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Impulse activity was recorded extracellularly from norad- 
renergic neurons in the nucleus locus coeruleus (LC; 47 sin- 
gle-cell and 126 multicell recordings) of four cynomolgus 
monkeys performing an oddball visual discrimination task. 
For juice reward, the subjects were required to release a 
lever rapidly in response to an infrequent (1 O-20% of trials) 
target cue (CS+) that was randomly intermixed with non- 
target (CS-) stimuli presented on a video display. All LC 
neurons examined were phasically and selectively activated 
by target cues in this task. Other task events elicited no 
consistent response from these neurons (juice reward, lever 
release, fix-spot stimuli, nontarget stimuli). In one animal, 
nontarget cues phasically inhibited LC neurons. Pha,sic LC 
excitatory responses to target cues in this task occurred at 
a relatively short latency (mean = 90.7 msec), approximately 
200 msec prior to the behavioral response (lever release). 
In addition, LC response magnitudes varied with behavioral 
performance, being substantially attenuated during epochs 
of poor performance (high false alarm rate). There was a 
positive correlation (r = 0.30, p < 0.0001) between the la- 
tency of LC responses and the latency of behavioral re- 
sponses to same target cues, consistent with the possibility 
that LC responses may have a role in selective attention by 
facilitating responses to the CS+ stimulus. Analyses of be- 
havioral response latencies to pairs of stimuli indicated that 
LC responses may facilitate behavioral responses to sub- 
sequent sensory cues, consistent with a role of this system 
in sustained attention/vigilance. Moreover, responses be- 
came reduced in magnitude over time during prolonged task 
performance (> 90 min), in parallel with a behavioral per- 
formance decrement. 

These results show that LC neurons are activated selec- 
tively by attended stimuli that demand a rapid response in 
this task, and that such LC responses may contribute to 
conditioned behavioral responses. 
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The noradrenergic brain nucleus locus coeruleus (LC), located 
in the rostra1 pontine tegmentum, has been the object of intense 
study since it was found to be the largest nucleus of norepi- 
nephrine (NE) neurons in the brain (Dahlstrom and Fuxe, 1964; 
Moore and Bloom, 1979). This set of neurons has a uniquely 
diverse set of efferent projections that innervate all levels of the 
central neuraxis, and provides the sole NE innervation of the 
cerebral, limbic, and cerebellar cortices (Ungerstedt, 197 1; 
Freedman et al., 1975; Garver and Sladek, 1976). Studies based 
upon lesion and pharmacologic manipulations have led to sev- 
eral hypotheses for functions of this system, including control 
of the sleep-waking cycle (Jouvet, 1969), regulation of learning 
and memory (Crow and Wendlandt, 1976; Everitt et al., 1983; 
Mohammed et al., 1986; Harris and Fitzgerald, 199 l), control 
of certain autonomic functions (Ward and Gunn, 1976; Miya- 
waki et al., 199 1, 1993), and contribution to affective state (Siev- 
er and Davis, 198 5; Valentine and Curtis, 199 I), including anx- 
iety (Redmond, 1979). However, such studies have generated 
little consensus concerning LC function (Aston-Jones et al., 1984). 

Our investigations of this system have centered upon the 
anatomical and physiological attributes of LC neurons (Aston- 
Jones et al., 1991a,b). A major goal of these studies has been 
to characterize the impulse activity of LC neurons in behav- 
iorally active animals. In rats, tonic LC impulse activity was 
found to vary in association with changes in behavioral state, 
such that highest tonic discharge occurred with alertness and 
phasic interaction with external stimuli, while lower tonic ac- 
tivity accompanied behaviors characterized by lower vigilance 
(e.g., sleep, grooming, drinking) (Aston-Jones and Bloom, 198 1). 
In addition, LC neurons in alert rodents were markedly re- 
sponsive to sensory stimuli of a variety of modalities (Aston- 
Jones and Bloom, 1981). Unconditioned auditory, visual, or 
tactile stimuli phasically activated LC neurons. Furthermore, 
the magnitude of activation varied with behavioral state, so that 
largest responses were elicited by stimuli that disrupted low- 
vigilance behavior and evoked a behavioral orienting response, 
while similar stimuli that elicited no behavioral reaction also 
evoked a much smaller amplitude of phasic LC activation. Sim- 
ilar results have been observed in cat (Rasmussen et al., 1986; 
Reiner, 1986) and monkey LC neurons (Foote et al., 1980; Grant 
et al., 1988). In light of the broad efferent projections of the LC 
and the modulatory effects of NE on LC target neurons, these 
findings led to the hypothesis that the NE-LC system is primarily 
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involved in regulating attention to the external environment 
and readiness to respond to unexpected stimuli and events (As- 
ton-Jones and Bloom, 198 1 a,b; Aston-Jones et al., 1984, 199 1; 
Aston-Jones, 1985). 

