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Abstract 
Norepinephrine is believed to modulate CNS processing of environmental signals. However. its specific role in stimulus 
evaluation processes has not been delineated. We examined the effects of the a: noradrenergic agents. clonidine and 
kohimbine. on ERP and performance measures of auditory information processing. Ten healthy participants performed 
a three-tone target detection experiment, receiving either placebo. 0.2 mg clonidine. or 30 mg yohimbine. in a 
double-blind randomized design. The principal locus of action of the noradrenergic agents occurred between 100 and 
200 ms poststimulus. P200 latency was sped by yohimbine and slowed by clonidine. and the frontal P3a was shifted 
in tandem. components related to  target detection (N2.50 and P3b) were unaffected. The results suggest that norepi- 
nephrine modulates CNS mechanisms of selective attention to infrequent stimuli. This may be relevant for patients with 
xhizophrenia. a subset of whom exhibit selective abnormalities of these wme ERP components. Our results offer a 
possible link between these two sets of findings. suggesting that some patients a i th  schizophrenia may have dysfunc- 
tional noradrenergic systems. 

Descriptors: Norepinephrine. Event-related potentials. P300. Attention. Psychopharmacology. Schizophrenia 

An inability to properly attend to environmental stimuli is thought 
to be an intrinsic part of the phenomenology of schizophrenia and 
other psychoces iMcGhie & Chapman. 1961 ). Consistent with 
this. electrophysiologic studies of information processing deficits 
in xhimphrenia have documented abnormalities of both early 
5timulus filtering. as indexed by the P50 suppression ratio i Adler 
et al.. 1983. 1990: Freedman. Adler. Waldo. Pachtman. & Franks. 
1983). and subsequent stimulus evaluation. as indexed by the 
amplitude of the P300 (Braff. 1993; Turetsky. Colbath, & Gur. 
I Y98). An understanding of the neuropharmacologic mechanisms 
that underlie both normal and abnormal modulation of these elec- 
trophysiologic components may therefore help to elucidate the 
neurobiology of the cognitive and attentional impairments associ- 
ated a i t h  these disorders (Adler et al.. 1994). The clinical patho- 
physiology of psychotic illnesses is thought to involve disturbance$ 
of central catecholamine systems. so it is reasonable to suspect that 
dimrbances of these neurotrmsmitter systems also underlie pa- 
tients' information processing deficits. However. there is very little 
e \  idence linking catecholaminergic activity with the types o f  in- 
formation processing deficits exhibited by psychotic patients. In- 
deed. the weight of the evidence derived from studies of the 
neuropharmacology of human information processing suggests 
that drugs that alter the cholinergic system (e&, scopolamine) 
affect stimulus evaluation processes, whereas stimulant drugs (e.g.. 
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amphetamine. methylphenidate) primarily affect motor responws 
(Callaway, 1983: Callaway. Halliday. Naylor. & Schechter. I%jJ. 

Nevertheless. there are reasons to wspect that the noradrener- 
gic neurotransmitter system plays a role in the cogi t ibe processes 
pertinent to stimulus evaluation. Based prirnarilq on animal. rather 
than human. research. a theoretical model of noradrenergic activity 
has been proposed wherein norepinephrine modulates the relation- 
ship between CNS processing of incoming \ignals versus the 
processing of "noise" in the environment. In this model. the nor- 
adrenergic system is thought t o  augment processing of important 
information while -attenuating procesing of less r e h  ant stimuli. 
thereby increasing the effective signal-to-noise ratio i Aston-Jones. 
Rajkowski. Kubiak. & Alexinsky, 1994: Oades. 1985). One study 
of human information processing. utilizing agents that specifically 
affect the a: noradrenergic system. concluded that the noradren- 
ergic system affects relatively early encoding of visual \timuli 
( Halliday, Callaway. & Lannon. 1989). Studies of auditory sensory 
gating mechanisms, both in animals and in patients with schiro- 
phrenia and bipolar affective disorder. have also suggested that the 
noradrenergic system may be involved in the early filtering o f  
\ensory \timuli (Adler. Pang. Gerhardt. & Rose. 1988: Baker et al.. 
1987; Braff and Geyer. 1990). In il relatively direct test of this 
hypothesis. the a2 antagonist yohimbine was shown to increase the 
P50 suppression ratio in normal adults. suggesting reduced audi- 
tory hensory gating (Adler et al.. 1994). 

We report here on the effects of the selective a. noradrenergic 
agonist clonidine and the a: antagonist yohimbine o n  auditory 
ERP measures related to cognitive stimulus evaluation processes. 
Acting via a presynaptic negative feedback mechanism. clonidine 
inhibits norepinephrine turnover and release and decreases MHPG 
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(Jhanuar-Uniyal. Le\in. & Leibouitz. 1985). Yohimbine has the 
oppo\ite effecl of blocking negative feedback following the release 
of norepinephrine and increasing MHPG ( Kehne & Davis. 1985 ). 
We hypothe\i/ed that these pharmacologic agents would have 
opposite effect5 on beha\ ioral and ERP measure\ aw~ciated with 
the evaluation ot ta\L-rele\ant stimuli. thereb! implicating norepi- 
nephrine in the modulation of these proceases. I n  particular. w e  
hypothesired that :I frontal subcomponent of the P300 (P3a). 
which is thought t o  denote the cognitive equivalent of an orienting 
re\pon\e to no\el stimuli (Knight. 19x4: Squire\. Squire\. & Hill- 
yard. 1975). would be affected b! thew nianipulationz. 

