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Stimulation of the Frontal Eye Field Reveals Persistent
Effective Connectivity after Controlled Behavior
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Our ability to choose nonhabitual controlled behavior instead of habitual automatic behavior is based on a flexible control mechanism
subserved by neural activity representing the behavior-guiding rule. However, it has been shown that the behavior slows down more when
switching from controlled to automatic behavior than vice versa. Here we show that persistent effective connectivity of the neural network
after execution of controlled behavior is responsible for the behavioral slowing on a subsequent trial. We asked normal human subjects
to perform a prosaccade or antisaccade task based on a cue and examined the effective connectivity of the neural network based on the
pattern of neural impulse transmission induced by stimulation of the frontal eye field (FEF). Effective connectivity during the task
preparation period was dependent on the task that subjects had performed on the previous trial, regardless of the upcoming task. The
strength of this persistent effective connectivity was associated with saccade slowing especially on trials after controlled antisaccade. In
contrast, the pattern of regional activation changed depending on the upcoming task regardless of the previous task and the decrease in
activation was associated with errors in upcoming antisaccade task. These results suggest that the effective connectivity examined by FEF
stimulation reflects a residual functional state of the network involved in performance of controlled antisaccade and its persistence may
account for the behavioral slowing on the subsequent trial.

Introduction
Our flexible behavior depends on cognitive control mechanism.
It has been shown that sustained activity of neurons in the pre-
frontal cortex represents the rule of the task to be performed
(Desimone and Duncan, 1995; Miller and Cohen, 2001). These
neurons are thought to send control signals to other brain regions
and update the connectivity of neural network according to the
current task demand. This mechanism is critical when one has to
override prepotent, automatic behavior and select nonhabitual,
controlled behavior. Here the prefrontal control mechanism se-
lects a weaker, task-appropriate response in the face of competi-
tion from an otherwise stronger but task-inappropriate one.
Larger reaction times (RTs) in controlled behavior are taken to
reflect neural processes associated with establishment of rule rep-
resentation of that behavior, modulation of the network connec-
tivity based on the rule, and resolution of the competition
between controlled and automatic behavior.

Paradoxically, however, the increase in RTs has been shown to
be larger when switching from controlled to automatic behavior

than vice versa. In a Stroop paradigm in which subjects switch
between automatic word reading and controlled color naming
tasks, a greater switch cost is observed on a word-reading trial
after color naming than on a color-naming trial after word read-
ing (Allport et al., 1994). Also, when switching between prosac-
cade and controlled antisaccade, that is, when switching between
rules to make a saccade to and away from a visual target, a greater
switch cost is observed on a prosaccade trial that follows an anti-
saccade trial than on an antisaccade trial that follows a prosaccade
trial (Cherkasova et al., 2002; Fecteau et al., 2004; Barton et al.,
2006). Moreover, responses become faster when switching from
prosaccade to antisaccade than when repeating antisaccade.
These results cannot be accounted for by the extra neural pro-
cessing to establish the rule representation for controlled behav-
ior, as this would result in an increase in RTs when switching
from automatic to controlled behavior rather than vice versa. It is
also shown that the effect cannot be eliminated with ample task
preparation time of several seconds (Allport et al., 1994; Rogers
and Monsell, 1995; Meiran, 2000; Barton et al., 2006), suggesting
that a mechanism involved in the aftereffect of controlled behav-
ior cannot be updated during a task preparation period on the
next trial.

In the present study, we tested a possibility that the rule rep-
resentation in the prefrontal cortex has been updated during task
preparation but cannot fully reconfigure the pattern of network
connectivity. Our hypothesis was that the network connectivity
that has been modulated by the performance of controlled behav-
ior persists during task preparation on the subsequent trial and
influences behavior. To test the hypothesis, we asked normal hu-
man subjects to perform a prosaccade or antisaccade task and
used a concurrent transcranial magnetic stimulation (TMS) and
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EEG technique to examine the pattern of
effective connectivity, that is, efficiency of
neural impulse transmission from one re-
gion to anatomically connected regions
(Massimini et al., 2005; Driver et al., 2009;
Morishima et al., 2009).

Materials and Methods
Subjects. For the main experiment of TMS over
the frontal eye field (FEF), we recruited 22
healthy human subjects through poster and In-
ternet. One subject was excluded from the
analysis because his eye movements were too
small to identify the saccade onset. The data
from the remaining 21 subjects were used for
analysis (11 males, 10 females; mean age 23.7;
range 19 – 41). Additionally, we recruited 14
subjects for the of control site TMS experiment
(3 females, 11 males; mean age: 26.7, range:
20 – 40). All subjects gave informed consent af-
ter the experimental procedures were ex-
plained. The study was approved by the ethics
committee of the Graduate School of Medi-
cine, the University of Tokyo.

Behavioral paradigm. Normal human sub-
jects performed a prosaccade or antisaccade
task based on a pretarget cue (Fig. 1 A). Sub-
jects fixated at the fixation point for a period
of 1150 –1450 ms. Subsequently the fixation
point was replaced with a red or green cue,
which instructed the subjects to perform an an-
tisaccade or prosaccade, respectively (red and
cyan in the figure for display purposes). The
cue stayed on the screen for 100 ms. At 500 ms
after the cue onset, a target appeared for 100 ms
at either the left or right of the center of the
screen and the subjects made a saccade to or
away from the target according to the cue. The
subjects then kept fixating at the saccade end-
point until the reappearance of a fixation point
1400 ms later. Thus the interval between the
offset of a target and presentation of a cue on a
subsequent trial was 2550 –2850 ms. The white
fixation, color cue, and white target were filled
circles with a radius of 0.7° of visual angle and
the fixation and cue were presented at the cen-
ter of the screen. Different trial types were presented in a pseudorandom-
ized order so that an equal number of antisaccade and prosaccade trials,
an equal number of TMS and no-TMS trials, an equal number of target
positions, and an equal number of task switch and task repetition trials
were present within each experimental session. The same saccade task
could occur sequentially a maximum of three times. Subjects performed
10 or 12 experimental sessions, each containing 72 trials with a cue-target
interval of 500 ms and six trials with cue-target interval of 250 ms. Trials
with a cue–target interval of 250 ms were included so that the subjects
prepare for the upcoming saccade task immediately after presentation of
a cue.