More recent studies have extended these findings by showing 
that LC neurons are activated by stimuli that are not in them- 
selves intense or conspicuous, but that are salient to the animal 
by virtue of conditioning. One such study (Rasmussen and Ja- 
cobs, 1986) investigated LC activity in cats during a conditioned 
emotional response paradigm in which a tone (conditioned stim- 
ulus; CS) was associated with an aversive air puff (unconditioned 
stimulus). After such pairing the CS alone potently activated 
LC neurons. A recent study in rat found that responses of LC 
neurons were enhanced for sensory cues that were classically 
conditioned by association with food or footshock (Sara and 
Segal, 199 1). These findings for conditioned stimulus effects on 
LC activity are consistent with the view that the NE-LC system 
alters attention to sensory events. It is noteworthy, however, 
that there has been no previous study of LC neuronal activity 
in animals performing an operant behavioral task in which at- 
tention is measured. This is important, as the attentional de- 
mands in an operant task involving instrumental responding 
are quite different from those in passive classical conditioning 
or conditioned emotional response tasks. In particular, as no 
behavioral response is required in such passive tasks they do 
not test the involvement of the LC in regulating readiness to 
respond to sensory events. Thus, recordings from LC neurons 
during instrumental conditioning tasks may provide additional 
insight into the role of the LC in attention. 

One framework within which to examine attentiveness to 
environmental stimuli is provided by so-called “oddball” (or 
continuous performance) tasks developed by experimental psy- 
chologists in studies of sustained attention in humans. In these 
studies, vigilance (synonymous with sustained attention) is de- 
fined as a measure of the ability to detect and respond appro- 
priately to infrequent target (CS+) stimuli embedded among 
frequent nontarget (CS-) cues (for review, see Davies and Par- 
asuraman, 1982; Warm, 1984). Such studies were initially de- 
veloped to study watchkeeping behavior of railway workers and 
radar operators (N. H. Mackworth, 1948, 1957; J. F. Mack- 
worth, 1970). 

Here, we used an analogous approach to investigate the role 
of the LC system in vigilance and adaptive behavioral respon- 
siveness. We recorded activity of single LC neurons while mon- 
keys performed a visual oddball discrimination task, similar to 
those used in humans to test a subject’s ability to detect and 
respond to unpredictable, infrequent target cues embedded 
among more common stimuli. Results indicate that noradren- 
ergic LC neurons in the primate are selectively and phasically 
activated by target (CS+) cues in this task, and that such acti- 
vation varies with the level of task performance. 

Materials and Methods 
Behavioral training. Subjects were four adult cynomolgus monkeys (Mu- 
cacafasciculuris). Each animal was habituated to a customized restrain- 
ingdevice consistingofa cubicle in which the monkey’s body was placed, 
and a neck yoke through which the animal’s head extended. This device 
allowed free trunk and limb movement, and was adjusted for maximum 
comfort for each individual animal. Monkeys voluntarily entered this 
device for daily sessions soon after initial habituation. 

Training and experimental recording sessions took place in a sound- 
insulated wooden enclosure (two animals) or an acoustically insulated, 
electrically shielded metal chamber (IAC, Inc.). Both enclosures con- 

tained a video camera for remotely monitoring behavior. The wooden 
enclosure contained a device for delivering differently colored cue lights 
(yellow, red, or green; Tri-Colored “Q” Lamp, BRS/LVE) located ap- 
proximately 40 cm in front ofthe animal. The metal chamber contained 
a color video monitor situated about 25 cm in front of the animal for 
stimulus presentation (monitor screen = 58” x 46” of visual angle). 
Monkeys were trained in successive stages to depress a lever to initiate 
stimulus presentation, and then to release it selectively in response to 
the stimulus that served as the target cue (CS+) to receive a drop of 
juice reward (Tang). Responses to the other stimulus (nontarget cue; 
CS-) were not reinforced with Tang, but instead generated a 3 set time- 
out period. Conditioned cues were either the colored lights or horizontal 
or vertical line segments on the video monitor (0.7” x 2” of visual angle, 
white on a dark background). Training continued until animals per- 
formed at a level of at least 85% correct (no, or nearly no, misses and 
less than 15% incorrect releases to nontarget stimuli) with a target: 
nontarget ratio of 20%. Animals were then subjected to implantation 
surgery. 

Implantation surgery. Surgeries were performed using sterile tech- 
niques after I2 hr of food deprivation. Anesthesia was induced with 15 
mg/kg (i.m.) ketamine and an inflatable endotracheal tube was secured. 
Anesthesia was maintained with a 0.5-1.5% halothane-air mixture ad- 
ministered through this endotracheal tube with spontaneous respiration. 
The EKG, heart rate, respiration, and rectal temperature were contin- 
uously monitored. 

Two types of recording implants were used in these experiments. In 
the early experiments (colored cue lights), animals were implanted bi- 
laterally with bundles of microwire electrodes directed toward the LC. 
These wire bundles were mounted in separate microdrives (for each 
hemisphere) that were fixed to the skull with stainless steel screws re- 
inforced by dental acrylic. These microdrives allowed vertical move- 
ment of the wire bundles over a 10 mm range within a single penetration. 
Each microdrive contained four bundles of six 25-pm-diameter stainless 
steel wires, with the bundles arranged in a 1 mm square pattern. 

