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Abstract

Rationale Recent theories posit an important role for the
noradrenergic system in attentional selection in the tempo-
ral domain. In contrast, the spatially diffuse topographical
projections of the noradrenergic system are inconsistent
with a direct role in spatial selection.

Objectives To test the hypotheses that pharmacological
attenuation of central noradrenergic activity should (1)
impair performance on the attentional blink task, a task
requiring the selection of targets in a rapid serial visual
stream of stimuli; and (2) leave intact the efficiency of the
search for a target in a two-dimensional visuospatial
stimulus array.

Materials and methods Thirty-two healthy adult human
subjects performed an attentional blink task and a visual
search task in a double-blind, placebo-controlled, between-
subject study investigating the effects of the «2 adreno-
ceptor agonist clonidine (150 pg, oral dose).
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Results No differential effects of clonidine vs placebo were
found on the attentional blink performance. Clonidine
slowed overall reaction times in the visual search task but
did not impair the efficiency of the visual search.
Conclusions The attentional blink results are inconsistent
with recent theories about the role of the noradrenergic
system in temporal filtering and in mediating the attentional
blink. This discrepancy between theory and data is
discussed in detail. The visual search results, in combina-
tion with previous findings, suggest that the noradrenergic
system is not directly involved in spatial attention processes
but instead can modulate these processes in an indirect
fashion.
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Introduction

The locus coeruleus—norepinephrine (LC-NE) system is
one of several brainstem neuromodulatory nuclei with
widely distributed, ascending projections to the neocortex
(Berridge and Waterhouse 2003). The conventional view of
NE is that it has broad, nonspecific functions such as
regulating arousal (Jouvet 1969). However, recent studies
suggest that NE may have more specific cognitive
functions, which are nevertheless closely related to the
concept of arousal (Robbins 1997; Aston-Jones et al. 2000;
Yu and Dayan 2005; Chamberlain et al. 2006). In particular,
it has been proposed that NE has a key role in facilitating
the responses to decision-making processes and in regulat-
ing the balance between exploitation and exploration
(Aston-Jones and Cohen 2005).
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Recent views on the role of the LC-NE system in
decision making have been based on neuronal recordings of
the primate LC during the performance of simple decision-
making tasks. These recordings have indicated that under
alert conditions (i.e., conditions typical of human subjects
in our experiments), LC phasic responses are selectively
observed after task-relevant and otherwise motivationally
significant (e.g., highly salient or infrequent) stimuli
(Aston-Jones et al. 2000). Furthermore, stimulus-elicited
phasic LC bursts reliably precede (by ~200 ms) and are
closely coupled in time with the behavioral response (Bouret
and Sara 2004; Clayton et al. 2004). The noradrenergic
innervation associated with such LC responses results in a
system-wide, transient increase in the responsivity of
efferent target neurons, which is thought to facilitate
processing in response to the eliciting stimulus (Berridge
and Waterhouse 2003). These observations have led to the
suggestion that the LC phasic response can be thought of as
a temporal attentional filter (1) that selects for the
occurrence (i.e., timing) of task-relevant (Aston-Jones and
Cohen 2005) or unexpected (Dayan and Yu 2006) events,
much like cortical attentional systems filter the content
(e.g., spatial characteristics or color) of stimuli and (2) that
facilitates the processing of and responding to these stimuli
to help optimize task performance (Aston-Jones and Cohen
2005; Nieuwenhuis et al. 2005a; see also Coull 1994).

