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We reported previously that as monkeys used abstract response
strategies to choose spatial goals, 1 population of prefrontal cortex
neurons encoded future goals (F cells), whereas a largely separate
population encoded previous goals (P cells). Here, to better
understand the mechanisms of goal selection and maintenance,
we studied correlated activity among pairs of these neurons.
Among the 3 possible types of pairs, F-F and F-P pairs often
exhibited significant correlations when and after monkeys selected
future goals but P--P pairs rarely did. These correlations were
stronger when monkeys shifted from a previous goal than when
they stayed with that goal. In addition, members of F--F pairs
usually preferred the same goal and thus shared both prospective
coding and spatial tuning properties. In contrast, cells composing
F--P pairs usually had different spatial preferences and thus shared
neither coding nor spatial tuning properties. On the assumption that
the neurons composing a pair send convergent outputs to target
neurons, their correlated activity could enhance their efficacy in
context-dependent goal selection, goal maintenance, and the
transformation of goal choices into action.

Keywords: attentional selection, behavioral neurophysiology,
cell assemblies, frontal lobe, working memory

Introduction

Ever since Hebb (1949), it has been assumed that neural

representations arise among assemblies of interacting cells. Cell

assemblies have several important properties, including the

ability to be dynamically constructed and deconstructed, as

reflected in event-related changes in correlated activity

(Nicolelis et al. 1997; Sakurai 1999). Although such correlations

have been documented in several brain regions (Vaadia et al.

1995; Riehle et al. 1997; Engel et al. 2001; Bair et al. 2001; Katz

et al. 2002; Jackson et al. 2003; Sakurai and Takahashi 2006),

little is known about their contribution to high-level cognitive

processes, such as selecting goals by abstract response

strategies.

A hallmark function of the prefrontal cortex is to monitor,

select, and maintain behavioral goals (Owen et al. 1996; Rowe

et al. 2000; Rowe and Passingham 2001; Saito et al. 2005;

Mushiake et al. 2006), but its mechanisms remain poorly

understood. Several neurophysiological studies have assessed

the role of the prefrontal cortex in the short-term memory of

places, objects, and stimulus features, with both retrospective

(Fuster and Alexander 1971; Funahashi et al. 1989; Miller et al.

1996; Rainer et al. 1998; Kim and Shadlen 1999; Romo et al.

1999; Tsujimoto and Sawaguchi 2005; Amemori and Sawaguchi

2006; Zaksas and Pasternak 2006) and prospective (Hasegawa

et al. 1998; Rainer et al. 1999; Fukushima et al. 2004; Saito et al.

2005) coding being well documented. Likewise, both neuro-

imaging (Owen et al. 1996; Cohen et al. 1997; Owen et al.

1999; Postle et al. 1999; Rowe et al. 2000; Rowe and Passingham

2001; Fletcher and Henson 2001) and neurocomputational

(Rougier et al. 2005; O’Reilly 2006; O’Reilly and Frank 2006)

studies have implicated the prefrontal cortex in updating and

manipulating information stored in short-term memory. In

accord with these findings, we showed previously that when

monkeys used previous spatial goals to select future ones,

prefrontal cortex neurons collectively encoded both previous

and future goals. Individual neurons, however, typically

encoded either previous or future goals but not both

(Genovesio et al. 2006).

The present study explored the mechanisms for goal-

directed behavior in the abstract strategy task of Genovesio

et al. (2005). To do so, we computed joint perievent time

histograms (JPETHs) (Aertsen et al. 1989; Sillito et al. 1994;

Vaadia et al. 1995; Brown et al. 2004), which are 2-dimensional

histograms that display the correlated activity of 2 neurons

relative to a behavioral event. The main diagonal of a JPETH,

called the coincidence histogram, displays how frequently

both neurons discharge within the time bin chosen for analysis.

One idea about such transient correlations is that they result

from recurrent, excitatory loops within a neural network,

which can sustain persistent neuronal activity (Amit et al. 1994;

Amit and Brunel 1997; Camperi and Wang 1998; Wang 2001;

Constantinidis and Wang 2004). Alternatively, Vaadia et al.

(1995) pointed out that such correlations could occur with

sparse, if any, synaptic connections between cells and that

a temporal correlation per se could have potential functional

significance regardless of its cause. Accordingly, we examined

these discharge correlations in a population of prefrontal

cortex neurons that encoded either a previous goal or a future

goal, chosen by monkeys according to specific behavioral

strategies.

Materials and Methods

Subjects and Behavioral Task
Two adult, male rhesus monkeys (Macaca mulatta), 8.8 and 7.7 kg,

were studied. The monkeys were restrained comfortably in a primate

chair, with their heads stabilized facing a video screen 32 cm away. All

procedures accorded with the requirements and recommendations of

the Guide for the Care and Use of Laboratory Animals (1996, ISBN 0-

309-05377-3), and all aspects of the research were approved by the

appropriate Animal Care and Use Committee. The monkeys were

motivated to perform the task with fluid control.

Figure 1A illustrates the task, 1st used by Genovesio et al. (2005).

After a 2.5-s intertrial interval, a white circle (0.7� visual angle), called
the fixation spot, appeared at the center of the video screen. Once the

monkeys fixated this location, 3 2.2� squares appeared 14� from

the fixation point. These squares were potential goals for a saccadic eye
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movement on each trial. After the monkeys had maintained fixation

(±7.5�) for 1.0 s, a symbolic visual cue appeared in place of the fixation

spot. Each cue was a composite of 2 colored ASCII characters (ca. 2.2�
each), selected pseudorandomly from a set of 3 such cues, all of which

were novel at the beginning of a recording session. The cue lasted for

a pseudorandomly selected period of 1.0, 1.5, or 2.0 s. Cue offset served

as the trigger (‘‘go’’) stimulus, after which the monkeys made a saccade

to 1 of the 3 potential goals (±7.5�). They were required to continue

fixating the chosen goal for 1.0 s, then all 3 targets filled in white and

reward might occur 0.5 s later. The reward was a 0.1 mL drop of fluid,

but regardless of reward or nonreward, the squares disappeared and

the next 2.5-s intertrial interval began.