Animals tested with stimuli on the video monitor had their heads 
fixed in place. This was accomplished by cementing a solid aluminum 
post securely to the skull using specially designed bone anchors and 
stainless steel bone screws. This post was clamped inside a sleeve at- 
tached to the primate chair, providing easy fixation of the animal’s head 
during final training and all recording sessions. The LC recording im- 
plant for these animals consisted of a l-mm-diameter guide cannula 
that was stereotaxically positioned through a 2 mm hole in the skull 
and aimed at the LC of one hemisphere. The lower end of this guide 
cannula was positioned approximately 5 mm above the LC, and the 
top end was attached firmly (but not permanently) within a cylindrical 
pedestal, which was fixed to the skull, bone anchors, and screws with 
dental cement. Thus, for LC recordings a single cannula passed through 
the occipital cortex, the colliculi, and the rostra1 tip of the cerebellum. 
Such implants have caused no performance deficit on vigilance tasks, 
or any other behavioral anomaly in our studies. The recording implant 
allowed for small changes in the angle of the guide cannula without 
removal, so that multiple recording penetrations with minimal damage 
were possible with each implant. 

For the electroencephalogram (EEG) recordings, screw electrodes (O- 
80 gauge, 6 mm length) with attached wire leads were threaded through 
the skull at locations analogous to those in the International lo-20 
Electrode Placement System. 

X-ray localization of recording electrode can&as. At the end of the 
surgery, a specially designed plastic alignment frame was fitted to each 
of the two animals with an implanted head fixation post to allow later 
positioning in stereotaxic coordinates for precise x-ray analysis of elec- 
trode cannula positions. In brief, the alignment frame was positioned 
on the stereotaxic instrument while the animal’s head was in place, and 
a clamp was permanently affixed to it, “memorizing” the position of 
the head in relation to the stereotaxic frame. The clamp in the frame 
served to realign the animal later in stereotaxic coordinates during x-ray 
localization of the recording electrode cannulas. The position of the 
clamp in the frame was specific for each animal, so that a frame was 
used for only one animal at a time. 

Postsurgical x-ray analysis of cannula positions was very useful in the 
initial localization of the LC with the recording probes. As shown in 
Figure I, the alignment achieved with this device was excellent, and 
allowed x-rays to be taken in an apparent stereotaxic plane. The inner 
cannulas containing the microwires were easily visualized on such x-ray 
photos, and the position of these cannulas with respect to the auditory 
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Figure 1. A and B, X-ray photographs showing frontal (A) and sagittal (B) views of an experimental monkey’s head, these were taken with the 
plastic alignment frame to place the head in stereotaxic planes. Solid arrows indicate the inner cannulas that hold the recording microwires, which 
extend about 5 mm more ventrally (microwires are not visible). Open arrows indicate metal inserts placed into the auditory meatus; note that the 
auditory meatus are superimposed in the sagittal view (B). The LC is located approximately 1 mm rostra1 and 5 mm dorsal to this point, 2 mm 
from the midline. The cannula could be adjusted to direct the inner microwires toward this location. The alignment frame clamp that holds the 
implanted fixation post is indicated by the stars. C, Photomicrograph of a frontal section (40 pm thick) taken through the LC of a monkey used 
in these experiments, stained with an antibody against tyrosine hydroxylase to identify noradrenergic neurons in the LC (darkly stained cells) and 
counterstained with cresyl violet. Note glial-filled electrode penetrations aimed at the LC (at solid arrows) and the glial-filled scar marking a recording 
site in the nucleus of LC neurons (at open arrow). Medial is to the right and dorsal is to the top. Note the close juxtaposition of the tract of the 
mesencephalic nucleus of the trigeminal nerve (me5) immediately lateral to the LC. 

meatus (visualized by inserting blunt steel inserts atraumatically into 
the external ear cavities) was determined. By adjusting the cannulas 
from such measurements, initial microwire recordings were obtained 
from areas very nearby, or within, the LC. This greatly facilitated sub- 
sequent adjustments of electrode position, which could be based upon 
the known electrophysiological characteristics of areas neighboring the 
LC. 

Recording methods. In the animals with permanently implanted bun- 
dles of microwires, bundles in each hemisphere were advanced 200- 
400 wm/d in 40-80 wrn increments while monitoring each wire for 
neuronal activity. 

For recording neuronal activity from LC neurons in animals with 
adjustable guide cannula allowing multiple penetrations, one or two 

microwire electrodes (25~pm-diameter stainless steel, Teflon insulated, 
California Fine Wire, Inc.) with beveled tips were used. These micro- 
wires were placed in a custom-designed, precision miniature screw- 
driven microdrive that was attached to the guide cannula of the LC 
recording implant. This microdrive advanced the electrodes up to 16 
mm beyond the end of the guide cannula in 20 pm steps in waking 
animals. These electrode movements were made by remote control 
without disturbing the animal. The depth of penetration was measured 
with 0.1 mm accuracy, and this accuracy applied to all penetrations 
made from the same pedestal. A thin insulating sheath (polyimide tub- 
ing) covered each wire bundle for nearly its entire length. 

