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The Effect of Decreased Catecholamine
Transmission on ERP Indices of

Selective Attention

Anne-Marie Shelley, Ph.D., Stanley V. Catts, M.D., Philip B. Ward, Ph.D., Sally Andrews, Ph.D.,
Penny Mitchell, B.Sc., Patricia Michie, Ph.D., and Nathaniel McConaghy, D.Sc.

This study examines the effect of decreased catecholamine
transmission on event-related potential (ERP) indices of
selective attention. Intravenous clonidine (1.5 ug/kg
Catapres), droperidol (15 pg/kg Droleptan), or placebo were
administered to healthy adult males prior to performance of
a multidimensional auditory selective attention task (SAT)
in which dichotically presented sequences of tone pips varied
on dimensions of location (left or right ear), pitch (high or low),
and duration (short or long). Subjects were required to make a
button press response to infrequent “target” stimuli that
matched a prespecified stimulus on the tHiree dimensions. ERPs
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Selective attention is the ability to attend to relevant infor-
mation and ignore irrelevant information (Posner and
Boies 1971). Converging lines of evidence have implicated
catecholamines (CAs) in the neural substrate of selective
attention (for reviews see Clark et al. 1987a, 1987b; Qades,
1985). Animal studies have demonstrated that decreases
in noradrenaline (NA) (Mason 1980; Pineda et al. 1989)
and either decreased dopamine (DA) (Oades 1981, 1982)
or increased DA (Beninger 1983; Crider et al. 1982) are as-
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were recorded during the task. Clonidine led to a significant
increase of processing negativity (PN) over 200400 ms at the
irrelevant location. Droperidol led to a significant increase in
reaction time (RT), a significant decrease in hit rate, and an
attenuation of PN over the 200- to 400-ms and 400- to 700-ms
epochs. Neither substance led to a significant change in P3
amplitude. The role of catecholamines in the selective attention
subprocesses of “tuning” and “switching” is discussed.

© 1997 American College of Neuropsychopharmacology
[Neuropsychopharmacology 16:202-210, 1997]

sociated with selective attention deficits. Pharmacological
studies with normal human subjects have confirmed
findings from animal studies and demonstrated that
CA antagonists interfere with behavioral performance
on attentional tasks (Clark et al. 1986a, 1986b). In addition,
attentional abnormalities in several clinical disorders
such as schizophrenia (Oades 1982a), attention deficit
disorder (ADD) (Raskin et al. 1984), and Parkinson’s
disease (Hornykiewicz and Kish 1984) have been attrib-
uted to dysfunctional CA systems.

Despite these findings, the precise role of NA and
DA in attentional subprocesses is yet to be fully elabo-
rated. A number of researchers have proposed dichoto-
mous frameworks, in which NA and DA activity are
identified with specific attentional functions. For example,
Tucker and Williamson (1984) hypothesized that NA
modulates “arousal” by facilitating orientation and ha-
bituation mechanisms, whereas DA affects “activation”
by expediting the selection and organization of motor
acts. Clark et al. (1987a, 1987b) suggested that NA regu-
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lates “early” information or “stimulus” processing,
whereas DA regulates “late” information or “response”
processing. Oades (1985) proposed that NA is responsible
for “tuning,” or changes in the signal-to-noise ratio,
whereas DA modulates “switching” between different
sources of information. These frameworks are useful
because they allow much of the available data to be
summarized in simple terms, but their generality prevents
them from providing an accurate, detailed analysis of
CA involvement in the various substages of selective at-
tention.

One factor that has constrained the development of a
precise model of CA involvement in selective attention
has been the reliance on behavioral indices, such as re-
action time (RT) data. Behavioral measures have two in-
herent shortcomings. First, they lack the fine temporal
resolution that is required to monitor real-time character-
istics of task performance. Second, it is difficult to deter-
mine the extent to which unattended information is
processed because overt behavioral responses are with-
held for irrelevant stimuli (Bookbinder and Osman 1979).
The use of event-related potentials (ERPs) to measure
attentional processes eliminates these two problems.
The time resolution of ERPs is in the millisecond range,
so the latencies of different ERP components can provide
fine-grained information about the temporal dynamics
of the neural events involved in information processing
(McCarley et al. 1991). Because ERPs measure electro-
physiological brain events elicited by all sensory stimuli,
regardless of relevance or whether overt behavioral re-
sponding is required, they enable estimation of the extent
to which unattended, as well as attended, stimuli are
processed (Ndatanen 1990; Hansen and Hillyard 1983).