In the current study, we evaluated the following two
hypotheses: (1) According to the temporal filtering hypoth-
esis outlined above, the LC-NE system should be involved
in temporal attention modulations operating at the phasic
time scale (e.g., in the order of tens of seconds); (2) In
contrast, because of the spatially nonspecific pattern of LC
projections to the forebrain, the LC-NE system cannot be
directly involved in spatial attention shifts. That is,
although the LC-NE system projects to multiple brain
areas, including many known to be involved in spatial
attention, the diffuse character of these projections is
inconsistent with the direct biasing of attention in any
specific direction (i.e., the LC does not “know” the relevant
spatial location). To test these two hypotheses, we
contrasted, in human subjects, the effects of a noradrenergic
drug on measures of temporal and spatial attention. Most
previous studies examining the functional significance of
the LC-NE system have employed drugs acting on o2
receptors. In this study, we used the «2 adrenoceptor
agonist clonidine, which at low doses decreases LC firing
and attenuates the release of NE from axon terminals
(Svensson et al. 1975).

Previous studies have examined the effects of clonidine
on temporal and spatial attention in a visuospatial cueing
task. In this task, subjects are required to respond as quickly
as possible to a series of stimuli presented to the left or right
of fixation. Each stimulus is preceded by a cue indicating at
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which location the imperative stimulus is most likely to
appear, and subjects are instructed to make use of this
information by switching their attention to the location
indicated by the cue. The comparison of reaction times on
validly versus invalidly cued trials (the “validity effect”)
provides an index of the efficiency of cue-induced spatial
attention shifts. Fernandez-Duque and Posner (1997)
extended this paradigm by including and contrasting
reaction times on neutral-cue trials and no-cue trials (the
“alerting effect”), which provides an index of the transient
increase in responsivity brought about by the mere
presentation of the cue. The alerting effect thus serves as
a measure of temporal (cue-evoked) changes in attention to
the imperative stimulus.

Clonidine has been found to reduce the size of the
alerting effect in humans (Coull et al. 2001) and monkeys
(Witte and Marrocco 1997), suggesting that the temporal
attentional effects of cues are mediated in part by the
noradrenergic system. In contrast, studies have reported
mixed results regarding the influence of clonidine on the
validity effect: Two studies have reported a reduced validity
effect (Clark et al. 1989; Coull et al. 2001), and one study
has reported no effect of clonidine (Witte and Marrocco
1997). However, it is hard to interpret clonidine-related
reductions in the validity effect, because they may reflect
either a direct involvement of the noradrenergic system in
spatial attention processes or an interaction between the
alerting and attention-directing (i.e., spatial) effects of cues.
Specifically, by increasing the responsivity of cortical
representations after cue presentation, LC-induced phasic
NE release can enhance the effects of target selection by
location (e.g., the top-down modulation by prefrontal
cortex), resulting in an increased validity effect. The effects
of this amplification mechanism would be diminished by
clonidine.

In contrast to previous studies, we used separate tasks
for measuring the effects of clonidine on temporal and
spatial attention: an attentional blink task, which requires
the selection of targets in time and has no spatial
component, and a visual search task, which requires the
selection of targets in space but without the help of alerting
cues.

In the attentional blink task, each trial starts with a rapid
serial visual presentation (RSVP) stream containing two
target stimuli (T1 and T2) and multiple distractors, each
presented for about 100 ms. At the end of the RSVP stream,
subjects are required to report the identity of T1 and T2.

The critical finding in this task is that subjects are
heavily impaired at the identification of T2 for a few
hundred milliseconds after correct identification of T1. This
deficit, known as the “attentional blink,” is usually most
severe around 200400 ms (or two to four items) after T1,
after which, performance gradually recovers (Raymond
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et al. 1992; Chun and Potter 1995). In contrast, if T2
follows T1 without intervening distractors (at “lag 17),
performance on T2 is often (partially) spared (Raymond
et al. 1992; Hommel and Akyiirek 2005); this phenomenon
has been labeled “lag-1 sparing.” These and other findings
suggest that the attentional blink task reveals important
clues about the time course of fine-scale fluctuations in
attention (Olivers 2007).