hlethods 

Participants 
Ten male volunteers beween the ages of  22 and 37 “ere recruited 
from the conmunit!. Participants were intemiewed and examined 
b! a psychiatrist (B.T.) t o  insure that there has  no history of 
pre\ iouh medical or neuropsychiatric illness. substance abuse. head 
injury. hearing difficulties. or any other contraindication to the use 
of noradrenergic agents. None of  the participants had a family 
histor! of a psgchiatric illneb\ and none were being treated with 
medications at the time of stud). All participants gave informed 
conwit prior to participation. 

Experimental Procedure 
Each participant was tested on three separate occasions spaced at 
least 1 weeh apart. .4t each session. the participant’\ threshold for 
diwriminating between a 60-dB SPL 1000-Hz tone and a second 
tone of higher frequency was determined. An alternating ascending 
and descending ”method of limits” procedure was used. with a 
forced-choice ”same” or “different” response. to identify the thresh- 
old (defined as that frequency at which a correct discrimination 
from a 1000-Hr tone was made on 50% of the trials). This was 
done in an effort to standardize the difficulty of the subsequent 
auditory target detection task across participants and sessions. 
Threshold frequencies ranged from 1004 Hz to 1021 Hz across all 
participants and aessions. with no within-subject differences across 
the 3 test days. F ( 2 . 1 8 )  = 0.34, p = .72. EEG electrodes were 
applied and the participant was given a predrug. or baseline. test. 
One of three possible oral medications was then administered: 
placebo. 0.2 mg clonidine, or 30 mg yohimbine. The drugs were 
given in identical vehicles. the order of the drugs was randomized 
across participants. and both the examiner and the participant were 
blind to the drug given. A postdrug test was given 75 min after 
ingestion. Subjective response to each medication was assessed by 
the Profile of Mood States (POMS: McNair. Lorr, & Droppleman. 
197 1 ). which the participant completed before and after both the 
pretest and the posttest. Blood pressure (BP) and pulse were re- 
corded 5 and 30 min predrug, and 30.60.90, and 120 min postdrug. 

Task 
A three-tone auditory target detection task was employed. A series 
of 60-dB SPL tones was presented binaurally through headphones. 
The duration of each tone was 40 ms: the interstimulus interval 
varied randomly between I .5 and 1.6 s. Seventy percent of the 
tones were lo00 Hz “standard” tones; 15% were 950 Hz. desip- 
nated as a rare “nontarget”; and 15% were higher frequency ”tar- 
get” tones. to which the participant was expected to respond by 
lifting the right index finger. Tones were presented in two separate 
blocks and the ordering of target. nontarget, and standard tones 

was randomized within each block. The actual target frequency 
was independently set for each participant at each session. based 
on the discrimination threshold determined that day. In the firs1 
block. the difference between the target and the 1000-Hz standard 
~ ) a \  four times that of the threshold frequency (e+.. if the threshold 
frequency were I O  IS Hz. then the target frequency was I 060 H7 1. 
In the \econd hloch. the dihcrimination of target from standard wa\ 
more difficult. that is. a standard-target difference two times that of 
the threshold (e+.. 1030 Hr target). To assess drug effects on tash 
performance. separate records were kept of the number of cor- 
rectly identified targets (hit\). erroneously identified standard and 
nontarget tone5 (false responses). and the reaction time for each 
correctly identified target. 

ERP Recordings 
Electrodes were applied at Fpz. Fz. Cz. Pz. and Or.. Four additional 
electrodes were placed along the midline. midway between the 
following pairs: Fpz and Fz. Fz and Cz. Cz and Pz. and PL and 0 2 .  

This montage prwided a chain of nine equidistant electrodes 
overlying the midsagittal plane. All scalp electrodes were refer- 
enced to the left ear. A I .  The electrooculogram (EOG) wan re- 
corded between two electrodes placed above the left outer canthus 
and belou the right outer canthus. EEG and EOG were amplified 
with a Grass Model 7B polygraph (60 Hz filter. band pass = 
0.1-35 c/s). Each channel of EEG was sampled every 4 ms. from 
40 ms prestimulus to 760 ms poststimulus. The data for any single 
trial were rejected if the EOG was greater than 35 KV baseline to 
peak or if there was A / D  converter saturation ( k 125 pV I on an) 
of  the EEG channels. 

Stimuli were presented until 32 correctly classified trials with- 
out EOG artifact or A / D  saturation were recorded for both the rare 
nontarget and target conditions for each block of tones. The total 
number of stimulus presentations ranged from 221 to 666 across 
all participants. sessions, and conditions (mean = 323 k 90.2 SD). 
This did not vary across the three sessions. independent of the 
active drug effects discussed below. F(2.18) = 1.02. /I = 38. 
Average waveforms were computed from the single trials. sepa- 
rately for each condition (target, nontarget. and standard) within 
each block of pre- and postdrug trials. The mean amplitude of the 
40 nis prestimulus interval was subtracted from each waveform to 
obtain a mean 0 prestimulus baseline. 