The multidimensional auditory selective attention task
(SAT) (Hansen and Hillyard 1983) is an ERP paradigm
that is specifically designed to examine the selectivity of
attention. In the version of the SAT used in the present ex-
periment subjects listened via headphones to sequences
of tone pips. Stimuli varied along three dimensions: loca-
tion (L) (left or right ear) was the “easy” attribute, pitch
(P) was the “more difficult” discriminating factor, and
duration (D) was the “most difficult” discrimination. Each
of the four location—pitch combinations was equiprobable;
within each location-pitch combination long duration
tones were infrequent. Prior to each run, subjects were
played the “target” (one of the four long duration tones)
and instructed to make a button press response whenever
they detected a stimulus that matches (+) the prespecified
target on all three dimensions (L+P+D+).

Short-duration (D) nontarget or “standard” stimuli
elicit processing negativity (PN), which is thought to
provide the most accurate index of the selectivity of atten-
tion (Ndatanen et al. 1978; Nadtinen and Michie 1979).
“Early PN" (100-200 ms) is identified with the separation
of ERPs at the attended location (L+) from ERPs at the
unattended location (L—). For L+ stimuli, early PN is
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followed by “later PN” (200-400 ms), which reflects the
separation of the attended pitch (L+P+) from the unat-
tended pitch (L+P~). Normally, there is no significant
separation of ERPs on the basis of pitch at the unat-
tended location. This ERP profile indicates that the selec-
tion of the more difficult pitch dimension is subsequent
to and contingent on the easy location discrimination
(Hansen and Hillyard 1983). This pattern is consistent
with contingent or hierarchical models of dimension selec-
tion (Hawkins 1969; Snodgrass and Townsend 1980) but
inconsistent with models that imply an independent, ex-
haustive analysis of dimensions and late selection (Deut-
sch and Deutsch 1963; Norman 1968). Thus “early” and
“later” PN appear to reflect the selection of location and
pitch. The time of separation allows the determination of
the latency of the relevant attribute selection. A “very late
PN” (400-700 ms) has been proposed by Naitanen
(1982, 1990) to index the maintenance and rehearsal of
an “attentional trace” of the L+P+D+ standard.! The
detection of targets in the SAT is indexed by the pari-
etally maximal P3 component elicited by the L+P+D+.

Naatanen’s (1982) model of the functional significance
of PN can be linked with Oades’ (1985) concepts of
“tuning” and “switching.” Tuning, according to Oades,
is the modulation of signal-to-noise ratio. Location and
pitch PN, according to Naatanen, reflect enhanced pro-
cessing of relevant stimulus dimensions. Presumably,
PN can be viewed as a function of tuning. Tuning is af-
fected by the manipulation of NA transmission, with de-
creased NA transmission causing reduced tuning and
increased NA transmission causing enhanced tuning.
Clonidine is an A2 adrenoceptor agonist commonly em-
ployed as an antihypertensive agent. By potentiating pre-
synaptic inhibitory activity, clonidine inhibits the firing of
noradrenergic neurons in the locus coeruleus, the nu-
cleus of origin of NA pathways, and thereby decreases
NA transmission to cortical and hippocampal areas
(Svensson et al. 1975; Aghajanian 1982) Thus the admin-
istration of clonidine, a functional NA antagonist, was
predicted to lead to decreased tuning, reflected in ERPs
as a decrease in the amplitude of location- and pitch-re-
lated PN. However, previous studies that have examined
the effects of clonidine on ERPs have found that it led to
a reduction in the amplitude of the P3 component in the
auditory modality (Duncan and Kaye 1986; Joseph and
Sitaram 1989; Swick et al. 1988).