Recently, a theory has been proposed that explains the
attentional blink in terms of the temporal dynamics of the
LC-NE system (Nieuwenhuis et al. 2005b). The theory was
inspired by the observation that the timing of the attentional
blink coincides with the refractory period in LC activity
that follows an LC phasic response to target stimuli.
Specifically, although NE potentiates processing in cortical
areas, local NE release within the LC is autoinhibitory
because of the noradrenergic action at presynaptic and
dendritic «2 autoreceptors (Aghajanian et al. 1977). This
autoinhibition results in a period after the LC phasic
response (~200-450 ms after the eliciting stimulus), during
which subsequent LC phasic discharge is rarely observed.
According to the theory, the attentional blink may be
mediated by this momentary unavailability of the LC phasic
response (and attendant noradrenergic potentiation of
information processing) after the LC response to T1. In
other words, if T2 is presented during the LC refractory
period associated with T1, it will not receive the benefit of
NE-mediated facilitation and is therefore more likely to
remain unidentified. A computational model implementing
this theory was shown to accurately simulate the time
course of the attentional blink, including lag-1 sparing
(Nieuwenhuis et al. 2005b). In addition, the theory offers an
account of the close relationship of the attentional blink to
the P3 component of the event-related potential, an
electrophysiological correlate of the phasic NE release
(Nieuwenhuis et al. 2005a).

To assess the effect of clonidine on spatial attention, we
used a visual search task. On each trial, subjects searched
for a target among multiple distractors in a visual search
array and indicated as quickly as possible whether the target
was present or absent. The number of distractors (i.e., set
size) was systematically varied across trials. In one
condition (single-feature search), the target was defined by
a salient basic feature, such that search was efficient and the
number of distractors had little influence on reaction times.
In another condition (conjunction search), the target was
defined by a conjunction of two features, such that search
was inefficient, and reaction times increased linearly with
the number of distractors—as if each item needed to be
examined in turn. In this task condition, the efficiency of
spatial attention processes is expressed in the function
relating search reaction times to set size: The more visual
attention is impaired, the steeper the slope of this function

(as expressed in an increased effect of set size; Tales et al.
2002).

Our predictions with regard to the effects of clonidine
were the following: First, we expected that clonidine would
impair performance on the attentional blink task, in
particular through its stimulation of inhibitory «2 auto
receptors in the LC. In accordance with the temporal
filtering hypothesis, we expected that the clonidine-induced
reduction in noradrenergic activity would lead to an
impaired identification of T1 but especially of T2, because
it should presumably exacerbate the lack of NE associated
with T2 processing under normal conditions (Nieuwenhuis
et al. 2005b). Second, aside from the well-documented
main effect of clonidine on response speed (i.e., general
slowing; e.g., Tiplady et al. 2005), we expected no drug
effects on visual search efficiency, as indexed by the effects
of distractor set size. This latter prediction was based on the
notion that the effects of NE are topographically diffused
and hence should not affect the efficiency of selection in the
spatial domain.

Materials and methods
Subjects

Thirty-two healthy young adults, aged 18-25 years, took
part in a single experimental session in return for 60. Only
subjects with a systolic blood pressure above 100 mmHg
and a diastolic blood pressure above 70 mmHg were
included in the study. All subjects underwent a medical
screening and were considered to be in satisfactory health.
The use of medication that could interfere with clonidine
was stopped the day before. All subjects with color
blindness were excluded from the study.

Subjects received an oral dose of 150 pg of clonidine or
placebo in a double-blind, between-subjects design. Cloni-
dine has well-established antihypertensive properties; there-
fore, blood pressure and heart rate were monitored for
subject safety. Measurements were taken every 15 min
starting from #=—15 until =120 and every 30 min from
t=120 until 1=240.

The clonidine group (N=16, eight women, M age 21.3)
and the control group (N=16, eight women, M age 21.3)
had similar mean ages. We also verified that the groups
were similar in terms of intellectual functioning as assessed
with the three-subtest version of the Groninger Intelligence
Test (GIT), a reliable indicator of the full-scale 1Q (Luteijn
1966). Estimated 1Q scores were 117.1 for the clonidine
group and 116.8 for the control group. The visual-search
task data from one subject from the clonidine group were
discarded because of an accidental failure to comply with
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the task instructions. The study was approved by the
medical ethics committee of the VU University Medical
Center and was conducted according to the Declaration of
Helsinki. Informed consent was obtained from all subjects
before their inclusion in the study.