Data Reduction and Statistical Analysis 
To disentangle temporally overlapping ERP components. each set 
of common-referenced average waveforms was first converted to 
a set of current source density (CSD) estimates. by applying a 
linear transformation matrix that approximated the Laplacian source 
operator (Hjorth, 1975. 1980). Mathematically. this was equivalent 
to employing a local average reference for each recording site. 
based on the average of the electrical potentials derived from the 
two electrodes immediately adjacent to it  (anterior and posterior). 
This yielded CSD data for seven electrodes, excluding the two 
peripheral sites, Fpz and Oz. CSD recordings minimize the elec- 
trical distortions produced by the skull and scalp. and represent 
reference-independent sources and sinks in the scalp electrical 
field. CSD measurements represent, almost exclusively. the activ- 
ity of topographically localized cortical sources. More distal sources 
do not contribute to the CSD measures at an individual electrode 
site. This is in marked contrast to common-reference derived 
voltage potentials. Consequently, the presence of topographically 
discrete sources in the CSD data must reflect the activity of distinct 
dipole sources. 
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Figure I .  depicting spatiotemporal contour plots of the grand 
average pretest data, demonstrates how the CSD transformation 
facilitates the spatial separation of temporally overlapping compo- 
nents by providing much finer spatial localization. Note, in par- 
ticular, that the CSD plots reveal two spatially discrete sources of 
activity. between 300 and 400 ms, that were not separable in the 
ear-referenced data: a frontal source present in both rare nontarget 
and target conditions and a somewhat later parietal-occipital source 
present only in the target condition. The delineation of these two 
discrete sources is consistent with previous suggestions that the 
hcalp P300 is comprised of at least two temporally overlapping. but 
spatially and functionally distinct subcomponents: P3a. which oc- 
curs slightly earlier. has a frontocentral topographic scalp distri- 
bution. and reflects attentional orienting to novel or infrequent 
stimuli. and P3b. which has a parietal scalp maximum and reflects 
cognitive processes associated with target identification (Squires 
et al.. 1975). As will be shown below, when the latencies and 
amplitudes of these two overlapping sources are disentangled via 
CSD transformation, their patterns of response to experimental 

effects are different. validating the idea that they are neuroanatom- 
ically and functionally distinct subcomponents of the P300. 

Based on the grand average plots, 3 focal scalp electrode and 
temporal window were selected for the CSD activity of each of 
five ERP components: N100, P200, N250, and the separate frontal 
(P3a) and parietal (P3b) subcomponents of the auditory P300 
(Table I ) .  The latency of each component was then defined as 
the point of peak activity, within the specified time window. at the 
electrode of interest. Component magnitude was defined as the 
integrated amplitude within a 48-111s window. centered around 
the peak latency. 

Summary measures of task performance. which were computed 
for each block of trials, included the mean reaction time for 
correctly identified target tones, the percentage of targets that were 
correctly identified (hit rate). and the percentage of standard tones 
that were falsely identified as targets (false response rate). Rare 
nontarget tones were not included in the measurement of false 
alarms because there were essentially no misclahsifications of 
these lower frequency tones. Additionally. in a signal detection 
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Figure 1. Spatiotemporal contour plots of predrug data for each of the rare toner (target and nontntgetl. ave rqed  acro\s d l  participant\ 
and experimental w r \ i o n b .  Vertical axi\ of  each map repre\ent\ electrode location. from front to hach o f  the head alung the midline. 
Hori/ontal axi\ denotes time poststimulus. measured in millisecondr. Left ride presents the original data ar recorded uring ii left ear 
common reference. Right \ide depict\ the \ame data after tran\formation t o  a current rourw derivation. The alternating trough\ tdarh) 
and peaks (l ight)  at different points in time depict the rcalp topography of the various auditor) ERP component5 (NIOO. P2OO. N750. 
P300). Note that there is little anterior-po>terior spatial resolution o f  components in the common-a\erage reference plots: component 
amplitude\ are relatively uniform across electrode\. The CSD plots offer much greater rewlution. allowing the overlapping P?;I and 
P3b component\. both of which occur between 300 and 4lN) ins in the target condition. to  be rpatially wparated .md mrarured 
i ndepe ndr nt I y. 
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analy\i\. n e  computed independent measures of participant\' ahil- 
it! to discriminate between target4 and standards ( d j  1 and their 
response bia\ o r  criterion for responding affirmativel) when un-  
certain t C,  I (Coruin. Pe\loe. Feenan. Rotrosen. & Fieve. 1990: 
Snodgra\\ & Coruin. 1988). Responses to the POMS kere scored 
to yield measure\ for each of  the six POMS subscales (tension. 
depre\sion. anger. \ igor. fatigue. and confusion). 