As the SAT employs multidimensional stimuli that
are processed hierarchically, it is possible to relate Oades’
(1985) concept of “switching” to the shifting of attention
from the easy location discrimination to the more difficult

‘Naatinen (1982, 1990) has proposed that it is the features of the
standard most resembling the target (i.e., the L+P+D~), rather than all
the features of the target (i.e., the L+P+D~) itself, that are assumed to
be incorporated into the attentional trace, because the L+P+D— stimu-
lus occurs three times as frequently as the L+P+D+ stimulus and an
attentional trace cannot be maintained for long without external rein-
forcement by the stimulus.
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pitch discrimination at L+. Switching is affected by the
manipulation of DA transmission, with increased DA
transmission causing an increase in the likelihood of
switching between alternative sources of information
and decreased DA transmission causing a difficulty in
initiating or switching between appropriate behavioral
sequences. Droperidol is a short-acting neuroleptic agent
of the butyrophenone group, that has potent DA receptor
antagonist properties (Peroutka and Snyder 1980). Al-
though droperidol also affects other monoamine sys-
tems and produces weak adrenergic blockade (Craig and
Stitzel 1982), its chief effect is on the DA system. Thus
the administration of droperidol, a DA antagonist, was
predicted to lead to a deficit in switching from the relevant
location to the relevant pitch attribute. This should be
reflected in ERPs as a decrease in the amplitude of the
pitch but not the location-related PN.

In addition to investigating pharmacological effects
on ERPs, the present study also examined their effects
on behavioral performance, in terms of “stimulus” and
“response” processing. Previous research has shown
that stimulus processing, reflected in hit rate and dis-
criminating, is governed by both the NA and DA systems,
whereas response processing, reflected in RT, is governed
by the DA system, (Clark et al. 1986a, 1986b, 1987b). Thus
clonidine’s specific inhibition of NA was predicted to
disrupt stimulus processing, reflected in a decrease in hit
rate and discrimination, but not response processing
and therefore RT. Droperidol, chiefly a DA antagonist,
was predicted to impair both stimulus and response pro-
cessing, reflected in decreased hit rate and discrimination
and increased RT, because of difficulties in motor initia-
tion as a consequence of droperidol’s pseudo-Parkin-
sonian side effects.

MATERIALS AND METHODS
Subjects

Ten normal right-handed males (age 20-32, mean 25.5
years) took part in all experimental sessions. Subjects
had to pass a medical examination that included psychiat-
ric and drug screening and provide informed consent
prior to entry into the study.

Design

The clonidine (CLON), droperidol (DROP), and saline
placebo (SAL) conditions reported in this paper were
three conditions of a six-session repeated-measures study.
A previous drug-free repeated-measures ERP study
that employed the same multidimensional selective atten-
tion task as used in this experiment found that repetition
of the task per se caused significant changes in ERP and
behavioral indices (Shelley et al. 1991). The authors rec-
ommended that studies requiring repeated testing of
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subjects to investigate different treatment effects should
aim to eliminate such repetition effects because they
may confound interpretation of the effects of the variable
under investigation. As ERP and behavioral changes of
the largest magnitude occurred from Session 1 to Session
2, it was recommended that repeated-measures designs
include an initial recording session that is excluded
from the evaluation of treatment effects. Although further
ERP changes were observed over Session 2 to 6, they were
of considerably smaller magnitude and could be expected
to be counteracted by the use of counterbalancing or Latin
Square designs. In addition, other studies have shown
that initial testing can elicit more anxiety than later ses-
sions, in which subjects feel more familiar with testing
procedures (Lader 1980). This is particularly likely to
occur in drug studies employing intravenous injections.
Thus an initial placebo session that is excluded from
statistical analyses should be employed to reduce “first-
session” effects, that is, ERP and behavioral changes
due to the repetition of the task per se, and to familiar-
ize subjects with the task and the drug administration
procedure. Accordingly, SAL in the present study refers
to the second of two placebo sessions, and the first saline
session was excluded from all statistical analyses. The
remaining two sessions employed opioid modulating
agents and opioid data are reported elsewhere (Shelley
et al. 1990). Recordings were spaced 1 week apart. The
study was conducted according to a double-blind Latin
Square design.