Figure 1B illustrates the types of trials. If, on a given current trial, the

cue had repeated from the previous trial (called repeat trials), the

monkeys had to choose the same goal as on the previous trial (called

a Repeat-stay strategy). If, however, the cue had changed from that on

the previous trial (called change trials), they had to reject the previous

goal and choose 1 of the 2 remaining goals (called a Change-shift

strategy). Because each cue was selected pseudorandomly from a set of

3, 33% of current trials were repeat trials and 67% were change trials.

For repeat trials, selection of the strategically correct goal always led to

reward. For change trials, rejection of the most recent goal was the only

way to gain a reward, but this occurred for only 1 of the 2 strategically

correct choices. If a choice was not rewarded—either because of

Figure 1. Task design and recording locations. (A) Sequence of task events. Each gray rectangle represents the video screen. On the screen, a central white circle (fixation point)
and 3 white squares (potential goals) appeared on each trial. The dashed lines show the monkey’s gaze angle and fixation target. Next, the cue appeared, and its offset triggered
a saccade (black arrow)—to the right goal, in this example. (B) Previous, current, and 2nd-chance trials. On each current trial, a visual cue was selected pseudorandomly from
a set of 3 cues. If the cue had repeated from the previous trial (called repeat trials), then staying with the most recent goal (the right one, in this example) produced a reward on
the current trial. If the cue had changed (change trials), then the previous goal should be rejected in favor of 1 of the 2 alternatives, but the choice of only 1 of these (the top one,
in this example) produced a reward. Rewarded choices ended a trial, but unrewarded choices led to 2nd-chance trials until a reward was obtained. Rew, reward. (C) Penetration
sites: composite from both monkeys, relative to sulcal landmarks. Left to right: Drawing of 1 monkey’s brain with the inset marked by a dashed gray box. The 1st inset (from left
to right) shows the penetration sites for the overall population (black circles). The dashed gray sulcal lines show the alignment with the 2nd monkey. The 2nd inset shows the
penetration sites for the pairs studied here (monkey 1, black circles; monkey 2, gray circles). AS, arcuate sulcus; PS, principal sulcus.
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a strategic error or through choice of the unrewarded option on

change trials—a 2nd-chance trial followed. An unlimited series of

2nd-chance trials repeated the cue until the monkeys obtained

a reward.

Surgery
We implanted a 27 3 36 mm recording chamber in an aseptic surgical

procedure. Isofluorane anesthesia (1--3%) was used to effect. After

making a 27 3 36 mm craniotomy over the right frontal lobe, we

implanted titanium bone screws in the surrounding bone and

mechanically fixed the recording chamber and a head-restraint device

to these screws with methacrylate cement. Postoperative analgesia was

given for 3--5 days.

Histological Analysis
Near the end of data collection, we made electrolytic lesions (15 lA for

10 s, anodal current) in selected locations at 2 depths per penetration,

with the lesions separated by either 1.5 or 2.0 mm. After approximately

10 days, the animal was deeply anesthetized and then perfused with

a 10% (v/v) formol saline. Frozen, coronal sections were Nissl stained

and used for architectonic analysis. We plotted the surface projections

of the recording sites by reference to the electrolytic lesions and to 5

needles inserted at known coordinates during the perfusion (Fig. 1C).

Data Collection Methods
The monkeys’ eye position was recorded with an infrared oculometer

(Bouis Instruments, Karlsruhe, Germany) at 500--1000 Hz. We used

a 16-electrode microdrive with independent control of each electrode

(Thomas Recording, Giessen, Germany) to isolate single-unit potentials.

Different sites were explored from day to day to build up a population

of neurons. Quartz-insulated platinum--iridium electrodes (impedance,

0.5--1.5 MX at 1 kHz) provided a signal that was filtered with a band-

pass of 0.6--6.0 kHz. The signal was amplified and discriminated with

a Multispike Detector (Alpha-Omega Engineering, Nazareth, Israel) or

a Multichannel Acquisition Processor (Plexon, Dallas, TX). For the

latter, neuronal waveforms were always resorted with Offline Sorter

(Plexon). For software, CORTEX (http://www.cortex.salk.edu/) was

used to control behavior and collect data.

Data Analysis
We used MatOFF (http://dally.nimh.nih.gov/matoff/matoff.html), SPSS

(http://www.spss.com/), and custom software to analyze the data. For

the JPETHs, NeuroExplorer (NEX Technologies, Littleton, MA) was

used.

For the present analysis, neuron pairs were sampled from 2 neuronal

subpopulations, called future-goal (F) cells and previous-goal (P) cells.

Details of the single-cell analyses of these subpopulations have been

described previously (Genovesio et al. 2006) but are summarized here.

Recall that the event sequence involved both current and second-

chance trials (Fig. 1B). Identifying cells that encoded previous versus

future goals depended to a large extent on neural activity during the

fixation period, which preceded cue onset on both current and second-

chance trials. In both cases, the monkey maintained steady fixation on

a light spot for at least 1 s prior to cue onset, and thus sensory and

motor factors could be eliminated as factors contributing to neuronal

activity. Cells representing previous goals showed spatially tuned

activity during the fixation period on current trials, when the monkeys

needed that information to choose their next goal. To apply the

Change-shift strategy, the previous goal had to be rejected in favor of 1

of the 2 alternatives; to apply the Repeat-stay strategy, the previous goal

had to be selected again for the forthcoming saccade. Cells represent-

ing future goals showed spatially tuned activity during the fixation

period on 2nd-chance trials, when the monkeys had chosen their next

goal (Fig. 1B, middle). The assumption that the monkeys had chosen

their next goal prior to that time was supported by the fact that future-

goal cells defined in this way showed comparable properties during

current trials (after cue presentation) and during a visuomotor mapping

task (Fig. 10 in Genovesio et al. 2006). In the latter task, similar cues

instructed a future goal without reference to the Change-shift strategy,

the Repeat-stay strategy, or the previous goal.