The locations of physiologically identifiable brain structures were 
carefully noted on each recording penetration to help localize the LC. 
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Figure 2. A, Waveform of a typical LC neuron recorded from a monkey 
during task performance. Note the wide spike (about 2 msec in this 
case). Negative is downward. B, Slow-speed recording from a monkey 
LC neuron in response to a single tap on the door of the experimental 
chamber (at arrow). Note the stable spike size and the phasic activation 
followed by postactivation inhibition, typical of LC neurons in response 
to such stimuli that elicit orienting behavior (as in this case). C, Inter- 
spike interval histogram of tonic activity for a typical single LC neuron 
recorded during the task. Note the slow tonic activity, also typical of 
these neurons recorded in rat (Aston-Jones and Bloom, 198 1; Sara and 
Segal, 1991) and for some cat LC neurons (Chu and Bloom, 1973; 
Rasmussen et al., 1986). D, Time plot showing decrease in tonic LC 
activity induced by an intramuscular injection of clonidine (20 Kg/kg, 
at arrow). Such reduced activity subsequent to a low dose of clonidine 
is also characteristic of NE-LC neurons (Svensson et al., 1975). 

Structures that were particularly useful landmarks in this regard were 
the superior and inferior colliculi, the fourth cranial nerve, the cere- 
bellum, and neurons of the mesencephalic nucleus of the trigeminal 
nerve. Characteristic properties of LC neurons observed in previous 
studies (Foote et al., 1980; Grant et al., 1988) were used to identify LC 
neurons tentatively during recording sessions. Only recordings from 
neurons meeting the following criteria as noradrenergic LC neurons were 

accepted for analysis: (1) proper location with respect to readily iden- 
tifiable landmarks in recordings, including the inferior colliculus, fourth 
cranial nerve, cerebellum, and the mesencephalic nucleus of the trigem- 
inal nerve; (2) neuronal activity consistent with properties of LC neurons 
in previous studies in primate, including slow tonic activity, decreased 
tonic rate with drowsiness, and phasic activation and postactivation 
inhibitory pause following novel stimuli (Foote et al., 1980; Grant et 
al., 1988; Aston-Jones et al., 1991) (see Fig. 2); (3) histological local- 
ization of the recording site to the area of noradrenergic LC neurons in 
brain sections (Fig. 1). Recordings were classified as being from an 
individual neuron if spike amplitudes were at least three times the 
baseline noise, and spikes could be reliably and stably discriminated to 
generate interspike interval histograms with no appreciable activity in 
the early bins (Fig. 2). 

Recording stable, isolated neuronal activity from the LC of waking 
monkeys is technically difficult, owing to the small size of the nucleus, 
its depth in the brain, and the inherent instability of recordings from 
deep brain structures located near a ventricle. Several new features of 
our technique overcame these difficulties. (1) Use of a stereotaxically 
accurate head holder for postsurgical x-ray localization of electrode 
position was helpful in early penetrations in each animal, to place re- 
cording probes rapidly within the immediate vicinity of the LC. (2) Best 
(highest signahnoise) and most stable recordings were obtained with 
beveled microwire electrodes. Attempts with conventional etched tung- 
sten microelectrodes yielded acceptable recordings for only a few pen- 
etrations per hemisphere, perhaps reflecting damage inflicted by the 
larger shafts of these probes in the small nucleus LC. (3) Our custom- 
designed head-mounted microdrive and positioner allowed several pen- 
etrations to be made in close juxtaposition without removing the re- 
cording microwires. This reduced damage and eliminated the need to 
realign subsequent penetrations accurately with previous placements. 
The ability to reposition the electrode precisely and penetrate the same 
small area repeatedly in each animal yielded substantial information 
about surrounding structures, and allowed us to use these landmarks to 
“zero in” accurately and confidently on the small LC nucleus over the 
course of tens of penetrations. 

For signal processing a custom-built multichannel preamplifier as- 
sembly was used that attached to a connector on the animal’s head. 
This four- or eight-channel preamplifier allowed for recording from 
several separate wires (monopolarly or differentially) by remotely 
switching positions on a control panel, without disturbing the animal. 

EEG signals were recorded differentially between two skull locations 
and were then fed through amplifiers and filtered at 0.15-75 Hz band- 
pass. EEG activity on two channels was digitized (150 Hz) and contin- 
uously stored on the same computer disk as unit and other signals (140 1 
Laboratory Interface, Cambridge Electronic Design Limited, Cam- 
bridge, UK, and MS-DOS microcomputer). 

An RK-4 16 infrared video-based Eye Tracking System (ISCAN, Cam- 
bridge, MA) was used to monitor eye position and pupillary diameter 
continuously during this task in animals with fixed heads. This non- 
invasive system provided continuous vertical and horizontal eye po- 
sition and pupil diameter information with 0.5” spatial accuracy and 
16.6 msec temporal resolution. 

Window discriminator pulses, analog physiological signals, the IS- 
CAN eye position and pupil diameter signals, and pulses triggered by 
lever presses, stimulus events, and licking of the fluid spout were fed 
into the CED 140 1 interface and microcomputer for on-line storage and 
analysis. Data from all experiments were archived on a large-storage- 
capacity LF-50 10 Panasonic WORM optical disk drive. 