Materials and Apparatus

The task was adapted from Hansen and Hillyard (1983).
Tones varying in location (“easy cue”: left or right ear)
and pitch (“difficult” cue: 1,047 Hz or 1,319 Hz) were
presented binaurally via headphones in random se-
quences (ISI: 200-500 ms). Within each equiprobable loca-
tion—pitch combination, 72% of tones were of short (50
ms) duration, and 28% were of long (100 ms) duration.
Duration was used as target because duration information
is not available at stimulus onset, making duration an
unsuitable attribute for use in a channel. Subjects made a
button-press response to long-duration tones of differing
location—pitch combinations on each of eight runs. Target
varied across runs. ERPs were created by sorting stim-
uli according to whether they matched or did not match
the target on location (L+/L-), pitch (P+/P—), and
duration (D+/D—-).

Procedure

EEG was recorded from 16 scalp electrodes, along with
vertical and horizontal electrooculogram (EOG), with a
bandpass of 0.01 to 30 Hz. All electrodes were referenced
to the nose. Electrophysiological data were sampled at
5-ms intervals beginning 250 ms prestimulus and ex-
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tending 1,030 ms poststimulus. EEG epochs-accompanied
eye movement artefact were excluded from analysis.
Sweeps contaminated by incorrect behavioral responses
(misses or false alarms) also were excluded because it is
unknown whether subjects are on task. Subjects received
either SAL, CLON (1.5 pug/kg), or DROP (15 pg/kg) IV
approximately 10 minutes prior to a 40-minute recording
session under double-blind conditions. Systolic blood
pressure (SBP), diastolic blood pressure (DBP), and
heart rate (HR) were recorded pre-and postinjection and
half-way through each session. A 12-item mood ques-
tionnaire (Shelley 1991) was administered immediately
postinjection and half-way through each session.

Data Analysis

Behavioral performance data were analyzed for hit rate,
false alarm rate, and reaction time (RT). Cardiovascular
indices (SBP, DBP, and HR) were converted to change
scores from pre- to postinjection. Mood scores were
converted to composite scores on five dimensions: anxi-
ety, affect, attention, alertness, and comfort. All behavioral
indices were analyzed with two separate analyses of
variance (ANOVAs), that compared the CLON and the
DROP condition with the SAL condition, respectively.
Previous research has indicated that PN is maximal at
Fz, whereas P3 is maximal at Pz (Hansen and Hillyard
1983). Accordingly, all ERP measures were derived
from Fz, except for P3 measures, which were derived
from Pz. D-ERPs were analyzed for mean amplitude
over 100- to 200-ms, 200- to 400-ms, and 400- to 700-ms
runs. The stimulus type was examined for the effect of
location (the two L+ standard ERPs compared to the
two L— standard ERPs) and the effect of pitch (P+ stan-
dards vs. P— standards) and was first analyzed with
two separate ANOVAs that compared the CLON and
the DROP condition with the SAL condition, respectively.

Table 1. Mood, Cardiovascular, and Behavioral
Performance Scores Following Clonidine,
Droperidol, and Saline Administration

Clonidine Droperidol  Saline
Anxiety 1.1(0.7) 29 (2.6) 1.1 (1.0)
Affect 1.1 (0.9) 2921 1.0 (1.3)
Comfort 1.4 (1.0) 26(2.1) 14 (1.2)
Altertness 36(27) 36(2.3) 19 (1.9)
Attention 4.3 (3.1) 5.0(3.7) 2.1(2.6)
Systolic blood pressure 11.9 (12.7) 6.9 (9.9) 6.7 (8.1)
Diastolic blood pressure 4.2 (6.0) 5.2(7.3) 7.3(7.0)
Heart rate 54(10.8) 2.7(10.6) 6.8 (8.2)
Hit rate (%) 71.0(10.5) 63.5(155) 76.1(12.1)
False alarm rate (% 5.1 (4.5) 3.8(3.7) 3.6 (3.1)
Reaction time 529.5 (26.5) 556.4 (85.8) 499.3 (51.9)

Mood and behavioral data are expressed as means (SD in parentheses),
cardiovascular data as change scores from pre- to postinjection.
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To evaluate the hierarchical nature of processing over the
200- to 400-ms and 400- to 700-ms tests, mean amplitude
of P+ and P— ERPs were compared at the attended and
the unattended location using follow-up t-tests that as-
sessed the relative processing of pitch. D+ ERPs were
analyzed for P3 mean amplitude, peak amplitude, and
latency over 300 to 800 ms at Pz in the L+P+D+ ERP,
using separate ANOV As that compared the CLON and
the DROP condition with the SAL condition, respec-
tively. L+ P+D+ data are presented only for P3 analy-
sis because P3 obscures processing negativity.