We applied JPETH analysis to the pairs of simultaneously recorded

neurons (Aertsen et al. 1989). This calculation used a median of 181

trials (ranging from 110 to 270 trials). The JPETH is the 2-dimensional

cross-correlograms with time versus lag on the abscissa and ordinate

and correlation strength on the color axis. The activity from neuron i is

represented as Sr
i ðt Þ for the rth trial (Brody 1999). We let Ææ represent

averaging over r trials and defined Pi ðt Þ as ÆSr
i ðt Þæ, which is the

averaged response or PETH of a neuron i. We then calculated shuffle-

corrected covariance matrices, known as nonnormalized JPETH,

which were defined as

Ji ;j ðt1; t2Þ=ÆSr
i ðt1ÞSr

j ðt2Þæ –Pi ðt1ÞPj ðt2Þ:

This equation denotes the raw JPETH minus a cross product of

individual perievent time histograms, known as the shuffle predictor

(also known as the PET predictor). This predictor was calculated by

averaging across all possible permutations of the trials and was

subtracted from the raw JPETH in order to correct for correlations

that originate from covariations excepted from 2 independent, rate-

modulated point processes (Palm et al. 1988). Then, to normalize the

covariance matrix and obtain a matrix of correlation coefficients, we

divided the above equation with the cross product of the time-

dependent standard deviations (SDs) of the neurons i and j as follows:

JNi;j ðt1; t2Þ=
Ji ;j ðt1; t2Þ
riðt1Þrj ðt2Þ

:

Correlation coefficients are bounded [–1, 1] in these normalized JPETHs

(Aertsen et al. 1989). Because most of the temporal range of

correlations was encompassed in a strip of bins near the main diagonal

(Vaadia et al. 1995), we plotted the correlations in these bins using

a time window of 150 ms along the main diagonal (from lower left).

These coincidence histograms were then used for subsequent analyses,

including statistical tests. To calculate their confidence intervals, we

transformed each correlation coefficient into z value using Fisher’s

transformation:

z 1=
1

2
ln
ð1 + r Þ
ð1 – r Þ:

In this transformation, z1 is approximately normally distributed with

mean 1
2
ln

ð1+qÞ
ð1–qÞ and standard deviation SDz 1= 1

ffiffiffiffiffiffi

n–3
p . Then, we defined 95%

confidence limits as

tanhðz 1 – za=2SDz 1 Þ <r <tanhðz 1 + za=2SDz 1 Þ;
where n is trial number, and za/2 is 1.96 for a 95% interval.

Statistical tests were computed for the precue fixation period and

the minimal cue period, consisting of the 1st 1.0 s after cue onset. We

used the assumption that the discharge counts in each raw JPETH bin

follow a Poisson distribution, based on the shuffle (PET) predictor, and

the periods tested included 27 bins. With Bonferroni correction, the

significance level was 0.05/27 = 0.00185. We also tested the possibility

that the significant correlations resulted from a few unusual trials. In

this test, we divided each set of trials into quartiles and examined the

effect of omission of each quartile, taken 1 at a time. If the significant

correlation remained after this manipulation, then these pairs were

considered to have significant correlations. The onset of significant

correlation was defined as the 1st significant bin after the cue onset.

Because cross-correlation analysis could be problematic if the

discharge rates are not stationary across repeated trials (Brody 1999),

we examined the stationarity of firing rates for all isolated single

neurons by evaluating the Z score of their coefficients of variation

(CVs) for discharge rates during a 2-s interval aligned on cue onset. The

CV of previous- and future-goal cells was similar to that of the other

neurons in the sample (Supplementary Fig. 1). However, the firing rates

of 3 cells showed relatively high CV values (arrows in Supplementary

Fig. 1), indicating that they had a significant lack of stability across trials.

Because the lack of stability could cause artifacts in cross-correlation

analysis (Brody 1998), we also analyzed the dataset without these 3

neurons. These selective omissions had no effect on the results

reported here.

Furthermore, in order to examine a possible artifact from covaria-

tions in neuronal excitability (Brody 1999) or variability in task events,
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we calculated JPETHs for the example pairs shown below using smaller

bins (20 ms). It has been shown that artifacts of those types are more

sensitive to changes in bin size than are genuine activity correlations

(Brody 1999). The results of this small-bin analysis (Supplementary Fig.

2A,B) confirmed the original result. Together with the omission-of-

trials manipulation described above, this finding also indicates that the

cross-correlations shown here were unlikely to result from artifacts

caused by covariations of excitability, trial-to-trial event variability, or

nonstationarity.

Another source of artifact in JPETH analysis involves variable

neuronal latencies or related temporal factors (Brody 1999). Although

our task had 3 different durations for cue period, our statistical test was

based on the fixation and minimal cue period, during which monkeys

could not know whether the cue would disappear or remain for either

an additional 0.5 or 1.0 s. Nevertheless, we examined the JPETH using

the trials with 1 duration only and obtained the same result as when all

3 cue durations were included (Supplementary Fig. 3).

Finally, we also computed the time-averaged cross-correlograms

(Perkel et al. 1967) for both a broad time range (±2.5 s) and a narrower

time range (±100 ms) and compiled population averages for them

(Supplementary Fig. 4).

Results

Behavior

The monkeys performed the task very accurately, and the

details of these behavioral results have been reported pre-

viously (Genovesio et al. 2005). On current trials, the monkeys

performed repeat trials at better than 95% correct (96.0% and

96.8% correct for monkeys 1 and 2, respectively), with saccadic

reaction times (RTs) of 281 ± 96 ms (SD) and 288 ± 57 ms. On

change trials, the monkeys made choices correctly better than

98% of the time (98.3% and 98.9 %), with RTs of 279 ± 93 and

285 ± 47 ms. On 2nd-chance trials, the monkeys performed

slightly less accurately but, nevertheless, exceeded 90% correct

(92.3% and 93.5%), with RTs of 265 ± 86 and 295 ± 54 ms. The

monkeys’ oculomotor behavior was reliable, as well (Fig. 2).

Although the fixation window was relatively large, the monkey

continuously fixated the central spot within a narrow range on

successful trials. We confirmed that the trials with saccades of

4� or larger during either the fixation or cue period did not

contribute to the correlated activity described below by

removing those trials from the analysis (Supplementary Fig. 5).

Database

As monkeys performed the task, we recorded the activity of

1441 isolated single neurons from the prefrontal cortex (Fig.

1C), using multiple, moveable microelectrodes. As described in

the Materials and Methods, we could identify neurons that

encoded either previous or future goals, based on their spatial

tuning. In monkey 1, we isolated 742 neurons, of which 59

were previous-goal (P) cells and 64 were future-goal (F) cells.