Eye movement. To encourage subjects to process the visual stimuli and
compute saccade vectors on each trial, targets were presented at a posi-
tion with eccentricity of 8.5, 10.2, or 11.9 degrees from the fixation point.
Subjects were asked to make saccade toward the exact position of the
target (prosaccade) or toward a position away from the target with the
same eccentricity (antisaccade). Indeed, we found that the saccade am-
plitude changed depending on the variable eccentricity of the target for
both prosaccade and antisaccade (supplemental Fig. 1, available at www.
jneurosci.org as supplemental material). Before the EEG recording, sub-
jects practiced the behavioral paradigm for �78 trials. During these
training sessions, eye movements were monitored on-line at a sampling

rate of 238 Hz using an iView eye tracker (SensoMotoric Instruments)
and feedback was provided to ensure that they fixated on the center of the
screen during the preparatory period. During the EEG recording ses-
sions, horizontal EOGs were recorded with electrodes placed next to the
lateral canthi of both eyes at a rate of 1450 Hz. Saccade was defined as the
rapid eye movement causing a sharp deflection of horizontal EOGs that
exceeded �100 �V from baseline within a time window of 500 ms after
the onset of a visual target. Onsets of saccades were identified as the time
point at which the second derivative of EOGs exceeded 4 SDs of the
baseline. We also confirmed eye movements by recording the pupillary
position of the left eye at a sampling rate of 60 Hz using ViewPoint eye
tracker (Arrington Research).

TMS procedure. On half of the trials with a cue–target interval of 500
ms, we gave a single-pulse low-intensity TMS at 400 ms after the onset of
a task cue. TMS was not given on trials with a cue–target interval of 250
ms. TMS was applied with a figure-of-eight coil with a diameter of 70 mm
and Magstim 200 stimulator (Magstim). We chose the FEF as the stim-
ulation site for TMS because this region is shown to be involved in
control of a voluntary saccade such as antisaccade (Munoz and Everling,
2004). The TMS coil was placed tangentially to the scalp over FC2 elec-
trode with the handle of the coil pointing backwards and laterally �45
degrees to the interhemispheric line. After the TMS-EEG session, struc-
tural MRIs were obtained from 12 subjects for the FEF-TMS sessions and

Figure 1. Cued saccade task and TMS-EPs. A, Time line of the task. Subjects made prosaccade or antisaccade according to a
pretarget cue (red cue: antisaccade, cyan cue: prosaccade). B, Position of the FEF-TMS rendered on 3D surface of the MNI template
brain (left), coronal section at y � 2 (upper right), and sagittal section at x � 30 (lower right). C, TMS-EPs averaged across all
conditions and all subjects, displayed from �20 to 60 ms of TMS. TMS-EPs were calculated by subtracting the EEG waveforms on
no-TMS trials from those on TMS trials. The analysis was focused on the time window of 20 – 40 ms after TMS (gray shading). Colors
of the waveforms correspond to the electrode positions on the scalp (inset at lower left). A yellow symbol of lightening bolt in the
inset indicates scalp position at which TMS was applied. D, E, Latency of saccade onset (RTs) (D) and error rates (E), separately
shown for the four conditions based on the task on the previous and current trials. Mean and SE across subjects are shown.
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7 subjects for the control site TMS sessions. The position of the TMS coil
was then coregistered with the normalized structural brain images using
a frameless stereotaxy system (Brainsight, Magstim). The TMS sites were
located just anterior to the junction between the precentral sulcus and
superior frontal sulcus on the right hemisphere (Fig. 1 B). They were
clustered at the coordinate (30, 2, 57) in the standard brain of the Mon-
treal Neurological Institute (MNI), which corresponds to the FEF (Ford
et al., 2005; Grosbras et al., 2005; Brown et al., 2007). In the control
experiment, the procedure was as above with the exception that we de-
livered TMS to the postcentral gyrus (mean coordinate: 28, �42, 66),
following the procedure of a previous TMS-EEG study (Taylor et al.,
2007b). The TMS intensity was fixed at 35% of the maximum stimulator
output. After the TMS-EEG session we measured the active motor
threshold for each subject, which was defined as the lowest TMS intensity
that evoked more than five small twitches of the left index finger in a
series of 10 stimulations over the optimal position in the right primary
motor cortex. For all the subjects, the TMS intensity used in the TMS-
EEG session did not exceed the active motor threshold: the TMS intensity
ranged from 58% to 100% of active motor threshold (mean: 72%). The
TMS at this intensity did not induce muscle twitches in any body part
when applied over the FEF. Here we used TMS as a probe to examine the
functional state of the neural network without causing disruptive effect
on behavior. TMS of similar intensities has been shown to induce neural
impulse transmission from a stimulated region to distant cortical regions
(Massimini et al., 2005; Morishima et al., 2009).

EEG recording. We recorded EEG with 60 electrodes placed according
to an extended 10/20 system using TMS-compatible amplifiers (eXimia
EEG, Nexstim; or BrainAmp, Brain Products). EEG signals were refer-
enced to additional electrodes on the earlobes. For Nexstim the signals
were bandpass filtered at 0.1–500 Hz and sampled at 1450 Hz with 16 bit
resolution. For BrainAmp, the signals were low-pass filtered at 1000 Hz,
DC-corrected, and sampled at 2500 Hz with 16 bit resolution. Impedance
of each electrode was kept below 5 k� for all experiments.

EEG data analysis. EEG data were preprocessed with Scan 4.3 Edit
(Neuroscan) or BrainVision Analyzer (BrainProducts). We then used the
EEGLAB toolbox (Delorme and Makeig, 2004) on Matlab (Mathworks)
for re-referencing of the EEG to the mean of all electrodes, statistical
analysis and data visualization. Trials with noise associated with blinking
and EMG artifacts were automatically rejected using a threshold of aver-
age peak-to-peak amplitude of 70 �V across channels during the interval
of 200 – 400 ms after the cue-onset. The same rejection criterion was used
for analysis of TMS-evoked potentials (TMS-EPs) and analysis of event-
related potentials (ERPs). Trials with fixation break during 300 ms before
target onset were present on 4.7% (SD 9.0%) of trials and were excluded
from further analysis. For TMS-EP analysis, the waveforms were aligned
to the onset of TMS or to the corresponding time point for no-TMS trials.
For ERP analysis, the waveforms were aligned to the onset of the cue. The
baseline correction was applied based on the pre-TMS interval of 60 ms
for TMS-EP analysis, and on the precue interval of 200 ms for ERP
analysis. The data analysis was conducted only on trials with a cue–target
interval of 500 ms.