RESULTS
Behavioral Data

Mood Scales. Self-ratings of mood indicated that fol-
lowing CLON subjects felt significantly less alert [F(1,9) =
9.97, p < .012] and less attentive [F(1,9) = 6.68, p < .029]
than following SAL. There were no significant differ-
ences between the CLON and SAL conditions on self-rat-
ings of anxiety, affect, and comfort. Following DROP
there were changes on all five mood dimensions: subjects
felt less alert [F(1,9) = 11.77, p < .008], less attentive
[F(1,9) = 1243, p < .006], more anxious [F(1,9) = 6.39, p <
.032], more depressed [F(1,9) = 8.80, p < .016], and
slightly less comfortable (p < .081) following DROP than
following SAL (Table 1).

Behavioral Performance. RT was slower and hit rate
lower following CLON than following SAL, but these
differences were not significant. DROP led to a signifi-
cant increase in RT [F(1,9) = 14.39, p < .004) and a sig-
nificant decrease in hit rate [F(1,9) = 18.63, p < .002]
(Table 1).

Cardiovascular Indices. There were no significant dif-
ferences between the CLON and SAL conditions in SBP
and DBP, but HR was significantly lower [F(1,9) = 6.57,
p < .03] following CLON than following SAL.> There
were no differences between the DROP and SAL condi-
tions in SBP, DBP, and HR.

ERP Data

Grand average ERPs elicited by the four D-stimuli
{(varying in location and pitch) at Fz and the L+P+D+
target at Pz for the three drug conditions are shown in
Figure 1.

Standards. Mean negativity over 100 to 200 ms, 200
to 400 ms, and 400 to 700 ms at Fz for the four D-stim-

*RT was more variable following DROP than following SAL or
CLON as indicated by analyses of reaction time variance.

*The lack of decrease in SBP and DBP following administration of
the antihypertensive agent CLON is surprising but is attributable to
high preinjection SBP and DBP in the SAL condition (Table 1).
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Figure 1. Grand average ERPs following saline, clonidine,

and droperidol administration. Top row, ERPs elicited by the

L+P+D— (solid lines), L+P—D~ (broken lines), L—P+D— (round dots), and L—P—D~ (square dots) stimuli at Fz. Note that after 200
ms in the saline condition pitch processing occurs only at L+ but not at L—; in the clonidine condition there is equal pitch process-
ing at L+ and L—; in the droperidol condition there is no pitch processing at either L+ or L—. Bottomn row, ERPs elicited by the

L+P+D+ (solid line) target at Pz.

uli are shown in Table 2. ANOVAs showed that over
the 100~ to 200-ms epoch drug did not have a signifi-
cant main effect or drug-by-location interaction either
in the CLON versus SAL or in the DROP versus SAL
comparisons, indicating that there was early location
discrimination under all three conditions. Over the 200-
to 400-ms epoch, ANOVAs indicated that following
CLON there was a significant drug-by-location-by-
pitch interaction [F(1,9) = 9.66, p < .013]. This pattern
indicates that whereas following SAL, there is pitch
processing only at the relevant location (L.+), following
CLON, pitch processing occurs both at L+ and at the
irrelevant L—. Following DROP there were near-signif-
icant interactions between drug by pitch (p < .057) and
drug by location by pitch (p < .066) over the 200- to 400-
ms epoch and a near-significant interaction between
drug by pitch (p < .064) over the 400- to 700-ms epoch.
This pattern suggests that following DROP there was a
complete disruption of pitch processing and subsequent
processes.