In monkey 2, we studied 699 neurons, including 28 P cells and

20 F cells. As shown in Table 1, the mean firing rate did not

significantly differ between F and P cells (Student’s t-test, t168 =
0.47, P = 0.64, nonsignificant [NS]). In addition, the firing rate of

F and P cells did not differ significantly from the total neuronal

population (1-way analysis of variance [ANOVA], 3 level, F vs. P

vs. total population, F2,1437 = 1.20, P = 0.30, NS). For the present

analysis, we selected P and F cells that had been monitored

simultaneously, and the neuronal sample consisted of 42 F--F

pairs, 61 F--P pairs, and 33 P--P pairs (36 F--F pairs, 45 F--P pairs,

and 24 P--P pairs from monkey 1, with the remainder from

monkey 2). Of these pairs, 39 F--F pairs, 57 F--P pairs, and 31 P--P

pairs were monitored from different electrodes.

In what follows, we 1st show single-pair examples to

validate our JPETH analysis. Then, a population-level analysis

follows in order to describe the general properties for each

group.

Single-Pair Analysis

Of the F--P pairs, 18% showed significant positive correlations.

Figure 3A illustrates an example F--P pair with a color code

indicating correlated activity and the activity of the individual

cells presented as gray histograms along the abscissa and

ordinate. In this pair, the future-goal cell’s activity appears

along the abscissa, with its trial-by-trial activity shown in Figure

3B1. The activity of the previous-goal cell is shown along the

Figure 2. Representative horizontal (h) and vertical (v) eye position records. Nine combinations of goal locations and cue durations are shown separately. Background shading:
cue period.
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ordinate, with its trial-by-trial activity presented in Figure 3B2.

The diagonal plot in the right part of Figure 3A shows the

coincidence histogram, which is also depicted in Figure 3C, and

the display in the upper right shows the traditional, time-

averaged cross-correlogram. The coincidence histogram

revealed that the correlated firing of these neurons increased

after the appearance of the cue (Fig. 3A,C). In addition, as

shown by aligning the same data on saccade onset, these cells

also showed increased correlations during the perisaccade

period (Fig. 4). Both cells in this pair were spatially tuned, but

their goal preference differed. Specifically, the future-goal cell

had its highest discharge rate for the left goal and its lowest for

Table 1
Mean firing rate for each group of cells

F P Rand1 Rand2 Total pop

n 84 87 234 219 1270
Firing rate (sp/s) 3.7 4.0 3.2 3.3 3.3
SD 4.2 4.6 4.7 5.3 5.0

Note: Data from 2 monkeys are combined. Firing rates were calculated using the data from 2-s

period from the start of fixation (i.e., including both fixation period and minimal cue period). F and

P indicate future- and previous-goal cells, respectively, and Rand1 and Rand2 indicate cells used

for each group for random-pair analysis. ‘‘Total pop’’ denotes total population of cells, excluding

both F and P cells.

Figure 3. Dynamic modulation of correlated firing in an F--P pair. (A) JPETH constructed from 238 trials. The abscissa and ordinate show standard activity histograms for the
future-goal (F) cell and the previous-goal (P) cell, respectively. Each pixel of the color-coded matrix displays the normalized correlation coefficient at a particular lag and time
delay relative to cue onset: from blue (minimum) to red (maximum). To the right of the JPETH is the coincidence histogram, the correlations along the diagonal from lower
left to upper right. It was calculated using a time window of 150 ms oriented perpendicular to that diagonal (marked by the square bracket at the upper right corner of the
matrix). Along the time axis of the coincidence histogram, the bin width was 75 ms. The conventional, time-averaged cross-correlogram is shown in the upper right corner
(bin width, 75 ms). Total number of spikes used for the JPETH was 25 190; the CV was 81 and 73 for abscissa and ordinate, respectively. The recording session lasted 30.3
min. Fix, onset of fixation; sp, spikes. (B) Trial-by-trial activity for the histograms shown on JPETH’s axes in (A), aligned on cue onset, sorted by saccade onset (red marks).
All histograms shown in black or gray were smoothed by a Gaussian filter (r 5 3 bins). (C) The coincidence histogram, equivalent to (A), with background shading showing
the 95% confidence interval.
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the right (Supplementary Fig. 6), whereas the previous-goal cell

had its greatest discharge rates for goals up and to the right,

with the left goal having the least activity (Supplementary Fig.

7). The time-averaged cross-correlograms in Figure 3A (upper,

right) and Figure 4 (upper, right) show a broad peak in the

time range used for this analysis (75-ms bins), but, as shown in

Supplementary Figure 4A, there was no evidence of rhythmic-

ity or any tightly synchronized activity, as would be seen in 1-

ms bins.

In addition to the F--P pairs, 24% of the F--F pairs showed

significant positive correlations in activity. Figure 5 illustrates

an F--F pair, using 2 different alignment points: cue onset (Fig.

5A) and saccade onset (Fig. 5B). One future-goal cell in this

pair, the one on the abscissa, is the same as the one used for the

abscissa of the F--P pair in Figures 3 and 4. The other future-goal

cell in Figure 5, the one displayed on the ordinate, had a similar

activity pattern and shared the property of having its highest

activity for the left goal (Supplementary Fig. 8). The correlation

between these cells increased phasically during the fixation

period and again after cue onset (Fig. 5A), after which it

decreased gradually as the saccade time neared (Fig. 5B). Like

the example F--P pair in Figures 3 and 4, this F--F pair also

showed a broad central peak in the time-averaged cross-

correlograms (Fig. 5A,B), with no evidence of tight synchrony

on a millisecond scale (Supplementary Fig. 4B).

Although 18% of the F--P pairs and 24% of the F--F pairs

showed significant positive correlations, only 3% of the P--P

pairs did so, and significant negative correlations were rare for

all types of pairs (Fig. 6). Of these correlations, nearly all pairs

showed significant, positive correlations for the cue period

(73% of the F-P pairs and all the F-F pairs). The proportion of P--

P pairs with a significant positive correlation was significantly

lower than that of either F--P pairs (v2 test, v2 = 4.33, degrees of

freedom [df] = 1, P = 0.04) or F--F pairs (v2 = 6.38, df = 1, P =
0.01) and did not differ significantly from the proportion

expected by chance (v2 = 0.17, df = 1, P = 0.68, NS). For

negative correlations, only 2% of the F--P and 7% of F--F pairs

satisfied the criteria for significance, and no P--P pairs did so,

also less than or equal to chance levels.