Procedure

Each subject was tested at approximately the same time of
the day (afternoon). Subjects were instructed to abstain
from caffeine, nicotine, and other psycho-active substances
from 15 h before the start of the session and to abstain from
alcohol from 15 h before the start of the session until the
day after the session. After the medical screening, subjects
received a lactose-filled capsule with either clonidine or
placebo. Immediately after that, the subtests of the GIT
were administered. The two attentional tasks, described in
detail below, were performed between =60 and =120 min
posttreatment. Half of the subjects in each group started
with the attentional blink task. The other half started with
the visual search task. After completion of the tasks, the
subjects were debriefed and paid. At =240, subjects were
reevaluated and returned home by taxi if blood pressure
was (near) normal.

Attentional blink task

Stimulus generation and response recording in both tasks
were controlled by E-Prime software (Psychology Software
Tools, Pittsburgh, PA). Stimuli were presented in black
against a light grey background. Each trial started with a
fixation cross measuring 0.5x0.5°, presented for 1,000 ms
in the center of the display. Subsequently, the fixation cross
was replaced by an RSVP stream of 15-22 uppercase
letters, each measuring approximately 0.9x0.9°. Each letter
was randomly drawn (without replacement) from the
alphabet and presented for 50 ms, followed by a 30-ms
blank interval. This relatively rapid pace of stimulus
presentation (i.e., 80 ms between two consecutive stimulus
onsets) was chosen to avoid ceiling levels of performance
and consequently to increase the sensitivity of the task to
individual and group differences. “I,” “O,” “Q,” and “S”
were left out as they resemble digits too much. On each
trial, two of the letters were replaced with digits, randomly
drawn without replacement from the set 2 to 9. T2 was
presented three to six temporal positions from the end of
the stream. The temporal distance between T1 and T2 was
systematically varied from one to five items, corresponding
to lags of 80, 160, 240, 320, and 400 ms. The subject’s task
was to identify both T1 and T2 by typing the digits in order
on a standard keyboard after the end of the RSVP stream.
Subjects were instructed to guess whenever they failed to
identify a digit. The two keyboard entries were followed by
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the presentation of a feedback stimulus for 150 ms (e.g., “+, —
to indicate that T1 was correct and T2 was incorrect). After a
1,000-ms blank screen, the next trial started. Each subject
started with 15 practice trials, three with each condition,
randomly intermixed. This was followed by four blocks of 50
trials each with each block containing ten repetitions of each
lag. All task instructions were automated and presented on
screen.

Visual search task

On each trial, subjects searched for a target among multiple
distractors in a visual search array. On half of the trials, the
target, a vertical red bar, was present in the array. On the
other half of the trials, the target was absent. In one
condition (single-feature search), the distractors in the
search display were vertical green bars of equal size as
the target. Because in this case the target is defined by a
unique feature (color), it “pops out” from the display,
resulting in a fast and efficient search process. In another
condition (conjunction search), the distractors were vertical
green bars and horizontal red bars. In this case, the target
does not consist of a single identifying feature but is
defined by a specific conjunction of features (color and
orientation), resulting in a more time-consuming and error-
prone search process.

Each trial started with a white fixation cross measuring
0.9x0.9° against a dark background, presented for 500 ms
in the center of the display. Subsequently, the fixation
cross was replaced by the search display, which consisted
of four, eight, or 16 items that were randomly plotted in
the cells of an imaginary 6 x 6 matrix (8.7° horizontally x
9.6° vertically) with some random jitter within the cells.
The subject’s task was to report whether or not the target
(0.7x1.3°) was present by giving a response with their left
or right index finger using the ‘z’ and ‘m’ keys on the
computer keyboard. The keyboard entry was immediately
followed a 1,000-ms blank screen after which the next trial
started.