Behavioral task and experimentalprotocol. The task employed during 
recording sessions is illustrated in Figure 3, and was similar to that 
described above for behavioral training except with the addition of 
visual fixation for the two animals with fixed heads. To initiate each 
experimental trial, each animal was required to depress a lever located 
near his hand. The two animals with fixed heads also were required to 
foveate continuously a spot in the center of the monitor (fix spot; 0.3” 
of visual angle) for 230 or 550 msec. Immediately after depression of 
the lever and successful foveation of the fix spot, a CS+ or CS- stimulus 
was presented (665 msec duration). For testing using the video monitor, 
cues were presented in place of the fix spot. The animal was required 
to release the lever within 665 msec of CS+ onset to receive a drop of 
juice (Tang, approximately 0.3 ml). Incorrect releases to nontarget stim- 
uli generated a time-out for 3 set during which responding had no effect. 
Target cues occurred on lo-50% of trials (most testing was at 10% or 
20%) and were semirandomly dispersed among nontarget stimuli. In- 
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tertrial intervals randomly varied from 1.1 to 2.4 set, but were longer 
for interruptions in performance. Experimental recording sessions usu- 
ally began between 0900 and 1000 hr and typically lasted less than 2 
hr. Performance was measured in terms of hits (correct releases to target 
cues), misses (incorrect nonreleases to target cues), rejections (correct 
nonreleases to nontarget stimuli), and false alarms (incorrect releases to 
nontarget cues). 

Histology. Each monkey was used in recording sessions for 3-5 months. 
At the end of all recording sessions, the microwire electrode was re- 
positioned at a location where a putative LC neuron was recorded (ten- 
tatively identified by its activity profile and the properties of neurons 
in surrounding structures; described above), and current (10 WA for 30 
set) was passed through each microwire tip. Such repositioning was 
accurate as judged from the similar neuronal characteristics at corre- 
sponding depths on initial and later penetrations at the same position. 
Forty-eight hours later, the animal was deeply anesthetized and perfused 
with paraformaldehyde and the brain was sectioned on a cryostat for 
localization of recording sites. Alternate sections (50 pm thickness) 
through the LC were stained for Nissl using neutral red, or for the 
catecholamine enzyme tyrosine hydroxylase (using previously described 
immunohistochemical techniques; Pieribone and Aston-Jones, 1988, 
199 1) to identify noradrenergic neurons in the LC (Fig. 1). The LC in 
monkey, like that in rat, is composed nearly exclusively of noradrenergic 
neurons (Garver and Sladek, 1976). Thus, we conclude that recordings 
from neurons localized to the nucleus LC in our study were derived 
from noradrenergic neurons. 

Data analysis. Peristimulus time histograms (PSTHs) of cellular ac- 
tivity were generated off line from data stored onto computer disk using 
customized software (SPIKE 3, Cambridge Electronic Design, Ltd). This 
software allowed PSTHs to be generated using any of the stimuli or 
behavioral responses stored on the computer during the recording ses- 
sion as the node for histogram construction. 

The onset of excitatory responses in PSTHs was defined as the first 
of five bins (8 msec bin width) whose value exceeded the mean value 
of baseline bins by 2 SDS. The offset of such responses was taken as the 
last of five consecutive bins in a response that met the same criterion. 
The onset and offset of inhibitory responses in PSTHs were similarly 
defined, except that the criterion employed was 30% or less of baseline 
values instead of 2 SDS above baseline. Significant responses were de- 
fined by the presence of such response onsets in a PSTH. To allow 
unbiased comparisons among responses to different events, typically 
100 trials of each PSTH were used as a standard number for data 
analysis. 

The response magnitude for each PSTH was calculated according to 
the following equation: response magnitude = number of counts in 

3 set 

Figure 3. Recording of a typical seg- 
ment of behavior during an experi- 
ment, illustrating the task employing 
line segments on a video monitor as 
cues. Immediately after the animal de- 
pressed the lever, a fix spot appeared in 
the center of the video monitor. The 
animal was required to foveate the spot 
for 230 or 550 msec, after which a stim- 
ulus cue appeared in place of the spot. 
The animal had to release the lever 
within 665 msec of target cue onset to 
receive a drop of juice reward. Failure 
to depress the lever prevented fix-spot 
and cue presentation, and failure to fo- 
veate the fix spot (+ 1” acceptance win- 
dow) prevented cue presentation. Lever 
releases for nontarget cues yielded a 3 
set time-out. Fix spots were presented 
at an average (but unpredictable, se- 
mirandom) interval of 1.7 sec. 

response interval - number of counts expected in this interval in base- 
line (prestimulus) activity. These response magnitudes were statistically 
compared using paired or unpaired t tests, as appropriate. 

The excitability ratio of LC neurons for target versus nontarget cues 
was defined as (LC response magnitude for target cues) + (LC response 
magnitude for nontarget cues). This was calculated as the ratio of the 
numbers of spikes over baseline in the response intervals of PSTHs for 
target versus nontarget cues, each containing 100 trials. The response 
interval used for each cell was defined from PSTHs for target cues as 
the poststimulus time between the response onset and offset (as defined 
above). Because cells did not exhibit significant responses to nontarget 
cues, the interval used in target cue PSTHs was also used for nontarget 
cue PSTHs for calculation of the target:nontarget response ratio. 