We also evaluated whether significant correlations were

more frequent among F--F and F--P pairs than in the general

population (Fig. 6). Testing all possible pairs would have been

computationally prohibitive, so instead we examined 136 pairs

of randomly selected neurons (called the ‘‘control’’ population)

Figure 4. Same F--P pair as in Figure 3, aligned on the saccade (Sac) onset. (A) JPETH. Format as in Figure 3A. (B) Coincidence histogram. Format as in Figure 3C.

Cerebral Cortex December 2008, V 18 N 12 2753



that encoded neither future nor previous goals, with the

population size chosen to match the sum of the F--F, F--P, and

P--P pairs in our database. We performed this test twice using

the data from monkey 1, thus generating 2 136-pair datasets.

The activity of the control population matched that of the

future-goal and previous-goal neurons (Table 1; 1-way ANOVA,

4 level, F vs. P vs. Rand1 vs. Rand2, F3,619 = 0.71, P = 0.54, NS).

For the 1st random-pair set, only 10 of 136 pairs (7%) showed

significant correlations, and for the 2nd also only 10 of 136

pairs (7%) did so. These percentages were significantly lower

than those for F--P and F--F pairs from that monkey (v2 test, v2 =
8.82, df = 1, P = 0.003). The mean number of significant bins

was also smaller for the random pairs than for F--P and F--F pairs

(2.5 ± 2.0 [SD] and 1.5 ± 0.7 significant bins for the 2 random-

pair sets vs. 8.7 ± 7.7 significant bins for F--P and F--F pairs). These

differences were also statistically significant (Mann-Whitney

Figure 5. Dynamic modulation of correlated firing in an F--F pair. (A) JPETH, coincidence histograms and standard cross-correlation, constructed from 238 trials in the format of
Figure 3A,C. A total of 11 593 spikes were used; the CV for the ordinate was 167, for the abscissa, 81. The recording session lasted 30.3 min. (B) JPETH and coincidence
histograms of the same F--F pair as in (A) but aligned on saccade (Sac) onset, as in Figure 4. Note that the data in this figure come from the same recording session as do the
data illustrated in Figures 3 and 4 and that the figures have 1 cell in common.
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U-test, 2 tailed, for the 1st set n = 10, m = 21, P = 0.047; for

the 2nd set n = 10, m = 21, P = 0.004). The significantly

correlated pairs were observed in both dorsomedial and

dorsolateral parts of the prefrontal cortex (Fig. 1C) in

comparable proportions (v2 test, v2 = 2.13, df = 1, P = 0.14,

NS). There was also no areal segregation between F--P and F--F

pairs that showed significant correlations (v2 = 0.69, df = 1,

P = 0.41, NS).

Population Analysis

To examine these correlations at a population level, we

computed a population average for the coincidence histograms

of F--P and F--F pairs with significant, positive correlations

(Fig. 7C). We also computed population JPETHs, which yielded

similar results (Fig. 7A,B). Although the population JPETH

shown in Figure 7A,B are unweighted average across pop-

ulations, we also computed weighted averages so that all pairs

contribute equally (maximal correlation set to 1.0), and this

analysis yielded similar results. Consistent with the single-pair

examples illustrated in Figures 3--5, these populations of pairs

increased their correlations after the cue appeared and

remained relatively stable until the cue disappeared (Fig. 7A--

C). The onset of this increase was 355 ± 225 (SD) ms for F--P

pairs and 353 ± 265 ms for F--F pairs. Later, the correlation in F--

F pairs decreased prior to the onset of the saccade, whereas

that in F--P pairs remained relatively high during the saccade

and while the goal was fixated (Fig. 7C, arrow). In addition, F--F

pairs also showed a phasic increase in correlated activity during

the 1st part of the fixation period.

As illustrated in Figure 8A, the mean correlation coefficient

during the cue period was significantly higher during change

trials than during repeat trials for both F--F and F--P pairs

(Wilcoxon signed rank test, for F--F pairs, n = 10, P = 0.003; for

F--P pairs, n = 11, P = 0.02). These correlations could not have

been due to firing rate effects. The mean rate of activity did not

differ on change trials compared with repeat trials. For change

trials, mean activity was 4.0 ± 4.7 spikes/s, and for repeat trials

it was 3.8 ± 4.3 spikes/s (Student’s t-test, t338 = 0.46, P = 0.64,

NS).

Notwithstanding computations based on the shuffle (PET)

predictor, it has been reported that cross-correlations between

2 neurons tend to increase with neuronal firing rate (de la

Rocha et al., 2007). To examine this possibility, we compared

the population coincidence histogram with the average activity

histograms for the neurons composing the F-P (Fig. 7D) and F-F

pairs (Fig. 7E). The result shows that there was no clear

relationship between firing rate and correlation. It nevertheless

might be argued that, for F-F pairs, the correlations would be

expected to be high when future goals were being encoded

because its component neurons would have been discharging

or nearing the threshold for discharge at those times. The same

expectation would hold, however, for P-P pairs, which

discharged in relation to previous goals, yet significant

correlations among these cells were rarely observed (Fig. 6).

To examine other potential interpretational problems, we

constructed separate population coincidence histograms to

eliminate certain factors as substantial contributors to the

present results. One of these factors was a population

composed exclusively of pairs monitored from different

electrodes. For the most part, individual neurons in each pair

analyzed in this report were recorded simultaneously from

different electrodes. We also recorded neuron pairs monitored

from the same electrode, but these data were analyzed

separately because of potential artifacts for 2 neurons recorded

from a single electrode (Bar-Gad et al. 2001). We included

these neurons in the present analysis but adopted the policy

that any result or conclusion presented here must be valid in

the absence of these pairs. Supplementary Figure 9A confirms

that removal of these single electrode pairs had virtually no

effect on the population averages compared with Figure 7C.

A 2nd factor involved pair selection. We ruled out multiple

test effects in the main analysis by Bonferroni correction. We

checked this method by contrasting the number of significant

bins in F and P cell pairs. This number was then compared with

a random selection of other neurons, and pairs were included in

the population based on an assessment of the probability of

observed counts in each bin of the raw JPETH (a = 0.05) of

a given F or P pair, relative to the random pairs. A population

selected on this basis, without Bonferroni correction, showed

virtually the same properties as the population with this

correction (Supplementary Fig. 9B vs. Fig. 7C).