Subjects performed four blocks of 96 trials each, with
each block containing 16 repetitions of the factorial
combination of set size (4, 8, or 16) and trial type (target
present or absent) presented in random order. Search
condition (single-feature search or conjunction search)
was varied across blocks in an ABBA-order. Half of the
subjects started with single-feature search, and the other
half started with conjunction search. Subjects received
written instructions and 12 practice trials before entering
the experimental phase. The task instructions encouraged
subjects to respond as quickly as possible while minimizing
the number of errors. Performance feedback was provided
at the end of each block. All task instructions were
automated and presented on screen.
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Results
Physiological measures

Figure 1 presents for both groups the absolute values of
heart rate, systolic, and diastolic blood pressure as observed
throughout the experimental session. All three measures
showed a significant effect of time (all P<0.001). Systolic
[F(1, 30)=11.8, P=0.002] and diastolic blood pressure
[F(1, 30)=6.3, P=0.018] both showed significant main
effects of group. The main effects of time and group were
qualified by significant time X group interactions for
systolic [F(13, 390)=9.8, P<0.001] and diastolic blood
pressure [F(13, 390)=6.1, P<0.001].

Attentional blink task

Figure 2 shows the average T1 accuracy (left panel) and T2
accuracy (right panel; contingent on correct T1 identifica-
tion) as a function of lag and group. A similar pattern of
results was found if T2 accuracy was averaged across
correct and incorrect T1 trials. Trials on which T1 and T2
were accurately identified but in the wrong order were
treated as correct. As an analysis of variance (ANOVA)
showed no significant effects of the order in which the two
tasks were performed, this factor was omitted from the
reported analyses.

T1 and T2 accuracy were entered in separate two-way
mixed ANOVAs with lag and time-on-task (blocks 1,2 vs
3,4) as within-subject factors and group as a between-
subject factor. The variable time-on-task was included to
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Fig. 1 Systolic and diasystolic blood pressure and heart rate following
administration of placebo or 150 pg of clonidine (time=0). The grey

shaded area marks the time period during which the two cognitive tasks
were administered

assess the possibility that a group effect emerged over time.
T1 accuracy showed an increasing trend with lag [F(4, 120)=
12.3, P<0.001]. The clonidine group (79.5% correct)
performed slightly worse on T1 than the placebo group
(84.6%), but the main effect of group did not reach
significance [F(1, 30)=2.0, P=0.17]. The lag X group
interaction was not significant [F(4, 120)=1.0, P=0.39].

The two T2 accuracy curves show a pattern that is
characteristic of attentional blink research: lag-1 sparing,
followed by a drop in performance for lags 2, 3, and 4 (i.e.,
the attentional blink), and followed by the initial recovery
of performance at lag 5, at least in the clonidine group. This
pattern was expressed in a significant effect of lag [F(4,
120)=43.2, P<0.001]. The most important for the present
purposes is the finding that T2 accuracy did not reliably
differ between the two groups [F(1, 30)<1]. Furthermore,
although at lag 4 there was a sizeable numerical effect of
group in the expected direction, the lag X group interaction
was not significant [F(4, 120)=1.2, P=0.30]. Time-on-task
did not reliably affect T1 or T2 performance or interact with
other variables.

In a separate analysis, we calculated the average T2
performance across lags 3-5 as a summary measure of
attentional-blink magnitude and examined group differ-
ences in this measure. The two groups did not differ in
attentional-blink magnitude, and performance at lags 3-5
did not improve with time-on-task [both F(1, 30)<I].
Interestingly, there was a reliable interaction between group
and time-on-task [F(1, 30)=4.9, P=0.034]: Whereas per-
formance of the placebo group deteriorated over time (66.6
vs 62.2% correct; P=0.65), performance of the clonidine
group improved slightly (60.3 vs 62.6%; P=0.28).