TMS-evoked potentials. We took advantage of a concurrent TMS and
EEG technique to examine the pattern of effective connectivity (Massi-
mini et al., 2005; Driver et al., 2009; Morishima et al., 2009). The rationale
of this technique is that stimulation applied over a particular brain region
induces a current spread along anatomical connections in a manner
dependent on the functional state of the interregional network connected
with the stimulated region (Taylor et al., 2007b; Silvanto et al., 2008;
Driver et al., 2009). The TMS induced significant changes in the scalp
patterns of EEG potentials. We calculated TMS-EPs by subtracting the
EEG waveforms on no-TMS trials from those on TMS trials (Fig. 1C;
supplemental Fig. 2, available at www.jneurosci.org as supplemental ma-
terial). We analyzed the data during the time window of 20 – 40 ms after
TMS. This is to avoid artifacts caused by direct stimulation over EEG
electrodes during 0 –10 ms after TMS and also to avoid contamination of
potentials evoked by auditory and tactile stimuli accompanying TMS,
which occurs at �80 ms after TMS. Previous studies of cortical stimula-
tion have shown that transmission of neural impulses from one cortical
region to another at a neuronal population level takes �20 – 40 ms

(Ilmoniemi et al., 1997; Massimini et al., 2005; Matsumoto et al., 2007;
Morishima et al., 2009). In the present study we examined, for each
electrode, the effect of the task that the subjects had performed on the
previous trial (previous task) and the effect of the task that the subjects
were about to perform on the current trial (current task) on the average
of TMS-EP amplitude across the time window of 20 – 40 ms after TMS.
To attenuate the problem of multiple comparisons and also to take into
account the spatial smoothness in the distribution of scalp potentials, a
significant task effect was determined when p values of �0.03 were ob-
tained on at least two neighboring electrodes. To verify the scalp distri-
bution of the TMS-EPs observed in single-electrode analysis, we also
examined three-way interactions between previous task (prosaccade and
antisaccade), current task (prosaccade and antisaccade), and electrode
positions (60 channels) on the TMS-EPs and ERPs. This analysis is free
from the problem of multiple comparisons across electrodes.

Current source estimation. We used Curry 5.0 (Compumedics Neuro-
scan) for estimation of current source density that accounts for TMS-EPs
and ERPs. We first estimated noise in our data by calculating the variance
of the data in the pre-TMS interval of 60 ms (0.087 �V) or precue interval
of 200 ms (0.084 �V). Based on the results of noise estimation, the sensor
weighting and the regularization parameter of the current density recon-
struction were determined. We then created the cortex model excluding
the cerebellum with 6 mm resolution and 26,218 rotating dipoles and
Boundary Element Model with three shells of fixed conductivities (scalp:
0.33 S/m; skull: 0.0042 S/m; brain: 0.33 S/m). The electrodes were ren-
dered onto the scalp based on the coordinates acquired by the Brainsight
frameless stereotaxy system. We estimated the current source density
restricted to the cortex by using the minimum norm least squares (L2
Norm) method with correction of depth bias (Silva et al., 2004).

Results
Behavioral data
We first analyzed saccade latencies on correct response trials.
Errors were defined as the saccades made in the direction oppo-
site to that of the correct saccade based on electro-oculograms
(EOGs). The data from 21 subjects were analyzed. There was a
significant main effect of current task on saccade latencies (two-
way repeated-measures ANOVA with factors of current task and
previous task: F(1,20) � 110.7, p � 0.001): RTs were significantly
longer on antisaccade trials than on prosaccade trials (Fig. 1D).
We also found a significant main effect of the task on the previous
trial (F(1,20) � 21.64, p � 0.001): RTs were significantly longer on
trials preceded by antisaccade than on trials preceded by prosac-
cade. Furthermore, we found asymmetry in the switch cost: RTs
were significantly shorter when switching from prosaccade to anti-
saccade than when repeating antisaccade (paired t test: t(20) � 2.75,
p � 0.012), whereas RTs were significantly longer when switching
from antisaccade to prosaccade than when repeating prosaccade
(t(20) � �3.15, p � 0.005). Because of the task switch benefit on
antisaccade and task switch cost on prosaccade, RTs did not differ
significantly between switch and repetition trials when prosaccade
and antisaccade trials were combined (t(20) � �1.33, p � 0.20).

Error rates were significantly higher on antisaccade trials than
on prosaccade trials (main effect of current task, F(1,20) � 30.97,
p � 0.001) (Fig. 1E). However, unlike RTs, error rates did not
change significantly depending on the previous task type (main
effect of previous task, F(1,20) � 8.19, p � 0.24). We also found
that the switch cost on error rates was symmetric: the increase in
error rates when switching from antisaccade to prosaccade rela-
tive to repetition of prosaccade did not differ significantly from
the increase in error rates when switching from prosaccade to
antisaccade relative to repetition of antisaccade (t(20) � �1.21,
p � 0.24). Error rates were significantly higher on switch trials
than on repetition trials when prosaccade and antisaccade trials
were combined (paired t test: t(20) � �2.83, p � 0.010).
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Importantly, the low-intensity TMS used in the present study
did not affect the performance of the subjects. On RTs, there was
no significant main effect of TMS (F(1,20) � 3.60, p � 0.072), no
significant interaction between TMS and current task (F(1,20) �
0.24, p � 0.63), and no significant interaction between TMS and
previous task (F(1,20) � 0.81, p � 0.38). Also the TMS did not
induce eye movements, as confirmed by EOGs. For all of the
previous studies on human subjects, TMS on the FEF does not
induce eye movement even with maximum stimulator output
(Müri et al., 1991; Wessel and Kömpf, 1991). In the present study
we used far lower stimulation intensity.

FEF effective connectivity reflects previous task
Neural impulses induced by stimulation of the right FEF spread
to distant cortical regions. After initial TMS-induced artifacts
during 0 –10 ms after a TMS-pulse, a negative change in the scalp
potentials was observed on anterior electrodes at 10 –20 ms
(shown in black and blue in Fig. 1C). Then, during 20 – 40 ms
after TMS, the scalp potentials showed negative deflection over
posterior regions (shown in green and white in the figure) and
positive deflection over frontal and central regions (shown in
blue and pink in the figure). The temporal pattern of the changes
in the current source density suggests that the TMS-induced cur-
rent spread first to lateral parietal regions ipsilateral to the TMS
site and then to the medial parietal and occipital regions (supple-
mental Fig. 3A, available at www.jneurosci.org as supplemental
material). The current also spread to the contralateral prefrontal
regions which may include the left FEF. These changes are likely
to reflect TMS-induced neural impulse transmission from the
right FEF to areas monosynaptically and multisynaptically
connected with the stimulated region. Previous studies have
also shown that TMS on the FEF induced changes in activation
in superior parietal and medial parieto-occipital regions (Paus
et al., 1997), anterior calcarine sulci and occipital poles (Ruff
et al., 2006), and lateral parieto-occipital regions (Taylor et al.,
2007a). In those studies it was difficult to specify the timing of
TMS-induced modulation of activation because of the low
temporal resolution of PET and fMRI (Paus et al., 1997; Ruff et
al., 2006) or because of multiple TMS pulses delivered with an
interval of 100 ms (Taylor et al., 2007a). In the present study
we focused on the relatively short-latency response of the
TMS-induced potentials which occurred at 20 – 40 ms after a
single-pulse TMS. The observed effect is associated with direct
neural impulse transmission induced by TMS (Silvanto et al.,
2006; Morishima et al., 2009).