Finally, in the plots and analysis presented thus far, we

included both the current and 2nd-chance trials in the

analysis. To examine the influence of 2nd-chance trials in

the averages, we eliminated those trials from the analysis,

leaving current trials only (Supplementary Fig. 10). Although

the F-F pairs’ fixation period correlation was smaller in the

absence of 2nd-chance trials (Supplementary Fig. 10B,C),

the overall pattern of results was similar for the F-P

(Supplementary Figs 9 and 10A,C) and F-F pairs (Supplemen-

tary Fig. 10B,C).

We mentioned above that population coincidence histo-

grams were consistent with the single-pair examples illustrated

in Figures 3--5. In addition, as shown in Supplementary Figure 4,

population averages for the time-averaged cross-correlograms

were also consistent with the single-pair examples. The pair

illustrated in Figures 3 and 4 appears in Supplementary Figure

4A, and the pair from Figure 5 is illustrated in Supplementary

Figure 4B, both computed for a narrow (1 ms) bin width.

Neither pair showed sharp synchrony, and population-averaged

cross-correlograms in the millisecond range similarly failed to

Figure 6. Percentage of pairs showing positive (dark gray bars) and negative (white
bars) correlations, based on the correlation during precue fixation period and minimal
cue period. Contributions from the fixation period only are filled with lighter shading
and involve only the F-P pairs.
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reveal such a property (Supplementary Fig. 4C). For a broad

time range (±2.5 s), both F--P and F--F pairs showed wide, single

peaks around time zero (Supplementary Fig. 4D). No rhythmic

activity was observed in either time range at either the

population or single-pair level.

As mentioned above, an important feature of the individual

future- and previous-goal cells is that they showed spatial

tuning. We examined whether the members of F--F and F--P

pairs shared the same preferred goal, defined as the goal

associated with the highest firing rate. If preferred goals were

equally distributed, then neuron pairs with different preferred

goals should outnumber those with the same one by a ratio of

2:1. Neuron pairs lacking significant correlations did not differ

significantly from this ratio (Fig. 8C; v2 test for F--P pairs, v2 =
0.33, df = 1, n = 50, P = 0.56, NS; for F--F pairs, v2 = 0.12,

df = 1, n = 32, P = 0.73, NS). Likewise, the preferred goal of

neurons in F--P pairs with significant correlations failed to differ

from the chance ratio of 2:1 (Fig. 8B, left; v2 test, n = 11, v2 =
0.10, df = 1, P = 0.76, NS). Only F--F pairs with significant

correlations were significantly more likely to share the same

preferred goal (Fig. 8B, right): compared with chance (v2 =
4.43, df = 1, n = 10, P = 0.04), with F--P pairs with significant

correlations (v2 = 5.84, df = 1, P = 0.02), or with F--P (v2 = 9.70,

df = 1, P = 0.002), or with F--F pairs (v2 = 5.52, df = 1, P = 0.02)

lacking significant correlations.

Discussion

The prefrontal cortex has been viewed as a neural substrate for

selecting and representing goals, including those based on

Figure 7. Population analysis. (A) Population average of JEPTHs for F--P pairs with significant positive correlations (n 5 11). (B) As in (A), for F--F pairs (n 5 10). (C) Population-
averaged coincidence histograms, calculated from neuron pairs with significant, positive correlations (n 5 11 for F--P pairs, n 5 10 for F--F pairs). Coincidence histograms for
individual pairs were calculated as in Figure 3A,C but without smoothing. These histograms were then averaged bin by bin across each subpopulation and smoothed using
a moving average of 3 bins. Background shading shows standard error of the mean. The arrow marks a period after the goal had been chosen and acquired, but feedback had not
yet arrived. Note that the plot is divided into 2 parts, 1 aligned on cue onset and the other on cue offset, because the duration of the cue was variable and unpredictable. (D)
Population average activity of all future- and previous-goal cells composing the significantly correlated F--P pairs (blue line), shown together with the coincidence histogram of F--P
pairs from (C). (E) In the format of (D), for F-F pairs and the future-goal cells composing those pairs. Fix, onset of fixation.
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high-order rules and strategies (Owen et al. 1996; Rowe et al.

2000; Rowe and Passingham 2001; Gaffan et al. 2002; Bunge

2004). The current study revealed several features of discharge

correlations during goal selection and maintenance in the

abstract strategy task of Genovesio et al. (2005): 1) as monkeys

chose a goal, F--P and F--F pairs often showed significant

correlations during the cue period, but P--P pairs rarely did so

(Fig. 6); 2) both F--P and F--F pairs showed enhanced

correlations during the cue period, when the monkeys selected

and maintained a goal (Fig. 7C), and F--P pairs maintained these

correlations at a stable level after goal acquisition (Fig. 7C,

arrow); 3) in F--P pairs with significant correlations, the

members of the pair rarely shared goal preferences during

the cue period, but in F--F pairs they commonly did so (Fig. 8B);

4) correlations among members of a pair were greater during

change trials, when the monkeys rejected the previous goal,

than during repeat trials, when the monkeys selected the

previous goal again (Fig. 8A); and 5) these correlations lack

rhythmicity or sharp synchrony (Supplementary Fig. 4C).

Potential Functional Contributions

The analytical method used here assessed the likelihood that

spikes from 2 neurons fell into the same time bin, beyond that

expected simply from their discharge rates. In the past, these

transient correlations have been interpreted in terms of net

changes in neuronal interactions, particularly through re-

current, excitatory loops that could sustain persistent neuronal

activity (Amit et al. 1994; Amit and Brunel 1997; Camperi and

Wang 1998; Wang 2001; Constantinidis and Wang 2004).

Alternatively, such correlations can occur with sparse, if any,

synaptic connections between cells (Vaadia et al. 1995). We

discuss below some potential sources of the correlations but

focus here on their possible functional significance. Transient

correlations, regardless of their cause, could make the outputs

from the 2 neurons of a pair more efficacious, especially if their

efferents converge on target neurons. Paz et al. (2007), for

example, showed that correlated activity promoted the transfer

of information from one cortical area to another—in that study

from the entorhinal cortex to the perirhinal cortex. Accord-

ingly, we discuss the possible functional significance of each

kind of pair, in turn, in the context of this assumption. We note

that future goals were also movement targets, so we cannot

distinguish between spatial goals and motor commands.

