would expect a
considerable proportion of neurons with
sustained selective activity during the delay
period, after the cue disappears. However,
the authors found only some of these classi-

Received June 6, 2016; revised July 19, 2016; accepted July 21, 2016.
We thank Andreas Nieder and Felix Moll for comments on the

manuscript.
The authors declare no competing financial interests.
Correspondence should be addressed to either Araceli Ramirez-

Cardenas or Pooja Viswanathan, Department of Animal Physiology,
Institute of Neurobiology, University of Tübingen, Auf der Morgen-
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cal “delay neurons” (Blackman et al., 2016,
their Fig. 3A,E). Moreover, at the popula-
tion level, a decoding approach (Blackman
et al., 2016, their Fig. 7A,B) showed that cue
information gradually decayed during the
delay period. These findings challenge the
classical view regarding the implementation
of working memory and suggest that addi-
tional mechanisms maintain stimulus in-
formation (Lebedev et al., 2004; Stokes et al.,
2013; Jacob and Nieder, 2014; Lara and
Wallis, 2014).

Second, instead of delay neurons,
Blackman et al. (2016) found many cue-
selective neurons that responded either in
the cue or in the probe period. In B-cue
trials, activity in these neurons increased
when the cue was presented, whereas in
A-cue trials, activity increased in the
probe period. This pattern was reflected
by a change in the neurons’ preferred cue
along the course of a trial. Interestingly,
most cue-selective neurons preferred the
B-cue in the cue period. This bias disap-
peared in the delay period and reversed
to A during the probe presentation. The
neurons that exhibited this particular pat-
tern of activity were called switch neu-
rons. The authors argue that this response
pattern indicates that switch neurons are
most active when cognitive control is
demanded. In A-cue trials, probe identity
(X vs Y) is crucial to determine the correct
response, whereas in B-cue trials, cue dis-
crimination is comparatively more im-
portant. Notably, the switching pattern
was stronger in prepotent blocks than in
balanced blocks, further suggesting a rela-
tion with cognitive control (Blackman et
al., 2016, their Fig. 9).

Switch neurons exhibit the time-specific
selectivity frequently observed in multitask-
ing neurons. Moreover, the pattern of their
responses can be characterized as selective to
diverse task variables (i.e., cue and probe
type) in different trial periods. However,
mixed selectivity at the single-neuron level
increases the representational capacity
in the population only when neuronal re-
sponse patterns are diverse. So, even though
the response of switch neurons is illustrative
of such diversity, coding characteristics can
be better evaluated in whole populations
(Miller and Fusi, 2013; Stokes, 2015). Fur-
thermore, there is evidence that PFC neu-
rons cannot be grouped into distinct classes
according to their temporal response pro-
files. Instead, temporal profiles in a popula-
tion lie in a continuum (Miller and Fusi,
2013; Rigotti et al., 2013). In light of these
findings, one should keep in mind the
limited scope of conclusions obtained
from a functionally defined subpopulation

(Raposo et al., 2014) like the switch neurons.
Therefore, the authors present a view of the
whole population of recorded neurons by
applying a demixed principal component
analysis (Blackman et al., 2016, their Fig.
8B). Most of the variance in the identified
components could be attributed to time or
the interaction between time and trial type
(cue-probe sequence). This shows that the
population strongly encodes trial time.
Moreover, it suggests that different cue-
probe combinations are encoded differently
in the different phases of the trial.

The third main contribution that
Blackman et al. (2016) make is the report
of a context-dependent representation of
the probe stimulus. Particularly, whether
the probe was encoded seemed to depend
on the identity of the previous cue. The
identity of the probe was relevant for a
successful outcome only in A-cue trials.
The authors trained a classifier on the fir-
ing activity of probe-selective neurons
(Blackman et al., 2016, their Fig. 6) and
found that prefrontal population activity
better discriminated probe type (X vs Y)
in A-cue trials than in B-cue trials. This
result illustrates how selectivity can repre-
sent a changing context at the population
level.

Overall, the authors suggest that stimuli
and conditions that demand more cognitive
control are overrepresented in prefrontal
neurons (or specific subpopulations). AY
trials, when a prepotent response must be
inhibited, provide evidence for the link
between neuronal activity and monkeys’
behavior. In these trials, switch neurons re-
sponded more strongly and monkeys
showed longer reaction times. The behav-
ioral relevance of prefrontal switch neurons
was not, however, directly tested. It is prob-
able that neurons with other response
patterns also contribute to behavior. Com-
paring neuronal activity or selectivity in cor-
rect versus error trials could offer stronger
evidence for the role of prefrontal neuronal
activity in cognitive control.

It would also be interesting to analyze the
extent to which the variance of visual stimuli
affected neuronal responses. In contrast to
the A-cue and the X-probe, which were spe-
cific dot patterns, both the B-cue and
Y-probe comprised different patterns col-
lectively designated as nontarget B and Y
(Blackman et al., 2016, their Fig. 1C). These
stimuli (B-cues and Y-probes) also elicited
stronger neuronal responses in the cue and
probe period, respectively. Thus, it is quite
possible that the neurons responded to the
greater variance in these stimulus sets over
the single dot patterns A and X and only
indirectly to the cognitive control engaged

in these trials. Therefore, closer examination
of neuronal activity in response to the indi-
vidual B and Y dot patterns would help dis-
sociate the effects of stimulus variance and
cognitive control.

In conclusion, the present study offers
clues about how cognitive flexibility is built
in PFC. The results show that multitasking
prefrontal neurons flexibly represent task
variables at the population level. In light of
growing evidence for the role of mixed se-
lectivity in an adaptive and dynamic popu-
lation code (for review, see Fusi et al., 2016),
this study opens exciting future avenues.
How are task-relevant and -irrelevant fea-
tures differentiated in this dynamic encod-
ing? How is this all-inclusive representation
read out to select the appropriate behavioral
response? Could classically tuned cells play a
role in this translation? How does PFC in-
teract with other high-order and lower-level
areas? The authors may be able to address
this last question with data collected simul-
taneously from the posterior parietal cortex
using this protocol. Finally, beyond its valu-
able contribution to our understanding of
cognitive control, the study shows the mer-
its of applying a task used in clinical settings
to an animal model. Such translations allow
interventions that would otherwise be im-
possible in humans (Blackman et al., 2013)
and provide great insight into normal and
impaired cognition.
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