Each dependent wriable was examined using a repeated mea- 
sures multi\ariate analysi< of \,ariance design. For each ERP mea- 
\we. there were four within-subject factors: ( a )  drug type (placebo 
i s .  clonidine \ s .  yohimbine): ( b )  pretest versus posttest: ( c )  tash 
difficulty ( e x ?  \ 's. hard discrimination): and td)  condition (target 
\ s ,  rare nontarget). For the various performance measures. there 
were three factors (no condition effect) and similarl). for the 
POMS. there were three factors (drug tlpe. pre/post. subscale). 
For BP and pulse. there were two factors (drug type and time). Jn 
all cases. effects of the pharmacologic probes could be observed a\ 
significant Drug X Pre-Post interactions. Null hypotheses were 
rejected for \.slues of p <: .05. two-tailed. 

Results 

Hemodynamic Changes 
Clonidine and yohimbine had opposite effects on participants' 
cardiovascular systems. Statistically significant Drug X Time 
interactions were observed for both systolic. F(8.72) = 15.73. 
p < ,0001. and diastolic. Fi8.72) = 8.51. p < .000l. blood 
pressure. In  indi\,idual contrasts. clonidine lowered systolic BP 
relative to baseline at 60 (-10.7 mmHgi. 90 (-19.1 mmHg). 
and I20 i- 17.9 mmHgi min postdrug ingestion. Yohimbine. in 
contrast. raised systolic BP at 60 (+5.3 mmHg) and 120 
( + 6 . 3  mmHg) min postdrug. Diastolic BP was also reduced by 
clonidine at 60 (-6.7 mmHg1. 90 ( - 1  1.5 mmHg). and 120 
( -  I 1  .2 mmHg) min postdrug. but was not affected by yohimbine. 
Neither active agent significantly altered pulse rate. 

Mood State Measures 
There were differential effects of the medications on the various 
POMS subscales. as indicated by a significant Drug X Pre-Post X 
Subscale interaction across the three drug types. F(10.90) = 6.67. 
p < ,0001 (Figure 2). Univariate tests revealed significant effects 
for four of the six POMS subscales: tension. F(2.18) = 8.17, p < 
.01: vigor. F ( 2 . 1 8 )  = 5.81. p = .01; fatigue. F(2.18) = 7.17.17 < 
.01: and confusion. P(2.18) = 4.28. p < .OS.  Separate paired 
contrasts between each active drug and placebo revealed signifi- 
cant increases on both the fatigue, F(1.9) = 1 I 2 5 .  p < .01, and 
confusion. F (  1 ,9) = 6.74. p < .OS.  subscales after clonidine. and 
an associated decline in the vigor index, F(1.9) = 12.34.17 < .01. 

Yohimbine significantly increased subjects' rating\ o n  the tension 
subscale. F(1.9) = 14.44. p < . O l .  The increase in  confusion 
postyohitnbine was smaller than the increase seen after clonidine 
and. when compared to placebo. did not reach the significance 
criterion. F(1.91 = 3.61. p = .09. 

Task Performance Measures 
Reaction time i RT) was strongly affected by tash difficulty. Mean 
RT increased by 55 ms. overall. when the target was more d 
to detect. 518 ms versus 463 ms. F (  1.9) = 44.10. p .0001. 
Contrary to our expectations. though. medication did not  \ignit'i- 
cantl! alter RT. Based on previous work (Halliday et al.. 19x9). u e  
had expected clonidine to slow. and yohimbine to speed. reaction 
time. Although mean RT did increase by 19 ms after clonidine. 
compared t o  a 6-nis decrease after placebo and a 3-rns decrea\e 
following yohimbine. this difference was not statistically signifi- 
cant. Ft2.18) = 1.06. p = 3 7 .  

In contrast to reaction time. measures related tu the crc.c~rrcrc. \ .  ot. 
performance did change in response to medication. F ( 2 . 1 8 )  = 
1 1.630. p c: ,001. Clonidine significantly decreased the hit rate for 
correctl) identified targets. Hit rate was also reduced when the 
target was more difficult to discern. F (  1.9) = 42.28. p = .OOOl. 
However. there was no interaction between the two and no effect 
of either medication or task difficulty on the false response rate. 
Signal detection analysis confirmed that the decrease in target hit 
rate following clonidine resulted primarily from a change in par- 
ticipants' abilities to discriminate the target tone from the standard. 
rather than a change in response bias. (I;.: F ( 2 . 1 8 )  = 11.84. p 
,001 : CI : F ( 2 . 1 8 )  = 2.93. / J  = .07. However. covarying for changes 
in vigor and fatigue eliminated this clonidine-induced performance 
decrement. In contrast. covarying for changes in tension revealed 
a near-significant inipro\*eriient in performance following yohim- 
bine. f( 1.8) = 4.37, p = .06. 

Given the decreased hit rate with clonidine, i t  is not surprising 
that we also observed an increase in the total number of stimuluz 
presentations required t o  acquire 32  correctly identified artifact- 
free target trials. F ( 2 . 1 8 )  = 12.7. p < ,001. Mean number of tones 
(standard\ + targets + novels). averaged across eas) and hard 
conditions. was 307.4 following placebo. 4 18.3 following cloni- 
dine. and 292. I following yohimbine. This difference remained 
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Figure 2. Relative change\ in standardi7ed scores. after medication. for  
six subscales of the Profile of Mood State ( M  -C SEI. Bar height\ depict the 
change in score after acti\e medication. relative to the change po\tplaceho 
( M  i SE ). Yohimbine significantly increased lension. whereas clonidine 
decreased vigor and increased fatigue and confusion. 
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marginally significant even after covarying for the effects of se- 
dation. Fi1.8) = 4.91. p = .05. 