In accord with current thinking about short-term memory

mechanisms, the correlated activity of F--F pairs could

contribute to the selection and active maintenance of future-

goal representations (Amit et al. 1994; Camperi and Wang 1998;

Compte et al. 2000), especially for F-F pairs with similar goal

preferences. On this view, the correlations support the

maintenance of persistent discharge that represents a future

goal. Recurrent, excitatory interactions could play a role in

supporting such activity (Amit and Brunel 1997; Camperi and

Wang 1998; Wang 2001; Constantinidis and Wang 2004), but it

is not necessary to invoke such a mechanism (Vaadia et al.

1995). Regardless of the cause of the correlation, if the pairs’

outputs converge on target neurons, then temporal summation

should enhance the efficacy of those efferents. Assuming

further that these cells project to networks that transform

a prospective coding signal into action, temporal and spatial

summation would make correlated F--F pairs more effective

than uncorrelated pairs in this computation. The finding that

F--F pairs showed a marked decrease in their correlations after

goal attainment (Fig. 7C) is also consistent with their role in

prospective coding. F--F pairs also showed enhanced correla-

tions after the onset of fixation, prior to the cue (Fig. 7B,C,

Supplementary Fig. 10B,C), when a goal could not yet have

been selected. This increased correlation is difficult to un-

derstand, but if within-pair correlations enhance the efficacy of

their neuronal outputs, they could contribute to activating the

representations of potential motor commands, which—once

the precue fixation period begins—consist solely of saccades to

the 3 potential response goals.

As for F--P pairs, after cue presentation their correlations

roughly matched those for F--F pairs during the cue period (Fig.

7C). The presence of these correlations and their time course

suggest that the correlations in these pairs, too, contribute to

Figure 8. (A) Mean correlation coefficients for repeat- and change trials, calculated
from 0--1.0 s after cue onset. Gray dashed lines show the mean values for the F--P
pairs (left) and F--F pairs (right), matching the values in Figure 7C for the cue period.
Error bars show standard error of the mean. (B, C) Number of neuron pairs in which
individual cells had the same or different preferred goals. (B) Pairs with significant
positive correlations. Horizontal lines show the values expected by the chance.
Contributions from the fixation period only are filled with lighter shading, and involve
only the F-P pairs. (C) In the format of (B), for pairs without significant positive
correlations.
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the selection and maintenance of spatial goals. Recall that, like

F-F pairs, F-P pairs showed greater correlations during change

trials, when the previous goal should be rejected in favor of an

alternative, than during repeat trials (Fig. 8A). Unlike F-F pairs,

however, the members of F--P pairs usually encoded different

goals (Fig. 8B). Recall also the relationship between future- and

previous goals. At the start of a current trial, the previous goal is

the one most recently selected and acquired. The future goal is

the one selected and acquired during a current trial. If that

choice does not produce a reward, a 2nd-chance trial ensues

in which the monkeys must choose the least recently

acquired goal (Fig. 1B). To perform the 2nd-chance trial

correctly, the monkeys must remember and eliminate both the

goal chosen on the previous trial and the goal chosen on the

just ended ‘‘current trial.’’ The discharge activity of F-P pairs

represents just this combination of goals. If, as assumed above,

correlated activity makes convergent efferents from these

neurons more efficacious, then the correlations in F--P pairs

could enhance their ability to signal these 2 most recently

selected goals to the networks that choose the goal on second-

chance trials. The observation that F--P pairs maintained an

enhanced level of correlations after goal acquisition, which

diminished once feedback arrived (Fig. 7C, arrow), also agrees

with this hypothesis because the choice on 2nd-chance trials

occurs at this time. On this view, both the spikes and their

correlations would be important in suppressing the repetition

of prior choices. Prefrontal cortex lesions cause perseverative

errors in tasks requiring the shifting of rules, task sets, or

responses (Passingham 1972; 1985; Dias et al. 1997; Collins

et al. 1998), and both spikes and correlations could contribute

to the behavioral flexibility that characterizes the behavior of

primates with intact frontal lobes. Alternatively, the correlated

activity in F-P pairs could also reflect a monitoring function.

The paucity of significant P--P correlations, together with the

presence of many such correlations among F--P pairs, suggests

that retrospective information in the prefrontal cortex, as

encoded by the previous-goal cells, is most important for

prospective coding, rather than in memory maintenance or

working memory per se. Neuroimaging (Owen et al. 1996;

Cohen et al. 1997; Postle et al. 1999; Rowe et al. 2000; Rowe

and Passingham 2001; Fletcher and Henson 2001) and neuro-

computational (Rougier et al. 2005; O’Reilly 2006; O’Reilly and

Frank 2006) studies point in the same direction. For example,

Owen et al. (1999) showed that the middorsolateral prefrontal

cortex is involved more in the performance of a 2 back memory

task, which required the subject to continually update and

manipulate the stored sequence of spatial locations, than in

a spatial span task, in which the subject had only to hold

a sequence of locations in memory. In line with this finding, Bor

et al. (2003) demonstrated that the dorsolateral prefrontal

cortex increased its activity when subjects reorganized the

items retained in short-term memory into higher level group-

ings or ‘‘chunks,’’ compared with a condition in which such

grouping did not occur, notwithstanding the fact that success-

ful grouping decreased memory demands. Based on these and

other findings, Owen et al. (2005) concluded that the

dorsolateral prefrontal cortex contributes to the strategic

control of contents that are held in working memory, thereby

facilitating subsequent processing for future decisions and

actions. The paucity of significant P--P correlations agrees with

these ideas about prefrontal cortex function and provide

further systems-level support for them.

Relation to Previous Studies

Several previous studies have reported cell-to-cell correlations

in the prefrontal cortex within the range of a few milliseconds

(Abeles et al. 1995; Rao et al. 1999; Constantinidis et al. 2001;

Constantinidis and Goldman-Rakic 2002; Sakurai and Takahashi

2006). A study using a spatial delayed response task reported

that prefrontal cortex neurons were more likely to show cross-

correlation peaks if they shared similar functional properties,

including spatial preferences (Constantinidis et al. 2001). The

F--P correlations reported here provide evidence that cells can

show significant correlations without sharing similar spatial

preferences (Fig. 8B) or other key functional properties, such

as retrospective versus prospective coding. The present

findings also show that cells sharing spatial preferences might

show significant correlations, as was typically the case for F--F

pairs, or might not, as in F--P pairs, depending on their other

properties (Fig. 8B). In another recent study, Sakurai and

Takahashi (2006) showed that synchrony among prefrontal

cortex neurons changed dynamically depending on the tasks

and events being processed. In the present data, dynamic

changes in correlation depended not only on those factors but

also on the specific properties of the cells composing a pair

(e.g., F--P vs. F--F pairs). The present results extend previous

work on transient correlations and related measures by

focusing on cells with specific properties related to the

selection and maintenance of goals based on abstract response

strategies.