In a final analysis, we examined the percentage of order
reversals at lag 1, the phenomenon that the two targets,
when immediately succeeding each other, are often identi-
fied correctly but reported in the wrong order (Hommel and
Akyiirek 2005). The percentage of such order reversals was
roughly the same in the placebo group (34.4%) and in the
clonidine group [35.4%; #(30)<1].

Visual search task: single-feature search

The total number of items in the search display (set size)
was varied from trial to trial, allowing us to derive the
function relating reaction time (RT) to set size. The slope of
this function measures the cost for adding additional items
to the display and is often interpreted as “search efficiency,”
with steeper slopes indicating slower, less efficient search.
As expected and illustrated in Fig. 3, slopes in the single-
feature search condition were close to zero [average 1.6 ms/
item; #30)=2.6, P=0.014].

Correct RTs were entered in a three-way mixed ANOVA
with target presence (target present vs target absent) and set
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Fig. 2 Average identification
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size (4, 8, or 16) as within-subject factors and group as
between-subject factor. Despite the relatively shallow RT
slopes, the main effect of set size was significant [F(2, 58)=
6.3, P=0.006]. Furthermore, the clonidine group was overall
slower than the placebo group [F(1, 29)=5.6, P=0.025].
Group did not interact with target presence [F(1, 29)=1.2,
P=0.29] or set size [F(2, 58)=2.5, P=0.10]. The three-way
interaction was also not significant [F(2, 58)<1]. Error rates
were generally low (average 2.3%). An ANOVA yielded
only a significant main effect of target presence [F(1, 29)=
8.9, P=0.006], with errors occurring more often on target-
present trials (2.9%) than on target-absent trials (1.8%).

Visual search task: conjunction search

As expected, slopes in the conjunction-search condition
were sizeable [average 25.0 ms/item; #(30)=13.8, P<0.001],
indicating that visual search was time consuming and
inefficient. A three-way mixed ANOVA yielded significant
main effects of target presence [F(1, 29)=31.5, P<0.001]
and set size [F(2, 58)=152.9, P<0.001] and a significant
interaction of these two variables [F(2, 58)=26.7, P<0.001],
indicating that set-size effects were larger for target-absent
trials. Importantly, the main effect of group was not
significant [F(1, 29)=2.1, P=0.16], and group did not
reliably interact with any of the task variables (all F<1).
Error rates were again low (average 3.3%). An ANOVA
yielded the same pattern of effects as the RT analysis,
indicating that there was no speed—accuracy trade-off, and
that there were no significant group differences.

Discussion

The main findings of the current study can be summarized
as follows. First, in contrast to our predictions, clonidine
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did not have a deleterious effect on attentional blink
performance. Although the numerical group differences in
T1 and T2 accuracy were in the expected direction, these
differences were small compared to the sizeable performance
differences between the individuals within each group (for a
discussion of these individual differences, see Martens et al.
2006). The results from the visual search task were as
expected: Although clonidine slowed the overall response
speed, it did not affect the efficiency of the visual search for
a target in a two-dimensional array of stimuli. Below, we
will discuss the implications of these principal findings.

Single-feature search

o 1200 r 1200
1S
= 1000 target present target absent 1000
'E 800 - L 800
© 600 - o0— o ——+~a Oo—o——1 | 600
o o @ o o
= 400+ r 400
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Fig. 3 Average correct reaction times for the clonidine and placebo
groups in the visual search task. Top panels show data from the single-
feature search condition, and bottom panels show data from the
conjunction search condition. Data for target-present trials are plotted
in the lefi-hand panels, data for target-absent trials are plotted in the
right-hand panels
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The absence of a significant drug effect on attentional
blink performance appears to be at odds with the temporal
filtering hypothesis, which suggests that phasic activity of
the LC-NE system is important for the selection of
important or infrequent stimuli in the temporal domain
(Aston-Jones and Cohen 2005; Dayan and Yu 2006). The
attentional blink results also seem inconsistent with the
predictions of a recent theory that explains the attentional
blink in terms of the temporal dynamics of the LC-NE
system (Nieuwenhuis et al. 2005b). One possible explana-
tion for these discrepancies is that the predicted group
differences do in fact exist, but that our task and
experimental design were not sufficiently sensitive to reveal
them. Some critical factors in this regard may be the choice
of a between-subject design and the sample size of 16
subjects per group. However, previous studies using
between-subject designs, similar group sizes, the same
subject population, and the same task have had no difficulty
detecting group-levels effect on attentional blink perfor-
mance of various manipulations aimed at distracting
subjects from the RSVP stream (Olivers and Nieuwenhuis
2005, 2006). Indeed, our choice of design was based on
these previous studies and on the assumption that the effect
of clonidine would be of at least the same size as the effect
of these behavioral manipulations. In this context, it is
worth noting that the interindividual variance in attentional
blink performance was comparable to that in the Olivers
and Nieuwenhuis studies, discounting increased variance as
a reason for our failure to detect group differences.