Follow-up t-tests examined the relative processing of
pitch for the SAL, CLON, and DROP conditions sepa-
rately by comparing the difference between P+ and P— at
the attended and the unattended location over the 200- to
400-ms and 400- to 700-ms epochs. Results are shown in
Table 3. Over the 200- to 400-ms epoch a comparison of
the difference between P+ and P— at the attended and the
unattended location showed that, whereas following
SAL administration, there was significant pitch discrimi-
nation at the relevant location (L+) (t = 5.92, p < .001),
but not at the irrelevant location (L—) (t = .82, p = .433),
following CLON administration, there was only near-
significant pitch discrimination at L+ (¢t = 2.16, p = .059),
but significant pitch discrimination at L— (t = 2.76, p =
.022). Following DROP administration, there was an ab-
sence of pitch discrimination at both L+ (¢t = .18, p =
.863) and L— (t = .31, p = .766). Over the 400- to 700-ms
epoch, comparisons of pitch discrimination at L+ and
L— indicated that following SAL pitch discrimination
continued at L+ (f = 4.05, p = .003), butnotat L— (¢t = .3,
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Table 2. ERP Amplitudes Following Clonidine,
Droperidol, and Saline Administration”

Clonidine  Droperidol Saline
D-stimuli®
100-200 ms
L+P+D~ -1.08(0.70) —0.69(0.76) —1.02(0.71)
L+P-D— —0.84(0.64) —1.07(0.86) —0.89(0.77)
L-P+D— —0.49 (0.61) —0.39(0.86) —0.35(0.78)
L-P-D- —0.20 (0.61) -0.27(0.67) —0.23(0.57)
200-400 ms
L+P+D— —0.31(094) -0.02(0.70) —0.79 (0.63)
L+P-D- 0.21(0.73)  0.02(0.52)  0.26 (0.46)
L-P+D— 0.46 (0.67)  0.61(0.92)  0.28 (0.69)
L-P-D- 1.01 (0.66) 0.75(0.83) 0.48 (0.48)
400~700 ms
L+P+D- —1.69 (4.30) -1.42(2.90) -1.98(2.81)
L+P-D— ~0.18(1.59) —0.01(1.72) —0.86 (1.40)
L-P+D- 0.28 (1.51) —0.12(1.63) —0.47 (1.62)
L-P-D~- 0.25(0.64) 0.34(1.91) 0.13(0.96)
D+ stimulit
P3 mean 300-800
L+P+-D~ 158(376)  0.48(253) 1.30(2.55)
P3 peak amplitude
L+P+D+ 4.40(5.24)  3.86(4.19) 4.87(3.97)
P3 latency
L+P+D+ 518.5(104.9) 501.1(92.5) 4955 (107.0)

“SD in parentheses.

PD-stimuli: mean negativity over 100-200ms, 200-400 ms, and 400-700
ms at Fz.

‘D+ stimuli: P3 mean amplitude, peak amplitude, and latency over
300-800 ms at Pz.

p = .773). Following CLON there was attenuated pitch
discrimination at L+ (¢ = 2.00, p = .077) and no significant
pitch discrimination at L— (¢t = 1.14, p = .283) and follow-
ing DROP there was no pitch discrimination at either
L+ (t=234,p="74)oratL— (t = 48,p = .644).

Targets. Table 2 shows P3 mean amplitude, peak
amplitude, and latency for the L+P+D+ ERP. Al-
though Figure 1 shows an apparent decrease of P3 am-
plitude following both drugs, P3 decrements were not

Table 3. T-test Comparisons of the Relative Processing
of Pitch at the Attended (L+) and Unattended (L—)
Locations over 200-400 ms and 400-700 ms at Fz
Following Saline, Clonidine, and Droperidol

Saline Clonidine Droperidol
t 4 t p t p
200—-400 ms
L+ 592 001 2.16 .059 0.18 .863
L—- 0.82 433 276 022 0.31 766
400-700 ms
L+ 4.05 .003 2.00 077 0.34 744
L— 0.30 773 1.14 283 0.48 644
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statistically significant. (Mean P3 amplitude: CLON vs.
SAL t = 28, p = 787, DROP vs. SAL t = 99, p = .35.
peak P3 amplitude: CLON vs. SAL t = .35, p = .735;
DROP vs. SAL t = 1.18, p = .27. P3 latency: CLON vs.
SALt = 35, p = 735, DROP vs. SAL t = .17, p = .869).