Results 
Behavioral performance 
Animals learned to perform this task with fewer than 10% errors 
after 3-6 months oftraining. Sessions typically resulted in 1500- 
1900 trials per hour, with 140-180 hits, 1400-1600 correct 
rejections, and 70-150 false alarms during a 1 hr period. Ses- 
sions while recording an individual neuron typically lasted 30- 
90 min, so more than 1000 stimulus trials were accumulated 
during recordings for most cells. While the overall level of per- 
formance was high, it is noteworthy that performance varied 
markedly for different epochs during a session. Periods of no 
task performance, or with a high rate of false alarm responses, 
were intermixed throughout a session with periods of contin- 
uous, error-free performance (Fig. 4). Analysis of task behavior 
in terms of the signal detection parameters d’ (a measure of 
ability to discriminate CS+ and CS- cues) and p (a measure 
of the animal’s response criterion; Parasuraman and Davies, 
1976; Warm and Jerison, 1984) revealed that epochs of high 
false alarm activity yielded reduced d’and p compared to epochs 
of few false alarms. As shown in Figure 4, these values often 
fluctuated substantially during a single session. Incorrect 
omissions were rare on this task, and none were observed in 
most recording sessions. 

Task behavior was arbitrarily divided into two performance 
categories, denoted as excellent or poor. Periods of excellent 
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Figure 4. A, Time histogram display of the frequency of various be- 
havioral responses (indicated to the right; HIT, hits; REJ, correct re- 
jections; FA, false alarms; BAR, lever releases) in a monkey performing 
the video-based task continuously for more than 90 min. Note’ the 
episodic appearance of poor performance (indicated primarily by in- 
creased false alarm responding) among periods of error-free perfor- 
mance. Monkeys committed very few incorrect omissions (none in this 
behavioral segment); the decreased frequency of hits reflects the fre- 
quency of target stimulus presentations, which depended upon depres- 
sion of the lever, foveation of the fix spot, and time-outs generated from 
false alarm responses. B, Continuous plots of the signal detection pa- 
rameters d’ and p during the same 90 min of a monkey’s task perfor- 
mance as in A. Note that d’ and p vary substantially during the course 
of a single session, and that both increase with decreased frequencies 
of false alarms, indicating improved performance. The d/parameter was 
calculated for 200 set epochs of performance, updated and plotted every 
20 sec. The fi parameter was calculated for 400 set epochs of perfor- 
mance, updated and plotted every 40 sec. 

behavior were defined as 10 min or more that contained less 
than 2% false alarm responses to CS - cues, and periods of poor 
performance were defined as 10 min or more that contained 
more than 6% false alarm responses (range = 6.2-36%; higher 
rates of false alarm responding were not consistent with main- 
tenance of task performance over 10 min or more). This method 
of categorizing the quality of task performance was tested by 
analyzing another performance parameter, lever-release latency. 
Results of this analysis supported our criteria for levels of per- 
formance, revealing that latencies of lever release were signifi- 
cantly shorter during periods of excellent performance (mean = 
282 * 8 msec) compared to epochs of poor performance (mean 
= 306 f  13 msec; p = 0.004, paired t test). 

LC recordings 

Forty-seven individual LC neurons, and 126 instances of mul- 
ticellular activity, were recorded from the LC of the four mon- 
keys during performance of the task. As shown in Figure 2, 
impulse waveforms for individual neurons were well discrim- 
inated from baseline noise or other neurons, and were stable, 

so activity could be routinely monitored for over 30 min (min- 
imum acceptable time for inclusion in data pool) to over 3.5 hr 
(longest attempted). Multicell activity was studied only if spikes 
were clearly discriminable with amplitudes greater than twice 
the baseline noise and remained stable and artifact free through- 
out the recording session. Such recordings appeared typically to 
be composed of spikes from more than two neurons, but were 
not composed of background “hash” as seen with recordings 
from large populations of neurons. Tonic discharge rates of 
individual LC neurons during alert task performance ranged 
approximately from 1.0 to 5.0 spikes/second. Two neurons 
meeting the criteria for noradrenergic LC cells were recorded 
after systemic clonidine administration (20 Kg/kg, i.m.; injec- 
tions separated by several days), and both were rapidly and 
profoundly inhibited by this agent (Fig. 2). 

LC responses to task stimuli 

A typical and distinctive feature of LC neurons recorded in all 
monkeys was that these cells were selectively activated in a 
phasic manner by target cues (CS+ stimuli). All LC neurons 
examined elicited apparent phasic activation following target 
cues. The 12 LC neurons yielding high-quality stable recordings 
for at least 60 min were subjected to quantitative analysis; this 
long recording epoch was needed to provide sufficient numbers 
oftrials with target cues to allow confident quantitative analyses. 
These cells were recorded in the task employing line segments 
of different orientations as cues, and exhibited properties that 
were representative of our overall population. When analyzed 
for 100 target cue trials, nine of these neurons yielded significant 
excitatory responses, while the remaining three cells exhibited 
an apparent but nonsignificant phasic activation by our criteria 
(see Materials and Methods). However, two of these three cells 
exhibited significant activation when analyzed over larger num- 
bers of target cues (>200). 