We first analyzed the data for correct trials. Waveforms of
TMS-EPs were averaged within each subject for each condition of
a two-by-two factorial design with factors of previous task type
and current task type. This analysis was conducted on 19 subjects
who made correct saccade responses on at least 40 trials for each
condition. For each electrode, the average of TMS-EP amplitude
across the time window of 20 – 40 ms after the TMS was entered
into a two-way repeated-measures ANOVA across subjects. We
found a significant main effect of the previous task on TMS-EPs
(Fig. 2A,C). TMS-EPs on trials after antisaccade showed a posi-
tive deflection of potentials on the left anterior electrodes and a
negative deflection on the bilateral posterior electrodes more
dominantly on the right. In contrast, TMS-EPs on trials after
prosaccade showed a negative deflection of potentials on the an-
terior medial electrodes in addition to a less prominent negative
deflection on the right posterior electrodes compared with trials
after antisaccade. Compared with trials after prosaccade, TMS-
EPs on trials after correct antisaccade were significantly more

negative at posterior electrodes [two-way ANOVA: left posterior
occipital electrode (O1), F(1,18) � 7.66, p � 0.013; right posterior
parietal electrode (P4), F(1,18) � 7.70, p � 0.013].

We confirmed the significant effect of the previous task on the
scalp distribution of the TMS-EPs by conducting a three-way
repeated-measures ANOVA with factors of previous task (pro-
saccade and antisaccade), current task (prosaccade and antisac-
cade), and electrode positions (60 channels) on the TMS-EPs. We
found a significant interaction between previous task types and
electrode positions (F(3.97,71.49) � 3.19, p � 0.018, Greenhouse–
Geisser correction for violations of sphericity), which indicates a
difference in the scalp distribution of TMS-EPs between trials
after antisaccade and trials after prosaccade. This in turn suggests
different cortical sources for trials after antisaccade and for trials
after prosaccade. In fact, we found that the sources of the TMS-
EPs at 20 – 40 ms on trials after antisaccade were estimated to be
in the ventral part of the lateral occipital regions on both hemi-
spheres, whereas those on trials after prosaccade were in the me-
dial parietal regions (supplemental Fig. 3B, available at www.
jneurosci.org as supplemental material). Sources were also
identified in bilateral ventral prefrontal regions for both the
TMS-EPs on trials after prosaccade and antisaccade.

Importantly, the increase in the negative TMS-EPs on pos-
terior electrodes on trials after correct antisaccade was ob-
served regardless of the current task (main effect of current
task: electrode O1, F(1,18) � 0.34, p � 0.57; electrode P4, F(1,18) �
0.28, p � 0.60). TMS-EPs did not differ significantly between
switch and repetition trials either (interaction between previous
and current tasks: electrode O1, F(1,18) �1.33, p�0.26; electrode P4,
F(1,18) � 0.33, p � 0.57). Significant main effect of the current task
and interaction between previous and current tasks were not
observed at any electrode. We confirmed absence of signifi-
cant effect of current task type on the spatial distribution of
TMS-EPs by testing interactions between current task type
and electrodes (F(3.69,66.49) � 0.82, p � 0.51, Greenhouse–
Geisser corrected). The three-way interaction between previous
task, current task and electrodes was not significant, either
(F(3.65,65.73) � 0.42, p � 0.78, Greenhouse–Geisser corrected).
Thus the residual effect of the previous task on TMS-EPs cannot
be explained as reflecting control mechanism required to up-
date rule representations in switching between tasks. Further-
more, neither the laterality of saccade direction nor saccade
target on the previous trial influenced the TMS-EPs (supple-
mental Fig. 4, available at www.jneurosci.org as supplemental
material) (saccade direction: electrode O1, F(1,18) � 0.04, p � 0.85;
electrode P4, F(1,18) � 0.57, p � 0.46, saccade target: electrode O1,
F(1,18) � 0.15, p � 0.71; electrode P4, F(1,18) � 1.04, p � 0.32).

Eye movements cannot account for the TMS-EPs because we
excluded trials with eye movements during the cue–target inter-
val. In addition, we confirmed that there was no significant main
effect of previous task on EOGs during 20 – 40 ms after TMS
(horizontal EOG electrodes, F(1,18) � 0.34, p � 0.57, vertical EOG
electrodes, F(1,18) � 2.29, p � 0.15). Furthermore, the TMS did
not induce head rotation, either, which would have produced
asymmetric electromyographic responses of the neck muscles in
occipital electrodes (Elsley et al., 2007). It is unlikely that repeti-
tion or alternation in the laterality of saccade target and saccade
direction affected the TMS-EPs, because TMS-EPs were recorded
before the presentation of a saccade target. Finally, the subjects
were not able to anticipate the delivery of TMS pulse because
stimulation was given in a pseudorandom manner.
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ERPs reflect upcoming task
In contrast to TMS-EPs, ERPs as measured by conventional EEG
analysis changed depending on the type of task that the subjects
were preparing to perform. We examined ERPs on no-TMS trials
during the time window of 420 – 440 ms after the cue onset, which
corresponds to the time window of TMS-EPs analysis. We found
that the waveforms at the anterior medial electrode (FCZ) were
more negative on antisaccade trials than on prosaccade trials (Fig.
2B,D) (two-way ANOVA: F(1,18) � 14.25, p � 0.0014). A signif-
icant difference in ERPs between antisaccade and prosaccade
trials was observed on the central electrodes as early as 200 –
240 ms after the cue onset (supplemental Fig. 5, available at
www.jneurosci.org as supplemental material). We next tested
whether the current task type had a significant effect on the spatial
pattern of ERPs. We found a significant interaction between current
task types and electrode positions on ERPs during 420–440 ms after
the cue onset (F � 3.12, p � 0.015, Greenhouse–Geisser corrected).
The cortical sources of the ERP during 400–440 ms after the task cue

were estimated to be in the lateral and me-
dial prefrontal cortex and inferior temporal
and occipital regions in both tasks. On anti-
saccade trials compared with prosaccade tri-
als, there was larger current source density
in the dorsolateral prefrontal regions (sup-
plemental Fig. 6, available at www.jneurosci.
org as supplemental material).