DISCUSSION

Both clonidine and droperidol produced changes in be-
havioral and ERP indices of selective attention. The
present discussion first examines drug-induced changes
in behavioral indices, describes the effects of saline,
clonidine, and droperidol on ERPs, and finally integrates
findings into a framework utilizing the concepts of
“tuning” and “switching” (Oades 1985).

The major prediction for the behavioral effects of
clonidine was that noradrenergic inhibition would disrupt
stimulus processing, reflected in a reduction of hit rate
and discrimination, but would have no effect on response
processing, reflected in unchanged RTs. A droperidol-
induced decrease in chiefly DA was predicted to impair
both stimulus processing, as indexed by hit rate and
discrimination, and response processing, as indexed by
an increase in RT. Consistent with these predictions,
clonidine led to a near-significant decrease in hit rate (p <
055) but only a slight, insignificant increase in reaction
time. Droperidol led to a significant decrease in hit rate
and a significant increase in RT. The droperidol effects are
consistent with the results of a previous study that
found that it led to a signiticant decrease in target detec-
tion and discrimination and an increase in RT (Clark et
al. 1986a). However, clonidine effects are only partly
consistent with the results of a previous experiment that
found not only decreased target discrimination but also
increased RT following clonidine administration (Clark
et al. 1986b).

In addition to causing changes in behavioral perfor-
mance, both substances had significant effects on ratings
of mood. After clonidine administration, alertness and
attention were reduced, mood effects that are consistent
with clonidine’s slight impairment of stimulus processing.
The effect of droperidol on mood paralleled its adverse
effects on behavioral performance, as subjects perceived
themselves as less attentive, less alert, more anxious,
more depressed, and slightly less comfortable following
its administration.

ERPs following saline injection corresponded well to
the ERP profile observed in the selective attention task
under normal drug-free conditions (Shelley 1991). At
about 100 to 200 ms there was a significant separation
of ERPs to standards on the basis of location: “early PN”
reflected the separation of ERPs at the attended location
(L+) from ERPs at the unattended location (L—). At L+,
early PN was followed by “later PN” (200-400 ms), re-
flecting the separation the attended pitch (L+P+) from
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the unattended pitch (L+P—), but at L— there was no
significant separation of ERPs on the basis of pitch.
Thus following saline the more difficult pitch discrimina-
tion occurred subsequent to and was contingent on the
easy location discrimination, an ERP pattern consistent
with models that propose that multidimensional stimuli
are normally processed hierarchically (Hansen and Hill-
yard 1983). Other ERP indices normally observed in the
selective attention task also were intact after saline admin-
istration: a prolonged “very late PN” in D- ERPs over
400 to 700 ms at L+ reflected what has been proposed
to be the maintenance and rehearsal of an “attentional
trace” of the L+P+D— stimulus (Ndatinen 1982, 1990).
Target stimuli elicited a large parietally maximal P3.

One limitation of the data is that it was not possible to
extend the design to include a dose-response manipula-
tion. Future studies should do this. However, the
present data still clearly demonstrate the power of ERPs to
elucidate pharmacological actions not evident in behav-
ioral performance alone. The most salient effect of
clonidine on ERPs was over the D-200- to 400-ms epoch.
Comparisons showed that, whereas with saline there
was pitch discrimination at L+ but not at L—, with
clonidine there was essentially equivalent pitch discrimi-
nation of stimuli occurring at both the attended and the
unattended locations. The fact that pitch processing
continued at L—, the channel that should become irrele-
vant once the easy dimension (i.e., location) has been
found not to match the target, strongly suggests that
clonidine led to a disruption of normal hierarchical pro-
cessing. The pattern suggests that subjects engaged in an
alternative strategy involving an independent and ex-
haustive analysis of stimulus dimensions such as sug-
gested by the models of Deutsch and Deutsch (1963) or
Norman (1968). Previous studies on the effects of cloni-
dine on ERPs have found that clonidine led to a reduc-
tion in the amplitude of the P3 component elicited by
auditory stimuli in both humans (Duncan and Kaye
1986; Joseph and Sitaram 1989) and monkeys (Swick et
al. 1988), but did not cause P3 attenuations elicited by
visual stimuli in monkeys (Pineda and Swick 1992). In
the present study, although grand means suggested a
decrease in P3 amplitude with clonidine, the change
failed to reach statistical significance.