As shown for a typical cell in Figure 5, LC neurons were 
phasically activated by target cues with a mean (*SEM) onset 
latency of 108.4 f  10.4 msec, and a duration of 67.6 ? 7.0 
msec. These latencies were significantly shorter than the laten- 
ties of behavioral responses to target cues, which were 290.2 ? 
18.2 msec on average. In contrast to these responses to target 
cues, nontarget cues elicited no significant activation of these 
same LC neurons in 100 trials. Similarly, no other LC neuron 
exhibited any apparent excitation following nontarget stimuli 
when averaged over 100 trials. Weak excitatory responses to 
nontarget stimuli were revealed in some neurons only when 
averaged over a very large number of trials (> 1000). 

We calculated the excitability ratio for responses of LC neu- 
rons to target cues versus nontarget cues (described in Materials 
and Methods) for the nine individual LC neurons that yielded 
significant responses with 100 target trials (described above). 
This ratio was 3.6, indicating that LC responses were 3.6 times 
greater following target cues than during the same interval fol- 
lowing nontarget cues. 

As also seen in Figure 5, LC neurons were not substantially 
affected by fix-spot stimuli or lever-release behavior. Some cells 
exhibited modestly decreased discharge following presentation 
of the juice reward, which may correspond to lower activity 
during liquid consumption, as has been previously reported 
(Aston-Jones and Bloom, 198 1; Grant et al., 1988). 

All multicell recordings were subjected to PSTH analysis, and 
such activity recorded from the LC exhibited properties similar 
to those of single neurons reported above. Thus, all instances 
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Figure 5. PSTHs for a typical individual LC neuron in response to 
various events during performance of the vigilance task. PSTHs are 
each accumulated for 100 sweeps of activity in this neuron synchronized 
with target stimuli (A), nontarget stimuli (B), fix-spot presentation (C), 
juice solenoid activation (D), or bar press and release performed outside 
of the task (E), as indicated. Note the selective activation by target 
stimuli (A). The small tendency for a response in C may reflect activation 
by target stimuli that occur at short but variable times after fix spots. 
Similarly, the activation seen before reward presentation (D) is due to 
activation by target cues. 

of multicell recordings from the LC exhibited selective activa- 
tion by target cues in the task, and were not consistently affected 
by other task events. Figure 6 shows PSTHs accumulated for a 
typical multicell recording in subject BB. Quantitative analysis 
was conducted for 12 multicell recordings in the LC that were 
maintained for at least 60 min during task performance, and 
that were representative of our overall multicell sample. The 
latency of response onset to target cues for these 12 recordings 
was 90.7 f  6.0 msec, and response duration was 100.7 ? 6.0 
msec. The onset latency is somewhat shorter, and duration 
somewhat longer, than for single neuron recordings (above), as 
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Figure 6. PSTHs for a typical LC multicell recording in subject BB in 
response to target stimuli (A) or to nontarget stimuli (B). Note that the 
cell elicited a short-latency phasic activation after target cues, as LC 
neurons in other monkeys tested. However, in this animal nontarget 
cues consistently evoked a phasic inhibitory response, as in B. Such 
inhibitory responses were never seen in the other three monkeys tested. 
Cues were line segments presented on a video monitor, as described in 
Materials and Methods. Each histogram is composed of 100 trials. 

expected given the larger number of spikes sampled per histo- 
gram. 

In one animal (subject BB), nontarget stimuli yielded phasic 
inhibition of LC neurons; these same neurons were phasically 
activated by target cues (Fig. 6). These inhibitory responses to 
nontarget cues were not seen in any LC neuron of the other 
three monkeys studied, but occurred in every LC recording in 
one animal. Inhibitory responses (measured for 100 nontarget 
stimuli) were 217.6 * 23.7 msec in onset and 230.4 + 41.4 
msec in duration. 

Three monkeys were subjected to cue reversal, so that the 
previous target cue became the nontarget cue, while the previous 
nontarget cue became the rewarded, infrequent target cue. Dur- 
ing reversal training, all LC neurons tested reversed their cue- 
response profile and became selectively responsive to the new 
target cue and unresponsive to the old target (new nontarget) 
cue (Kubiak et al., 1993; P. Kubiak, J. Rajkowski, and G. Aston- 
Jones, unpublished observations). As illustrated for a typical 
neuron in Figure 7, the selectivity of LC responses for target 
cues was maintained regardless of the color or orientation used 
as target. 

Alterations of LC response to target cues as a function of 
behavioral performance 

Inspection of LC responses over time during the task revealed 
that response amplitudes to target cues varied periodically, in 
accordance with the animal’s level of behavioral performance. 
As shown for a typical LC neuron in Figure 8, during periods 
of poor behavioral performance LC responses to target cues were 
smaller in amplitude than during epochs of excellent behavioral 
performance; most cells failed to respond at all during periods 
of poor performance. This change in response magnitude with 
behavioral performance was characteristic of LC recordings in 
the two animals tested (cues were lines of different orientation). 
Neurons that were recorded during substantial epochs of both 
excellent and poor performance (> 30 min each) were subjected 
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Figure 7. PSTHs for individual LC neurons recorded from the same subject before (A) and after (B) reversal of stimulus meaning. Note that the 
cell in A was activated by vertical stimuli when they were target cues and not by the nontarget horizontal stimuli. This was typical of all LC neurons 
recorded during this stimulus contingency. In contrast, after reversal the neuron in B was selectively activated by horizontal stimuli when they 
were target cues and not activated by the vertical stimuli when they were nontarget cues. This response profile was typical of LC neurons recorded 
during this stimulus contingency. This indicates that LC neurons respond to the meaning of stimuli, and not to their physical attributes. PSTHs 
in A were taken for the same LC neuron during one experimental session of intermixed target and nontarget cues; the same procedure was used 
for a different neuron in B, several days after cue reversal in the same monkey. Each PSTH is composed of 100 trials. 

to quantitative analysis, which revealed that this difference be- 
tween LC response magnitudes during poor versus excellent 
behavioral performance was significant (p < 0.004; n = 6 cells). 
It is noteworthy that LC responses to target cues were reduced 
during periods of poor performance even though these cues 
always yielded correct behavioral responses (hits). 