ERP Measures 
Grand average common reference waveforms, pre and post each 
drug condition. are presented in Figure 3. The means and standard 
deviations of the CSD amplitude and latency measures derived 
from these raw waveforms are presented in Table 2 .  Proceeding 
from earliest to latest component activity. we observed the follow- 
ing experimental effects. 

N100. N 100 latency and amplitude were both unaffected by the 
pharmacologic manipulation or by changes in any of the experi- 
mental ta\k bariables. 

P200. PXO amplitude did not exhibit any task or drug effects. 
P200 latency. however. showed a response to medication that was 
m a l l  in magnitude. but statistically highly significant. Fi?. 18) = 
I1.O1. p < ,001. In separate paired contmts.  both clonidine and 
yohimbine altered P200 latency relative to placebo: clonidine de- 
layed the point of peak activity. mean latency delay = 6.4 ms. 
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F(1.9) = 5.72, p < .05. whereas yohimbine accelerated its occur- 
rence. mean speeding = 4.6 ms, F(  1,9) = 14.60. p < .01, com- 
pared to placebo (Figure 4). Task difficulty and condition had no 
effect on the timing of the P200. 

N250. In contrast to the earlier NlOO and P200 components. 
whose amplitudes were unchanged across the tone conditions. the 
amplitude of the N250 was strongly affected by condition. N250 
was larger for the target than the rare nontarget. Fi1.9) = 10.66, 
p < .01. consistent with the idea that this component denotes 
cognitive processes associated with discriminative stimulus ecal- 
uation (Grillon. Courchesne. Ameli. Geyer. & Braff. 1990). N250 
amplitude was also altered significantly by medication. becoming 
more negative following clonidine and less negative following 
yohimbine. F(2.18)  = 4.74. p < .05 (Figure 4).  This drug effect 
interacted with task difficulty. F(2.18) = 3.51. p = .05. Clonidine 
affected “50 amplitude when the task was relatively easy: yo- 
himbine affected it when the task was more difficult. Latency was 
unaffected by medication or condition, but slowed slightly (mean 
delay = 7 msJ with increasing task difficulty. F(  l . Y J  = 13.85. 
p < . O l .  

Yohimbine 

1 

0 200 400 0 200 400 0 200 400 msec 
Re-Dug 
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Figure 3. Common reference waveforms pre and p o d  each drug condition. Wa\etorrn\ are grand o\erage\ acrohh all participants. both 
level\ of  ~ a \ k  difficulty and both rare tone conditions. Top row: FI: middle row: C/: bottom rou.: PI electrode. Left column: placeho: 
middle column: clonidine: right column: yohimbine. 
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-re 5. Effects of medication m ERP compooent amplitudes. Changes 
in amplitude after active medications am amsurd relative to the effect of 
placebo (M It SE). Unit of mcasumment is pnpottional to &e micmvolts 
per centimeter squared meawrr of EMQP suorcc density. Significant 
effects of active medication were scen for M50 and P3a. 

target ampiiWcufthis subcomponent greatly exceeded that of the 
rare nontarget. Thfm was a similar effect of condition on P3b 
latency, F(1,9) = 13.73, p < .01, with target latency exceeding 
that of the rare nontarget. However, none of the other experimental 
variables had a signiticant effect on this parietal subcomponent. 
Specifically, there was no effect of medication on P3b amplitude, 
F(2.18) = 0.303, p = .74, or latency, F(2.18) = 0.85, p = .44. 

Rekationship of ERP Mcruvrcs to Mood State 
and Pe~ommncc 
We considered the question of whaber the significant effects of 
medication on component amplitudes and latencies were cone- 
lated, across subjects, with any of the significant_afktive and 
behavioral effects of these mcdicrtions. We computed relative 
change scores for each of the two active drugs &e., posepre drug 
differen~e minus p0St-P pIaCeb0 aaraenOe), for -h ERF' pa- 
I;imeterand the V a r i o u s p e r f ~  and mood state measures that 
exhibited dxug efftas. We then examined the interromlatiaas 
among these difkmcc sccne~ acms tk fSsub&w. Not smpris- 
ingly, different mood state measures wete stimgly correlpted with 
each other. Subjects who experieocedagreatcr increasein tmxh 
after taking ydrimbine abexp&md;lli tilcrease ia coaitsion 
( r = 32, p = .OM). S i l y ,  incnrscd fatigue with clonidine was 
highly correlated with the sense d hmeased wdilsioa ( r  = .78, 
p = .008). There were no sigdkantcarelrbtms - _betweencIunaes 

drugs. In particular, dhae wai N3 rigpIfic;mt nthcioasbip bctwcea 
the iImcaedf&ppoetcloafdtac aabdstdecntJe m tpgetbit 

in mood state and changes in ~ h d u c e d  by rbe active 
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moodstate-aniraaaeintmsiaawi thy~aadadecrease 
ieaIwsdm- am coesistent with what we might 
expect to see wiph cbmga in norepiaepbrine levels. The anxio- 
genic effects of ydrimbim, in perticular, have been shown to be 
comlsced with changb in kwh of tBe wrepinephrk metabolite, 