A more principled reason for the use of a between-subject
design was that subjects can learn to adopt a ‘mental state’ that
greatly benefits attentional blink performance (Olivers and
Nieuwenhuis 2006), and we wanted to avoid the transfer
of such learning between drug conditions to exclude a
potential contaminating source of variance. In addition,
Coull et al. (1995a,b) have found that in within-subject
designs, the order of treatments (i.e., clonidine before or after
placebo) can show complicated interactions with task
performance, another source of variance that we aimed to
exclude.

Another design feature that may have led to a failure to
detect an existing effect is the timing of test administration
relative to the treatment (#=60—120 min). In particular, the
systolic and diastolic blood-pressure time series reveal a
maximal drug effect after the test period, suggesting that
cognitive effects may have peaked later too. However, there
are at least three arguments against this possibility. First,
Tiplady et al. (2005) have investigated the time course of
effects of 150 pg of orally administered clonidine on
cognitive test variables and found that such effects were
already present at r=45 min but were decreased at ¢=
135 min. Second, our task-block comparisons show that, if
anything, the group difference in attentional blink perfor-

mance became smaller over time, a trend opposite from that
expected if the effects of clonidine needed more time to
develop. A third and related argument is that we found no
significant interaction between group and task order,
corroborating the notion that group effects did not become
larger over time. Alternatively, we cannot rule out the
possibility that group effects peaked earlier than our test
period. However, our choice of test period seems justified
by the finding of significant cognitive effects of clonidine
in various previous studies using similar test periods
(Halliday et al. 1989, 1994; Coull et al. 2001). Thus, our
methods and results do not seem to contain any clear
indication that the observed null effects reflect a lack of
sensitivity. However, it is of course possible that a higher
drug dose would yield more robust group differences. This
is a possibility that can be addressed in future research (note
that such research should take into account that the primary
mode of action of clonidine changes with increasing dose;
(Arnsten and Cai 1993). At low doses, presynaptic
receptors and LC receptors are stimulated, leading to a
reduced NE activity. In contrast, at higher doses, postsyn-
aptic receptors are activated, resulting in a boost of NE
activity. This has important implications for the expected
effects of clonidine on cognitive function).

Another possible explanation for the absence of signif-
icant drug effects on attentional blink performance is that
the attentional blink may not be mediated by the LC-NE
system. This possibility would be particularly bothersome
for the theory of Nieuwenhuis et al. (2005b), which directly
relates the attentional blink to a refractory period in activity
of the LC-NE system. Although there is substantial indirect
evidence in support of this theory (e.g., the relationship
between the attentional blink and the P3), the basic tenets of
the theory are based on cell recordings in animals and are
hard to validate directly in humans. Indeed, the current
study is perhaps the most direct test to date of a relationship
between the attentional blink and the LC-NE system. In
this context, it is important to note that another research
group has reported preliminary evidence consistent with
such a relationship (De Martino et al. 2005). This study,
using a between-subject design, found that attentional blink
performance was significantly impaired after intake of the
B-adrenergic receptor antagonist propranolol (40-mg oral
dose compared to placebo). Although this finding is not
predicted by the theory of Nieuwenhuis et al. (2005a, b),
which relates the attentional blink to the dynamics of
inhibitory «2 autoreceptors in the LC, it will be informative
to determine to what extent the current findings generalize
to other task designs and other noradrenergic drugs. A
further avenue for future research will be to test and
evaluate the effects of noradrenergic drugs on temporal
attention using alternative experimental paradigms, such as
the temporal analogue of the spatial cueing paradigm
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(Posner et al. 1980; Coull and Nobre 1998; see Coull et al.
2001). Eventually, accumulating evidence obtained in such
human psychopharmacological studies can be used to
accommodate theories about the role of NE in temporal
attention.