Unlike TMS-EPs, ERPs were not af-
fected by the previous task. ERPs on the an-
terior medial electrode were not modulated
by the type of the previous task (F(1,18) �
0.42, p � 0.52). The interaction between
previous and current tasks was not signif-
icant, either (F(1,18) � 2.03, p � 0.17).
Neither was the interaction between the
previous task and electrode position nor the
three-way interaction between previous
task, current task, and electrode position
significant (F(2.52,45.40) � 0.84, p � 0.46 and
F(4.14,74.55) � 0.93, p � 0.45, Greenhouse–
Geisser corrected, respectively). Thus, the
difference in the baseline ERPs cannot ac-
count for the modulation of TMS-EPs by
the previous task. The double dissociation
between TMS-EPs and ERPs is clearly indi-
cated by the scalp topographies of signifi-
cance values in the two-way ANOVAs with
factors of previous and current tasks (Fig.
2E). The results suggest that during task
preparation, the pattern of effective connec-
tivity as assessed by TMS-EPs reflects previ-
ous task despite successful updating of task
representation as measured by ERPs.

Effective connectivity assessed by
control site TMS does not show a
task effect
The effect of the previous task type was
specific to the connectivity of the neural
network involving the FEF. In the control
experiment, we tested additional 14 sub-
jects using the same experimental design
but this time with stimulation delivered
over the postcentral gyrus (mean coordi-

nate: 28, �42, 66) (supplemental Fig. 7, available at www.
jneurosci.org as supplemental material). This site was chosen
because it is not directly connected with the FEF. This site was
also used as a control site for TMS in a previous study (Taylor et
al., 2007a). The TMS-EPs after stimulation of the postcentral
gyrus did not show a significant main effect of previous task at
any electrode (electrode O1, F(1,13) � 0.79, p � 0.39; electrode
P4, F(1,13) � 0.13, p � 0.73). Neither the effect of current task
nor the interaction between previous and current task was
significant (main effect of current task: electrode O1, F(1,13) �
3.68, p � 0.077; electrode P4, F(1,13) � 1.93, p � 0.19, interaction:
electrode O1, F(1,13) � 0.03, p � 0.87; electrode P4, F(1,13) � 0.009,
p � 0.93).

In this control experiment, the ERPs pattern on no-TMS trials
changed significantly depending on the current task as in the FEF
stimulation experiment: there was a significant main effect of
current task on the anterior medial electrode FCZ (F(1,13) � 8.16,
p � 0.013). The results suggest that the effect of previous task is

Figure 2. Dissociation between TMS-EPs and ERPs. A, TMS-EPs at electrode O1 and P4 (marked with white circle in C), sepa-
rately shown for the four conditions based on the previous tasks (red: antisaccade; cyan: prosaccade) and current tasks (continuous
line: antisaccade; dotted line: prosaccade). B, ERPs on no-TMS trials at electrode FCZ (marked with white circle in D). Convention
same as in A. C, Scalp topography of TMS-EPs amplitude within the time window of 20 – 40 ms after TMS (gray shading in A),
separately shown for previous task (rows) and current task (columns). Amplitudes were linearly interpolated across electrode
positions and color-coded according to the color bar on the right. D, Scalp topography of ERPs amplitude within the time window
of 420 – 440 ms after the cue onset (gray shading in B), which corresponds to 20 – 40 ms after TMS on TMS trials. E, Scalp
topography of p values based on two-way ANOVA with factors of current task (upper row) and previous task (lower row). Results
are shown separately for TMS-EPs (left column) and ERPs (right column). The p values are linearly interpolated across electrode
positions and color-coded according to the color bar shown on the right.
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specific to the interregional network connected with the FEF. The
significant effect of previous task on TMS-EPs was taken to reflect
persistence of the connectivity pattern within the neural network
involved in performance of the previous saccade task.

Residual effective connectivity is associated with
response slowing
We reasoned that the residual network connectivity observed
during task preparation period interfered with performance of
the upcoming task. We further considered that the slowing of
saccade response observed after antisaccade might be due to the
residual of inhibitory control mechanism involved in the prior
performance of antisaccade. To test the idea, for each condition
in each subject, we divided trials into halves based on the median
of the RTs in each condition and examined the relationship be-
tween TMS-EPs and RTs. The prediction was that larger TMS-
EPs would be associated with slower saccade responses after
antisaccade. For this analysis we used the data from 15 subjects to
ensure that at least 40 correct response trials were included for
each of faster and slower response trials for each condition.

We first averaged TMS-EPs for each electrode, for each trial
type, and for each subject and then subjected them to statistical
analysis across subjects. As expected, we found that TMS-EPs
were significantly more negative and spread more broadly to pos-
terior electrodes on trials with slower saccade response than on
trials with faster response (Fig. 3A,B). The topography for the
slower response trials showed a positive deflection of potentials at
the left anterior electrodes and a negative deflection at the bilat-
eral posterior electrodes. In contrast, the topography for the
faster response trials showed a negative deflection at the anterior
medial electrodes in addition to a negative deflection at the right
posterior electrodes. Thus the TMS-EPs on trials after antisac-
cade shown in the top row of Figure 2C were the average of the
two topography maps shown in the top panels of Figure 3B.

Crucially, the different patterns of topography for faster and
slower response trials were only observed on trials after antisac-
cade. The difference in TMS-EPs between faster and slower trials

was observed on left posterior temporal electrode (TP7) on trials
after antisaccade regardless of current task (one-way ANOVA:
antisaccade to antisaccade: F(1,14) � 12.94, p � 0.0029, antisac-
cade to prosaccade: F(1,14) � 8.97, p � 0.0096), but the difference
was not significant on trials after prosaccade (prosaccade to an-
tisaccade: F(1,14) � 0.41, p � 0.53, prosaccade to prosaccade:
F(1,14) � 0.95, p � 0.35).

We confirmed the association between TMS-EPs and re-
sponse time by conducting two sets of 3-way ANOVA with fac-
tors of response time (faster and slower responses), current task
(prosaccade and antisaccade), and electrode position (60 chan-
nels), separately for trials after antisaccade and trials after prosac-
cade. We found a significant main effect of response time for
trials after antisaccade (F(1,14) � 6.90, p � 0.020) but the effect
was not significant for trials after prosaccade (F(1,14) � 0.38, p �
0.55). Interaction between electrode position and response time
was not significant both for trials after antisaccade (F(3.04,42.54) �
1.73, p � 0.17, Greenhouse–Geisser corrected) and for trials after
prosaccade (F(3.30,46.18) � 0.97, p � 0.42, Greenhouse–Geisser
corrected), suggesting similarity in the cortical distribution of
current sources between fast and slow response trials after an
antisaccade trial.