1990). The fm tBr botb active drugs produced a subjective sense 
of coafusion is olao ooasisteot with the inverted U-shaped rela- 
tionship tha exisu between srousd and efficiency of performance 
(Eyssack, 1982). 'hat is, pedomance capacity tends to be im- 
paired by activrtioa that is either too low or too high relative to 
somc optimum kvel. Tbe consistency of these mood effects, cou- 
pled with the expected effects on systolic BE provides confidence 
that the medications acted as intended and that the other behavioral 
and ERP change3 that we observed may, in fact, be attributed to 
manipulations of the noradrenergic system. 
With respect to behavictr, clonidine's effect on hit rate and 

&Mimination ability (d l )  paralleled the changes seen with an 
actual increase in task difficulty and could, therefore, be inter- 
preted as a reduction in the effective signal-to-noise ratio associ- 
atedwitbadecreasein- 'c tone. Alternatively, the decrease 
in target detection rate might simply be a nonspecific by-product of 
the increased &tion associated with clonidine. To link these 
performance changes unambiguously to changes in noradrenergic 
activity kvel, we wwld hope to see opposing effects for clonidine 
and yohimbine, which we did not find. 

Yohimbine's failure to enhance target discrimination may sim- 
ply reflect the fact that the power of this study, with its relatively 
small sample size, is low. However, given that a number of other 
cimg effects wen observed, it also raises questions about the 
hypothesized signal ve.rsus/noise "tuning" function of norepineph- 
rine. If norepinephrine facilitates the selective processing of rele- 
vant stimuli, then we might expect to see an improvement in target 
detection, particularly in the more difficulf 'task. In fact, thou& not 
statistically significant, perfonnan~e on this task did improve some- 
what following yohimbine (80% c m t  predrug, 86% correct 
m g ) ,  wbereas k remained constant with placebo (76% pre- 
h g ,  ?7% postdmg). and was markedly worse following clonidine 
(77% plcdru& 58% podrug). The absence of a more robust 
association bet wee^ yohimbine and target sensitivity might reflect, 
ia pers a ailing ef€cct. For a group of normal subjects with intact 
napdrenergic sysreats who arc engaged in a difficult task very 
little additional u p w d  tuning of the cognitive processing appa- 

MHPG, m ind iv idpptSpmncD0~  aaacks (Gurguis & UMe, 

I 
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m u \  may be possible. The results might he different in individuals 
whose noradrenergic systems are not functioning at an optimum 
level (e.g.. clinical populations such as patients with depre\sion or 
sc hizophreni a i . 

Another possibility is that the specific dose of yohimbine was 
not optimal for enhancing task performance. Consistent with the 
in\.erred-U relationship between arousal and performance. we would 
expect performance enhancement only within a limited dosage 
range. which might var) from person to  person. The fact that 
yohimbine produced a sense of tension and that performance 
changes approached significance when we covaried for this mood 
state wggesta that. for wme of our subjects at Ieact. the dosage 
ma! have been too high. I t  is noteworthy. in this regard. that 6 
participants sho \~ed  mild performance deficits following yohim- 
bine. whereas 4 showed more marked performance enhancements. 
The correlation between performance decrement and tension in- 
c r e a e  was .60. p = .%. Participants with performance decrements 
may hale. in effect. overshot the peak of the ini,erted-U and landed 
instead on its downward slope. 

A third issue that must be considered is timing of the ERP and 
performance measures relative to the time of drug ingestion. We 
chose to begin testing subjects 75 min after drug ingestion. with 
the test period lasting -20 min. To maintain the double-blind 
design of the study. the u m e  postdrup delay was required for 
clonidine and yohimbine. Adler. however. in his study of the 
effects of yohimbine on P50 auditory sensory gating (Adler et al.. 
1982). used a 15-min delay. based on evidence that peak effects on 
the acoustic startle response and panic induction both occur within 
30 min of drug ingestion. coincident with peak plasma catechol- 
amine changes. It  is possible. therefore. that the effects of yohim- 
bine were attenuated simp]> because we waited too long to assess 
them. However. plasma MHPG levels remain elevated for up to 
4 hr postingestion of yohimbine (Charney et al.. 1984; Krystal 
et al.. 19921 and there are several reports of CNS effects of 
yohimbine. using both comparable dosages and delays exceeding 
75 min. These include observations of enhanced memory (O'Carroll. 
Drysdale. Cahill. Shajahan. & Ebmeier. 1999). augmented acoustic 
startle response (Morgan et al.. 1993). increased "nervousness" 
(Charney et al.. 1984). and decreased reaction time (Halliday et ai. 
1989). Also. as noted above. the correlation between increased 
tension and decreased accuracy is most readily interpretable as an 
excessive. rather than attenuated. yohimbine response. So, al- 
though the time delay may be of some importance. we do not 
consider i t  to be a primary factor i n  understanding these findings. 