The results from the visual search task were consistent
with our predictions: Although clonidine led to a general
slowing of response speed, we found no evidence for
drug effects on visual search efficiency as indexed by the
effects of the distractor set size. This pattern of results
was expected based on the notion that the effects of NE
are topographically diffuse (i.e., not selective with regard
to any specific spatial representations) and hence should
not affect the efficiency of selection in the spatial domain.
Previous studies using visuospatial cueing tasks have found
that clonidine reduces the cue validity effect (Clark et al.
1989; Coull et al. 2001), which has led to the suggestion
that the LC-NE system is directly involved in visuospatial
orienting. For example, it has been proposed that the LC—
NE system plays an important role in the disengagement of
visuospatial attention from invalidly cued spaces (Clark et
al. 1989; Posner and Petersen 1990). This proposal is
consistent with the little available evidence, which
suggests that the reduced validity effect after clonidine
administration is mainly due to attenuated performance
costs on invalidly cued trials. However, we propose an
alternative interpretation for these results to reconcile
them with our theoretical framework. According to our
interpretation, the presentation of the cue causes a
spatially nonspecific, transient LC-NE response that
boosts the processing of any stimuli presented for a brief
period thereafter (i.e., the alerting effect). Although not
supported by the current attentional blink findings, this
assumption is based on various sources of evidence in
the animal literature (Aston-Jones and Cohen 2005; Witte
and Marrocco 1997). The cue-induced LC-NE response
speeds up cortical spatial selection processes involved in
localizing the cue and/or subsequent imperative stimulus.
This improves performance on validly cued trials and
impairs performance on invalidly cued trials thus increas-
ing the validity effect. Administration of clonidine
counteracts this amplifying effect of phasic LC-NE
activity thereby reducing the validity effect (note that
this hypothesis predicts both improved performance on
invalid trials and impaired performance on valid trials).
This type of interaction between the alerting effect and
spatial selection processes is absent in the visual search
task, which has no clear alerting component. Therefore,
the current results are consistent with the notion that the
LC-NE system is not directly involved in visuospatial
orienting but can only indirectly modulate the effects of
spatial attention mechanisms implemented elsewhere in
the brain.

@ Springer

One drawback of the current study is that we did not
include a task that has already been shown to be sensitive to
clonidine in previous studies. Therefore, a possible inter-
pretation of the reported null findings is that the adminis-
tered dose of clonidine failed to affect general cognitive
function in our subjects, and that the main effect of drug on
visual search RT reflects drug-induced motor slowing rather
than a central cognitive deficit. Although we deem this
possibility unlikely, given that previous studies using
similar doses of clonidine have found significant effects
on cognitive function (Coull et al. 2001; Tiplady et al.
2005), a more extensive study with a larger task battery is
needed to adequately address this issue.

There is rapidly growing interest in the specific role of
the LC-NE system in human cognition (Cohen and Aston-
Jones 2005). Psychopharmacological data from humans
will be of critical importance in testing and further
developing the increasingly sophisticated hypotheses that
are based on neurophysiological observations in animals
(e.g., Yu and Dayan 2005). The current research provides a
valuable contribution toward a better understanding of the
role of the LC-NE system in human attention, both in the
spatial and the temporal domain.
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