Scalp maps of significance value in one-way ANOVAs show a
consistent pattern of differences in TMS-EPs between fast and
slow response trials after antisaccade, regardless of current task
(Fig. 3C, top row). In contrast, on trials after prosaccade, the
difference in TMS-EPs between fast and slow response trials was
less prominent: a significant difference was observed only at a
single electrode position and this position differed depending on
the current task (Fig. 3C, bottom row). In contrast to TMS-EPs,
there was no significant difference in ERPs between fast and slow
response trials for each condition of previous and current tasks
(supplemental Fig. 8, available at www.jneurosci.org as supple-
mental material).

Analysis of the pattern of TMS-EPs across subjects also sup-
ports the idea that the residual network connectivity after perfor-
mance of antisaccade affects the speed of the subsequent task

Figure 3. TMS-EPs are associated with saccade latency on trials after antisaccade. A, TMS-EPs on fast and slow response trials at electrode TP7 (marked with white circle in B), separately shown
for the four conditions based on the previous and current tasks. B, Scalp topography of TMS-EPs amplitude within the time window of 20 – 40 ms after TMS (gray shading in A). In each cell defined
by the previous task (rows) and current task (columns), maps are shown separately for fast (upper) and slow (lower) response trials. C, Scalp topography of p values based on paired t test. TMS-EPs
at each electrode position were compared between fast and slow response trials. Results are shown separately for the types of previous task (rows) and types of current task (columns).
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performance. We found that the differences in TMS-EPs between
trials after antisaccade and prosaccade were significantly corre-
lated with the differences in RTs between trials after antisaccade
and prosaccade (Fig. 4). Subjects who showed more negative
TMS-EPs on the right posterior electrodes on trials after antisac-
cade relative to those on trials after prosaccade responded more
slowly on trials after antisaccade than on trials after prosaccade. A
significant correlation between the differential TMS-EPs and RTs
was found at the right temporal–parietal electrode TP8 (Pear-
son’s r � �0.58, p � 0.024). Rank correlation was also signifi-
cant, indicating that the relationship cannot be accounted for by
the presence of outliers (Spearman’s � � �0.63, p � 0.015). At
this electrode there was a significant difference in the TMS-EP
between trials after antisaccade and trials after prosaccade (main
effect of previous task: F(1,18) � 5.21, p � 0.035) (Fig. 2C). The
data suggest that the residual connectivity after performance of
antisaccade interferes with subsequent saccade performance in
terms of the response speed, which may explain the observed
increase in saccade latency on trials after antisaccade compared
with trials after prosaccade. However, the overlap between the spa-
tial pattern of the across-subject correlation and that of the previous
trial effect was only partial. For example, although the maximal
correlation between the differential TMS-EPs and RTs was found
at the right occipitotemporal electrode TP10 (Pearson’s r �
�0.63, p � 0.012), the main effect of the previous task did not
reach a significance level (F(1,18) � 3.59, p � 0.074). This might
indicate that the residual of antisaccade includes not only the
carryover of inhibitory control but also other components in-
volved in antisaccade performance.

Decrease in task-representing activation is associated
with errors
We next examined whether the residual effective connectivity can
also account for errors in saccade response. We compared TMS-EPs
between correct and error antisaccade trials from subjects who had
at least 25 trials for both correct and error antisaccade (n � 6). We
found that TMS-EPs on error antisaccade trials were not signifi-
cantly different from those on correct antisaccade trials on the pos-
terior electrode P4, where the effect of previous task was observed
(F(1,5) �0.89, p�0.39) (Fig. 5A,C,E). For all the electrode positions,
there was no significant difference in TMS-EPs between error anti-
saccade trials and correct antisaccade trials.

In contrast, there was significant dif-
ference in ERPs between trials of correct
and error antisaccade. During the time
window that corresponds to TMS-EPs
(420 – 440 ms after the cue), the ERPs on
the anterior medial electrode (FCZ) differed
significantly between correct and error an-
tisaccade trials (F(1,5) � 11.0, p � 0.021)
(Fig. 5B,D,E). As shown in Figure 2, B and
D, there was a significant main effect of
current task on the ERPs at this electrode.
The results suggest that, in contrast to
RTs, erroneous saccades could be due to a
failure in establishing task-specific pat-
terns of activation as measured by ERPs.
Together with the behavioral data show-
ing that error rates were not significantly
affected by the previous task, the results
may suggest that the residual connectivity
plays a minor role in errors in controlled
behavior, although the negative result

could be due to lack of statistical power as a result of the small
sample size.

Persistent effective connectivity may result from neural
competitions on the previous trial
We so far have shown that the persistent connectivity of the neu-
ral network involving the FEF was significantly modulated by the
previous task. A question remains, however, as to why the resid-
ual effect of the effective connectivity on saccade latency ap-
peared only after antisaccade. We considered a possibility that the
residual is due to the competition between reflexive and con-
trolled saccade responses during performance of antisaccade.
Antisaccade performance requires control mechanisms to bias
the competition in favor of a weaker antisaccade response against
a reflexive saccade response to the visual target (Schlag-Rey et al.,
1997; Botvinick et al., 2001; Kristjánsson, 2007). In fact, the la-
tency of erroneous prosaccade on antisaccade trials was signifi-
cantly shorter than that of correct antisaccade (paired t test:
t(20) � 15.9, p � 0.001) and was also significantly shorter than
that of correct prosaccade (t(20) � 5.58, p � 0.001), suggesting
that the errors were due to a failure to suppress a reflexive saccade
response. Furthermore, on error trials in antisaccade condition,
we observed a corrective saccade immediately following an erro-
neous reflexive saccade to the target on 90.0% (SD 12.0%) of the
error trials in antisaccade condition (Fig. 6A; supplemental Fig.
1, available at www.jneurosci.org as supplemental material),
which suggests parallel processing of reflexive saccade and con-
trolled antisaccade (Schlag-Rey et al., 1997).

We then reasoned that, for those subjects who made a larger
number of errors on antisaccade, there may be a higher degree of
competitions between a reflexive saccade and controlled antisac-
cade even when they made correct antisaccade response. Such an
increase in competitions and the demand to resolve the compe-
titions may give rise to the modulation of effective connectivity. If
so, it follows that the subjects who made larger number of errors
on antisaccade trials show larger TMS-EPs on trials after correct
antisaccade.