The electrophysiologic data permit us to more precisely delin- 
eate those cognitive subprocesses that are affected by noradrenergic 
modulation. Clonidine and yohimbine had significant opposing ef- 
fects on the latencies of P200 and P3a. with yohimbine speeding 
and clonidine slowing peak latency. In  contrast. there were no ef- 
fects on the latencies of the intervening N250 or the overlapping 
P3b. These chronometric data can be understood using a serial ver- 
sus parallel processing model of the timing stimulus evaluation mech- 
ani5ms (Callaway. 1984: Callaway et al., 1985: Frowein, Gaillard, 
&: k e y ,  1981; Halliday. Callaway, Naylor. Gratzinger. & Prael. 
1986; Halliday et al.. 1989). According to this model. (a) when a 
pharmacologic agent has an equal effect on the latencies of two 
components that occur in sequence (e.g., P200 and P3a). the pro- 
cesses represented by these two measures are thought to be serially 
yoked to each other and the action of the pharmacologic agent can 
be localized to the interval prior to the earlier measure; (b) when a 
drug affects the latency of a later component. but not an earlier mea- 
sure (e.g.. P200 and N 100). then the effect of the agent can be lo- 

calized to the interval between the two: (c)  when a drug affect4 the 
latency of an early component but not a later one (e.g.. PXX) and 
N250 or P3bJ. then the processes represented by these two mea- 
sures are thought to occur in parallel. with the pharmacologic ef- 
fects being limited to one of these two parallel proces\e\. 

Our data suggest. therefore. that the principal locus of  action of 
these noradrenergic agents is on processes occurring between I00 
and 200 ms poststimulus. Because the latency of the earlie\t 
component. N 100, was unaffected. it implie\ no noradrenergic 
modulation of antecedent primary auditory sensor) afferents \eri- 
ally linked to this exogenous component. The fact that the timing 
of only some ERP components subsequent to the KIOO were 
altered supports the idea of later parallel processing. One parallel 
set of processing tasks entails the evaluation and classification of 
stimuli according to their target status. This aspect of stimulus 
evaluation can be linked specifically to the N250. This i \  the 
earliest component for which a differential response to the target 
can be observed and its amplitude clearly denoted the target \tatus 
of the evoking stimulus. as distinct from Ion probabilit). It  has 
been suggested. previously. that N250 latency is the best index of 
the time required to evaluate an auditory stimulus (Grillon et ai.. 
1990). and. in our data. increasing the difficulty of the target 
discrimination selectively delayed the latency of this-component. 
The fact that medication had no effect on the latenc? of either 
N250 or the subsequent rarget-dependent P3b argues for the ab- 
sence of direcr noradrenergic modulation of copnitile processes 
specifically devoted to the evaluation of stimulus content. The 
Medication X Task Difficulty interaction effect for N250 ampli- 
tude. independent of latency. suggests an indirect downstream 
alteration in the amount of neuronal activation required to com- 
plete this stimulus evaluation process: greater activation is re- 
quired to classify relatively easy stimuli following clonidine and. 
conversely. less activation is required to classify more difficult 
stimuli following yohimbine. This ERP change is consistent with 
that observed for task performance. 

A parallel set of processes, separate from N250 and P3b. are 
represented by the P200 and P3a ERP components. I n  contrast tc) 

N2.50 and P3b. the latencies of these components are altered in 
tandem by clonidine and yohimbine. suggesting that ( a )  P200 and 
P3a represent evaluative processes that are serially linked to each 
other. and (b)  they are modulated directly by norepinephrine. The 
idea that the P3a subcomponent is elicited by novel or rare stimuli. 
independent of task significance. is reinforced by the fact that the 
two infrequent tones had equal P3a amplitudes. even though only 
one had target salience. This is in contrast to the P200. which is 
elicited in  a comparable manner by all tones. both standard and 
rare. The P200-P3a complex may be understood. therefore. as a 
sequential process in which the P200 reflects early stimulus eval- 
uation and the P3a reflects subsequent orienting towards and fur- 
ther categorization of those stimuli that exhibit deb iance. Our 
results suggest that norepinephrine selectively enhances these phys- 
iological processes underlying the evaluation of novelty. They thus 
provide support for the idea that there is a noradrenergically 
modulated physiological mechanism that "tunes" the CNS to se- 
lectively attend to potentially important alterations in ongoing 
background stimulation. This is consistent with the overall notion 
that increased arousal tends to narrow the focus of attention 
(Eysenck, 1982). It is also consistent with a specific model of the 
noradrenergic system as functioning t o  maintain concentration and 
efficient cognitive functioning under conditions of stress or arousal. 
by preserving the discriminative selectivity of responses (Aston- 
Jones et al., 1994: Robbins & Everitt. 1987). 
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Noradrenergic agents. however. are not unique in affecting 
cognitive processes indexed by ERPs. Among the various neuro- 
tmnamitters. GABA and acetylcholine. in particular. have been 
shown to have robust and consistent effects on P300 latency and 
amplitude (Frodl-Bauch. Bottlender. & Hergl. 1999). The inhibi- 
tory actions of sedating GABA agonists reduce P300 amplitude 
(Reinsel et al.. 1991: Rockstroh, Elbert. Lutzenberger, & Alten- 
muller. I 99 I ) and prolong P300 latency (Domino. French. Pohore- 
chi. Galus. & Pandit. 1989: Ray. Meador, & Loring. 1992). 
Cholinergic agonists. in contrast. enhance P300 amplitude. whereas 
antagonists decrease amplitude and delay latency ( Dierks. Frolich. 
Ihl. & Maurer. 1994: Hammond. Meador. Aung-Din, & Wilder. 
1987: Meador et 31.. 1987). This i s  consistent with the augmenting 
effects of cholinergic agents on memory and cognition (Mohs & 
Davies. 19x5). Catecholamines. though. have tended to show less 
robust effects. Pharmacologic probe and lesion studie\ have both 
suggehted that dopamine contributes little to P300 generation and 
modulation (Callaway. 1983: Glover. Ghilardi. Bodis-Wollner. & 
Onofrj. 198X). In a single 3tudy. serotonin had a small single-dose 
effect on P300 amplitude. but greater effects following chronic 
administration (d '  Ardhuy et al.. 1999). 