The disruptive effects of droperidol on ERPs is evident
from grand means to standard stimuli (Figure 1).There
was no significant difference between the droperidol
and saline conditions for the 100- to 200-ms epoch, sug-
gesting that matching for the easy location discrimination
was unaffected by droperidol. In contrast, the absence
of pitch discrimination was attended as well as the un-
attended location over the 200- to 400-ms epoch suggested
that the processing of the more difficult pitch dimen-
sion was disrupted following droperidol. There also
were differences between the droperidol and saline
conditions over the 400- to 700-ms epoch: whereas fol-
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lowing saline, processing continued at L+ but not at
L—, following droperidol there was an absence of pro-
cessing at L+ as well as at L—. This suggests that the
maintenance and rehearsal processes of the attentional
trace of the L+P+D— stimulus that normally occur
over this epoch also were impaired by droperidol. The
most plausible explanation is that to form an attentional
trace of the L+P+D— stimulus, normal location and
pitch processing are necessary. With droperidol there was
a disruption of pitch processing over the 200- to 400-ms
epoch and hence a failure to form an attentional trace
that is normally subjected to maintenance and rehearsal
processes. Thus the major effect following droperidol ad-
ministration was a complete breakdown in the processing
of the more difficult pitch discrimination and in subse-
quent processes. Although target ERPs suggested a sub-
stantial reduction in P3 amplitude with droperidol (Figure
1), statistically, this did not reach significance.

In terms of QOades’ (1985) model of “tuning” and
“switching,” the main prediction for the effect of clonidine
on ERPs was that following decreased noradrenergic
transmission, there would be decreased “tuning.” Equal
pitch processing at both the attended and what is nor-
mally the unattended location following clonidine in-
jection was accounted for as the replacement of the
usual strategy of hierarchical processing by the far less
optimal strategy of independent analysis of stimulus di-
mensions that involves the unnecessary allocation of at-
tention to the irrelevant location. This also can be viewed
as a subject’s inability to “tune out” the irrelevant location
and a decreased ability to focus on the relevant location,
that is, a reduction in tuning.

As droperidol’s chief pharmacological effect is a de-
crease in DA transmission, in terms of the tuning and
switching framework, it was predicted that its adminis-
tration would impair switching from the location to the
pitch discrimination, reflected in ERPs as a reduction of
pitch PN. Disruptions following droperidol are consistent
with an impairment in switching from one relevant
stimulus feature (i.e., location) to another (i.e., pitch).
These disruptions suggest that subjects are able to perform
the easy location discrimination but then find it difficult
to switch their attention to the next relevant, and more
difficult, stimulus feature of pitch. It should be noted,
however, that as well as having effects on attention,
droperidol also had significant effects on affect and
anxiety and a near-significant effect on comfort. It is
therefore possible that some of the observed attentional
disruptions are not the direct result of attentional im-
pairments, but were influenced by a range of other factors
such as discomfort, malaise, anxiety, and decreased mo-
tivation. Subjects simply may not have felt like attending
carefully to the task.

The effects of droperidol are also interesting in light
of some data on the performance of unmedicated
schizophrenic subjects on the SAT. Michie et al. (1990)
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found that, although there was evidence of an early effect
of attended location in the standard ERP of schizo-
phrenics, there was a lack of pitch separation to stimuli
at the attended location and a total absence of the very
late PN in the L+P+ standards after 400 ms. Parietal
P3s to attended targets also were significantly smaller
in schizophrenics. These effects are remarkably similar
to some of the effects seen in normal subjects following
droperidol administration in the present study. This
similarity is paradoxical in view of the fact that droperidol
is known to decrease DA transmission, although unmedi-
cated schizophrenics are assumed by most researchers
to suffer from a functional overactivity of DA systems. On
the basis of these two sets of data it is tempting to specu-
late that DA modulation of selective attention, and in
particular of more difficult discriminations, follows a
U-shaped function (Yerkes and Dodson 1908), with either
underactivity or overactivity of DA systems leading to
impairments.
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