To investigate this possibility, we calculated the difference in
TMS-EPs between trials after correct antisaccade and trials after
correct prosaccade for each of the 19 subjects who made at least
40 correct antisaccade responses. The differential TMS-EPs can
be taken to reflect the amount of residual network connectivity

Figure 4. TMS-EPs are associated with across-subject variability in response slowing. A, The difference in RTs between trials
after antisaccade and trials after prosaccade is plotted against the difference in TMS-EPs between trials after antisaccade and trials
after prosaccade at electrode TP8 (marked with white circle in B) for 15 subjects. B, Scalp topography of correlation coefficient, r,
between differential RTs and differential TMS-EPs across subjects. The correlation coefficient was calculated for each electrode
position and linearly interpolated across electrode positions.
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after antisaccade relative to prosaccade.
Consistent with the prediction, we found
a significant correlation between the dif-
ferential TMS-EPs and the difference in
error rates between antisaccade and pro-
saccade (Fig. 6B,C). Subjects who made a
larger number of errors on antisaccade
showed more negative TMS-EPs on trials
after correct antisaccade at right posterior
electrodes. The maximal correlation was
found at the right centroparietal electrode,
CP2 (Pearson’s r � 0.56, p � 0.013). Rank
correlation was also significant, indicating
that the relationship did not depend on
outliers (Spearman’s � � 0.54, p � 0.020).
However, at this electrode there was no
significant difference in TMS-EP between
trials after antisaccade and trials after
prosaccade (main effect of previous task:
F(1,18) � 0.88, p � 0.36). At an adjacent
electrode CP4, the across-subject corre-
lation between differential TMS-EP and
differential error rates was marginally
significant (Pearson’s r � 0.47, p �
0.041, Spearman’s � � 0.45, p � 0.057)
and the main effect of previous task was
also significant (F(1,18) � 5.99, p �
0.025). Thus, the scalp topography of
the correlation coefficients overlapped
only partially with the pattern of TMS-
EPs that reflects residual of the previous
antisaccade (Fig. 2C), which may sug-
gest that only a part of the persistent
effective connectivity is associated with
the competition.

Finally we examined TMS-EPs on
trials after errors using the data from six
subjects, from which we can obtain at
least 25 trials for each of correct and error antisaccade. To
increase the statistical power, we also included another three
subjects who made errors on at least 25 antisaccade trials when
trials with a cue–target interval of 250 ms were included. We
found that TMS-EPs did not differ significantly between trials
after correct and error antisaccade (posterior medial electrode
POZ: F(1,8) � 0.019, p � 0.89) (Fig. 7). TMS-EPs after error
antisaccade showed a positive deflection of potentials on the
left anterior electrodes and a negative deflection on the right
posterior electrodes, in the same manner as in the TMS-EPs
after correct antisaccade. In contrast, the pattern of TMS-EPs
differed significantly between trials after correct prosaccade
and trials after error antisaccade (electrode POZ: F(1,8) � 7.26,
p � 0.027).

The results suggest that TMS-EPs induced by FEF stimula-
tion may reflect residual of the competitions between reflexive
saccade and controlled antisaccade on a previous trial, regard-
less of whether the actual response was correct or an error.
This idea is also supported by the behavioral data. RTs did not
differ significantly between trials after correct antisaccade and
trials after error antisaccade (main effect of error in antisac-
cade on the previous trial: F(1,20) � 0.29, p � 0.60) and this was
so regardless of the current task (interaction between current
task and previous error: F(1,20) � 0.070, p � 0.79).

Discussion
Persistent effective connectivity and
task-representing activation
We found that stimulation of the FEF during the period of task
preparation period induced different patterns of TMS-EPs de-
pending on whether the subjects had performed a prosaccade or
antisaccade on the previous trial. In contrast, scalp patterns of
ERPs changed depending on the current task regardless of the
previous task. Our cortical source density analysis on the TMS-
EPs suggests that the TMS-induced impulse was transmitted
from the right FEF to anatomically connected regions such as
parietal areas on the same hemisphere and then to more distant
regions such as bilateral ventral occipital areas (Cavada and
Goldman-Rakic, 1989; Stanton et al., 1995). Though both TMS-
EPs and ERPs are considered to be generated by summation of
EPSPs, TMS-EPs reflect effective connectivity of the neural net-
work involving the stimulated region, whereas ERPs reflect neu-
ral activation in a set of localized regions.

Effective connectivity has been shown to be modulated by
synchronous activity of neurons between brain areas. A single-
unit recording study on monkeys has shown that an attention-
related increase of activity in FEF neurons is followed by an
increase in the causal influence of the FEF over V4 with a delay of
several tens of milliseconds (Gregoriou et al., 2009). Also in fMRI
studies on human subjects, an increase in correlation of activa-

Figure 5. TMS-EPs and ERPs on correct and error antisaccade trials. A, TMS-EPs at electrode P4 (marked with white circle
in C) on correct and error antisaccade trials. B, ERPs on no-TMS trials at electrode FCZ (marked with white circle in D) on
correct and error antisaccade trials. C, Scalp topography of TMS-EPs amplitude within the time window of 20 – 40 ms after
TMS, separately shown for correct and error antisaccade trials. D, Scalp topography of ERPs amplitude within the time
window of 420 – 440 ms after the cue onset, separately shown for correct and error antisaccade trials. E, Scalp topography
of p values based on comparison by one-way ANOVA between correct and error antisaccade trials. Results are shown
separately for TMS-EPs (left) and ERPs (right).
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tion is observed between areas that show an increase of activation
during task preparation (Sakai and Passingham, 2003, 2006). To-
gether, these previous results suggest that the effective connectiv-
ity is modulated by the activity of neurons that reflects the task at
hand.

In the present study, however, the effective connectivity of
neural network involving the FEF was modulated by the previous
task rather than by the task at hand. The results suggest that the
FEF network connectivity is not modulated by on-going neural
activity representing the task to be performed, but retains the
memory of the previous task that had been performed several
seconds before. This seems in contrast to the idea that cognitive
control mechanisms are achieved by interplay between activity of
rule-representing neurons and network connectivity. We suggest
that the network connected with more anterior prefrontal areas
in which neurons represent abstract rules may be updated ac-
cording to the upcoming task (Miller and Cohen, 2001; Koechlin
et al., 2003; Sakai and Passingham, 2003, 2006). In contrast, the
network connected with the FEF may be more directly involved
in execution of a controlled saccade and retains the memory of
previous performance. Of note is that the persistent effective con-
nectivity of the FEF network did not differ depending on either
the direction of saccade or the laterality of the saccade target,
suggesting that the FEF network does not retain the memory for
specific motor command nor the memory for specific visual
stimulus.