Nature of the Correlations

We emphasize that the present study found relatively ‘‘loose’’ or

‘‘broad’’ synchrony, in the range of tens to hundreds of

milliseconds, as opposed to ‘‘tight,’’ ‘‘sharp,’’ or ‘‘narrow’’

synchrony, in the order of milliseconds (Supplementary Fig.

4A--C). The broad correlation functions we observed have been

reported in several previous studies (Gochin et al. 1991; Nelson

et al. 1992; Eggermont 1992; Vaadia et al. 1995; Nowak et al.

1999; Katz et al. 2002; Narayanan and Laubach 2006) and seem

to be a different phenomenon from previously reported, tight

synchrony in prefrontal cortex (Constantinidis et al. 2001;

Sakurai and Takahashi 2006). We note, however, that Vaadia

et al. (1995) reported both tight and loose synchrony in the

same frontal population, as have others elsewhere (Gochin

et al. 1991; Hata et al. 1991; Nelson et al. 1992; Eggermont 1992;

Nowak et al. 1995, 1999), and our results confirm the latter. A

possible factor that could have contributed to the lack of sharp

synchrony in our data was the distance between cells in a pair.

For example, Katz et al. (2002) showed that narrower cross-

correlation peaks tend to be observed in nearby neurons,

whereas broader peaks tend to be observed in widely separated

neurons, including in neuron pairs from different hemispheres.

Likewise, Nowak et al. (1999) examined cross-correlations

between distantly located neurons in areas V1 and V2 of

monkeys and reported that they rarely ( <1%) showed sharp

synchrony. Many of their pairs, however, showed broad cross-

correlation peaks, in the order of hundreds of milliseconds to

seconds. Consistent with these findings, Constantinidis and

Goldman-Rakic (2002) showed that sharp correlation peaks

were difficult to observe beyond 0.2 mm. This conclusion is

consistent with the fact that the minimal distance between our

electrodes was 0.5 mm, without considering the additional

separation caused by differences in depth. (Unfortunately,
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more detailed analysis of the relationship between neuronal

separation and JPETH correlations could not be performed on

the present data for technical reasons.) Additionally, in typical

cross-correlation studies, there has been a focus on narrow

time windows, such as cue or delay periods, whereas in our

JPETH analysis, we included a much longer period, which

contributed substantially to the broad correlation peaks that

we observed.

Thus, the correlations reported here are most likely to have

resulted from polysynaptic interactions and indirect common

input (Nowak et al. 1995) and not from the direct, mono-

synaptic connections. Polysynaptic interactions could also

account for the lack of rhythmic activity in our data. Although

rhythmicity might be expected among neurons in a recurrent

network, such activity is likely to be decayed or desynchron-

ized through several synapses between neurons in a pair or

between them and their common inputs. This possibility was

especially likely because, as noted above, our electrodes were

separated by relatively long distances compared with other

studies (Constantinidis et al. 2001; Sakurai and Takahashi

2006). Furthermore, we assume that those cells participate in

several networks (Izhikevich et al. 2004; Rougier et al. 2005),

which could also mask rhythmic activity. Another contribution

to the dynamic correlations could be modulation of firing rate,

notwithstanding the computational approach used in JPETH

analysis to account for this factor through the shuffle (PET)

predictor (de la Rocha et al. 2007). However, correlations in

the F--P pairs do not seem to be dependent on firing rate

because the maximum correlation is observed during intervals

of lower firing rate (Fig. 7D). Likewise, correlations in F--F pairs

correspond poorly to the change in firing rate in future-goal

cells (Fig. 7E). Thus, the correlations observed here are unlikely

to be accounted for simply by the rate modulations.

Possible Oculomotor Influences

An important interpretational issue concerns the possible

effects of eye movement on the correlated activity. Although

the monkeys did not make many standard saccades during the

fixation period (Fig. 2), either before the cue or after goal

acquisition, small number of saccades and/or random micro-

saccades could, in principle, have affected the present results.

This contaminant was unlikely, however, because: 1) the visual

or motor fields previously reported for cells in these areas are

large, >10 degrees (Mikami et al. 1982; Suzuki and Azuma

1983), which makes it unlikely that small eye movements will

bring a stimulus into and out of such a field; 2) a previous study

regarding cross-correlations in these areas ruled out increases

in correlation due to microsaccades (Constantinidis and

Goldman-Rakic 2002); 3) whereas the microsaccades appear

to occur randomly, the correlated activity observed here

increased after the cue appeared; and 4) removal of the trials

that included saccades in excess of 4� did not influence the

present findings (Supplementary Fig. 5).

Conclusions

The present data indicate that transient correlations among

prefrontal cortex neurons, specifically those encoding previous

and future goals, contribute to goal selection and maintenance.

Along with classic neurological thinking, recent experimental

work supports goal selection and maintenance as a central

function of prefrontal cortex (Owen et al. 1996; Rowe et al.

2000; Rowe and Passingham 2001; Gaffan et al. 2002; Saito et al.

2005; Mushiake et al. 2006). In accord with some of these

theories of prefrontal cortex function, its contribution becomes

most pronounced when previous goals or task sets need to be

rejected in favor of an alternative (e.g., Owen et al. 1993; Wise

et al. 1996). Although the present task was operantly condi-

tioned (Genovesio et al. 2005), monkeys spontaneously adopt

the same strategies as they learn symbolically guided actions

(Wise and Murray 1999), and humans use similar strategies.

Indeed, daily life activities depend to a considerable extent on

choosing new goals based on what has already been accom-

plished. Failure of the neural mechanisms described here—the

loss of correlations within cell assemblies that should make their

outputs more efficacious—could contribute to the deficits of

goal omission or perseveration that characterize dementia and

obsessive-compulsive disorder, which have been linked to

frontal lobe dysfunction.

Supplementary Material

Supplementary material can be found at: http://www.cercor.

oxfordjournals.org/.
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