Previous studie\ of noradrenergic effects have also been equiv- 
ocal. Although some have reported decreased P300 amplitude 
(Duncan & Kaye. 1987) and increased latency (Halliday et al.. 
1989) following clonidine. others have found no such effect (Shel- 
ley et al.. 1997). Animal data suggest that one important factor 
may be stimulus modality: the effects of noradrenergic agents on 
P300 may be more prominent in auditory. rather than visual. 
paradigms ( Pineda & Swick. 1992: Swick. Pineda. & Foote. 1994). 
Other factors that may contribute to  differences in findings include 
1 ariations in experimental protocols and differences in pharmaco- 
logic dosages and timing. Probably most important. though. is that 
none of these previous studies addressed the i s u e  of the com- 
pound nature of the P300 or attempted to separate pharmacolopic 
effects on P3a and P3b subcomponents. It was only by isolating the 
P?a response that we were able to delineate the contrasting effects 
of clonidine and yohimbine. 

This inLestigation was motivated by an interest in the neuro- 
pharmacologic basis for information processing deficits related to 
p5ychosis. In this regard. the idea that P?OO and P3a may be 
modulated by the noradrenergic neurotransmitter system illumi- 
nate\ seberal findings concerning ERP abnormalities in schim- 

phrenia. P200 latency has been observed to be earlier in patients 
with schizophrenia than normal controls. irrespective of neurolep- 
tic medication status (Pfefferbaum. Horvath, Roth. Tinklenberg. & 
Kopell. 1980; Saletu, Itil. & Saletu, 1971: Shenton et al.. 1989). It 
has also been correlated with severity of illness (Hegerl. Caebel. 
Gutzman. & Uhlrich. 1988) and degree of  positive versus negative 
symptoms (Schwarzkopf et al.. 1990). More recently. we have 
observed that a subgroup of patients with schirophrenia. with 
predominantly positive symptoms. have abnormal P3a amplitudes. 
without the more typical P3b deficit (Turetsky et al.. 1998). A 
similar profile of abnormal P3a and intact P3b exists in the healthy 
siblings of patients with schizophrenia (Turetsky. Cannon. & Cur. 
2000). Collectively. these data suggest that P200 and P3a ERP 
abnormalities may be physiologic markers for a positive-symptom 
subtype of schizophrenia. for which there is evidence of famil- 
ial linkage. The current findings raise the possibility that the 
information-processing deficits observed in these patients may 
reflect functional impairments of the noradrenergic neurotransmit- 
ter system. 

Although not unequivocal. there is substantial evidence to sup- 
port a role for norepinephrine in both state and trait aspects of 
schizophrenic psychopathology (ban Kammen & Kelley. 1991 ). 
Increased norepinephrine levels have been found in the cerebro- 
spinal fluid (Kemali. Del Vecchio. & Maj. 1982: Lake et al.. 1980). 
as well as debated plasma MHPG elevationa both chronically and 
during periods of acute psychosis (KO et al.. 1988: van Kammen 
et al.. 1990). Clonidine challenge studies hace similarly retealed a 
blunted plasma MHPG lowering (Sternberp et al.. 1982). .As has 
been previously noted. however (Glazer. Charnej. & Heninger. 
1987). the data regarding noradrenergic djsfunction in schizophre- 
nia are consistent. ocerall. with the idea o f  a selected wbt\pe 
abnormality. That is. noradrenergic dimrbances are senerall! not 
ubiquitous but. rather. are seen in a subset of patients uith schico- 
phrenia (Holmberg & Gershon. 1961: Rosen. Silk. Rice. & Smith. 
1985: Sternberg et 31.. 19x1: Thibaut et al.. 1998). The current 
\tudy, relating ERP abnormalities to noradrenergic ;icti\ ity. pro- 
vides a bridge between these two independent findings. I t  suggests 
that P200 and P3a abnormalities in schizophrenia might s e n e  as 
indices of a physiologically distinct patient subtype that uould 
benefit from clinical interventions directed t o M  3rd the noradren- 
t.r,vic system i Freedman et al.. 1982: Jimerson. Post. Stoddard. 
Gillin. & Bunney. 1980). 
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