Persistent effective connectivity is responsible for
response slowing
We have further shown that a larger amount of persistent effec-
tive connectivity was associated with slowing of saccade re-
sponses on trials after antisaccade. However, the association was
not observed on trials after prosaccade. It has been argued that
response slowing on trials after antisaccade is due to a carryover
of a general inhibitory control mechanism over a saccade re-
sponse system rather than due to requirement of inhibiting a
previous task set (Cherkasova et al., 2002; Barton et al., 2006).
The effective connectivity pattern that we observed in the present
study may reflect such a carryover of an inhibitory control mech-
anism subserved by the neural network involving the FEF.

Although the spatial pattern of the TMS-EPs associated with
response slowing on the subsequent trial was similar to the pat-

Figure 7. TMS-EPs on trials after correct antisaccade, error antisaccade, and correct
prosaccade. A, TMS-EPs at electrode POZ (marked with white circle in B) on trials after
correct antisaccade, error antisaccade, and correct prosaccade. B, Scalp topography of
TMS-EPs amplitude, separately shown for trials after correct antisaccade (left), error an-
tisaccade (center), and correct prosaccade (right). C, Scalp topography of p values based
on comparison by one-way ANOVA between trials after error antisaccade and correct
antisaccade (left) and between trials after error antisaccade and correct prosaccade
(right).

Figure 6. TMS-EPs after correct antisaccade are correlated with error rates across subjects. A, Representative EOG traces for erroneous reflexive saccade immediately followed by corrective
antisaccade. B, The difference in TMS-EPs at electrode CP2 (marked with white circle in C) between trials after antisaccade and trials after prosaccade is plotted against the difference in error rates
between antisaccade and prosaccade trials for 19 subjects. C, Scalp topography of correlation coefficient, r, between differential TMS-EPs and error rates calculated for each electrode position across
subjects.
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tern of the TMS-EPs that reflects the previous task, the maximal
effect of the behavioral slowing was observed at different elec-
trode positions. This may indicate that only a part of the residual
FEF network connectivity is associated with behavior. Concur-
rent use of TMS and fMRI may be useful to identify the behav-
iorally relevant neural structures that receive inputs from the FEF
(Ruff et al., 2006).

We also found that, whereas the slowing of saccade response
was associated with changes in TMS-EPs but not with ERPs, er-
rors were associated with changes in ERPs. The pattern of ERPs
reflecting the current antisaccade task was significantly reduced
on error trials, which may reflect a decrease in preparatory activ-
ity of antisaccade neurons in the supplementary eye field (Schlag-
Rey et al., 1997; Ford et al., 2005) or decrease in tonic pretarget
activity of fixation neurons in the FEF (Lo et al., 2009).

Reactive mechanisms of network modulation
Our results suggest that full configuration of a task-specific pat-
tern of network connectivity may take place only during actual
performance of that task. Execution of antisaccade requires
interactions between sensory signals induced by the target and
control signals involved in suppression of a reflexive saccade
to a visual target. Consistent with the idea, microstimulation
of the FEF in monkeys has modulatory influence over the
activity in visual areas when a visual target is presented (Moore
and Armstrong, 2003; Ekstrom et al., 2008). Also the pattern of
TMS-EPs after stimulation of the FEF has been shown to be mod-
ulated according to the current task demands when the TMS was
given after the presentation of a visual target (Morishima et al.,
2009). These observations imply that while activation in some
brain areas can represent abstract rules during task preparation,
modulation of the network connectivity directly involved in task
execution occurs by reacting to the sensory bottom-up signals.
The reactive nature of network modulation is consistent with the
idea of stimulus-triggered control process (Rogers and Monsell,
1995). On the other hand, the persistence of effective connectivity
pattern from the previous trial is consistent with the idea of a
carryover of the previous task set (Allport et al., 1994; Wylie and
Allport, 2000).

Our results also suggest that the reactive mechanism of network
modulation may result from the control mechanism involved in
resolution of competition between reflexive and controlled re-
sponses during performance of antisaccade (Botvinick et al., 2001;
Kristjánsson, 2007). Subjects who make a large number of errors
on antisaccade are thought of as having higher level of the com-
petitions due to greater tendency to make a reflexive saccade
toward a visual target. Indeed, we found larger TMS-EPs on trials
after antisaccade on those subjects. Turnaround saccades ob-
served on most of the error antisaccade trials indicate the pres-
ence of competitions regardless of whether the subjects made
correct antisaccade or erroneous reflexive saccade and we found
similar amounts of residual connectivity between trials after cor-
rect antisaccade and trials after erroneous reflexive saccades. The
competition is thought to occur at a response stage of processing
during task execution and we consider that the effective connec-
tivity revealed by FEF stimulation reflects residual of the compe-
titions at this stage. However, the results that support the neural
competition account were based on across-subject correlation
with lenient statistical criteria, and thus the confirmation of these
findings awaits further investigation.

Neurobiological mechanism of persistent
effective connectivity
There are several possible mechanisms for the task-dependent
modulation of the TMS-EPs. One possibility is that, depending
on the previous task, different populations of neurons within the
stimulated region show sustained activity during the intertrial
interval as well as the task preparation period on the subsequent
trial (Mansouri et al., 2007; Histed et al., 2009). The modulation
in the pattern of TMS-EPs may reflect the difference in regions to
which these neurons project. Because of the low spatial resolution
and baseline correction of ERPs, we may have failed to detect differ-
ential activation of neurons associated with prior performance of
antisaccade and prosaccade in our ERP data. We, however, think this
possibility less likely because we found a significant difference in
ERPs between preparation of antisaccade and prosaccade and yet
TMS-EPs at the same timing changed depending on the previous
task rather than the task that the subjects were preparing to perform.

Another possibility that we favor is that the modulation of the
TMS-EPs reflects changes in the efficacy of synaptic transmission
within the network involving the stimulated region. The effective
connectivity pattern that reflects the previous task can be consid-
ered as reflecting use-dependent modulation of synaptic efficacy.
In the present study, the persistent effective connectivity was
shown to be maintained for a three–second intertrial interval,
which suggests that the underlying mechanism must be able to
sustain the network state over this interval. This may be achieved
by synaptic mechanism with slow temporal dynamics (Carter
and Wang, 2007; Mongillo et al., 2008) or by neuromodulators
such as noradrenalin and dopamine (Aston-Jones and Cohen,
2005; Esser et al., 2009).

The present results suggest that the interregional network di-
rectly involved in task execution retains the memory of the pre-
vious task performance through modulation of the connectivity
weighting even when activation in some brain regions represents
the current task demand. The results further suggest that the
persistent network state might be a result of control mechanisms
essential for goal-directed behavior. Future studies are required
to investigate whether the present findings on saccade tasks can
be generalized to other cognitive functions.
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