The relationship between LC responses and behavioral re- 
sponses were also analyzed in a trial-by-trial manner. Specifi- 
cally, the latency of the first spike in an LC neuron following 
each target cue was compared to the latency ofthe corresponding 
behavioral response (lever release). This comparison was re- 
stricted to periods of excellent behavioral performance as LC 
responses to target cues occurred only during such times (de- 
scribed above). This analysis revealed a highly significant pos- 
itive correlation between LC response and behavioral response 
(r = 0.30; p < 0.0001; n = 197 trials for five cells), indicating 
that shorter-latency LC responses were associated with shorter 
behavioral response latencies. 

We also tested whether an LC response to a target cue altered 
the behavioral response to the following sensory cue. For this, 
we analyzed the rare occasions when the semirandomly pre- 
sented target cues occurred in pairs, and compared the latency 
of the lever releases for the first and second cues in each pair. 
All of these target cue pairs were preceded by a nontarget cue 
in the stimulus series. Examination of the corresponding PSTHs 
confirmed that LC neurons were activated by each of the cues 
in these pairs; moreover, the magnitude of response for the first 
target cue was significantly greater than that for the second target 
cue of the pair (p < 0.05). For the seven sessions with 33 target 
cue pairs examined, the lever-response latency for the second 
target cue (260 rt 7 msec) was significantly shorter than for the 
first cue (283 * 8 msec; p < 0.0 1, paired two-tailed t test). This 

indicates that behavioral responses to target cues that are pre- 
ceded by a cue-evoked LC response were faster than behavior 
al responses to the same cues preceded by nontarget stimuli that 
did not evoke LC responses. We also examined bar-release la- 
tencies for target cues that were preceded by a nontarget cue 
that generated either no response (correct rejection) or an in- 
correct bar release (false alarm). This analysis revealed that there 
was no consistent difference between bar-release latencies for 
target stimuli depending upon whether the preceding trial elic- 
ited a bar release (eight sessions analyzed with 63 false alarm 
target pairs and 1089 correct rejection target pairs). Thus, the 
shorter bar-release latency for the second cue in the target cue 
pairs was not simply due to the preceding behavioral response. 

LC neuronal responses to nontarget stimuli that elicited false 
alarm behavioral responses were also analyzed. During periods 
of poor performance with frequent false alarms, LC neurons 
were not activated by nontarget stimuli that evoked false alarm 
behavioral responses (Fig. 8). Thus, none ofthe 17 cells analyzed 
exhibited a response to nontarget stimuli that elicited either a 
behavioral response (false alarm) or no behavioral response (re- 
jection; as described above). As noted above, the response of 
LC neurons to target stimuli that elicited lever releases (hits) 
was also markedly attenuated during periods of poor perfor- 
mance. Thus, LC neurons were relatively unresponsive overall 
during periods of poor behavioral performance. 

In addition to these brief fluctuations in behavior, behavioral 
performance degraded with prolonged task activity, yielding a 
vigilance decrement typical of such tasks (Davies and Parasur- 
aman, 1982; Parasuraman, 1984; Warm and Jerison, 1984). 
Comparison of performance in 30 min epochs at least 60 min 
apart during continuous task behavior revealed several changes 
in task performance in the later epochs compared to the early 



The Journal of Neuroscience, July 1994, 74(7) 4475 

B 

C 

a b C 
FALSE ALARM 
FREQUENCY 

TARGET 

a 

4 

0 
-0.5 0.0 0.5 1.0 1.5 

TARGET 

NON-TARGET 

Z 

$ 88 
TARGET 

(HITS) 

5 
34 

SO 
-02 0:o 015 110 

1’5 SEC 

Figure 8. Activity of a typical LC neuron in response to target or 
nontarget cues during excellent or poor performance. Top, Frequency 
of false alarm responses during a continuous period of task performance. 
Periods a and c have very low false alarm rates (excellent performance), 
while period b has a high frequency of false alarms (poor performance). 
A-C, PSTHs for this LC neuron in response to target or nontarget stimuli 
during epochs ofexcellent or poor performance. All stimuli incorporated 
into these histograms yielded lever releases within the criterion time 
(665 msec). PSTHs A-Cwere taken during the corresponding behavioral 
epochs u-c, respectively, in the top panel, and each is composed of 30 
sweeps. Note that during the epoch of poor performance, this neuron 
did not respond to either target or nontarget cues even though these 
stimuli elicited lever releases. This is in contrast to the phasic excitatory 
responses apparent during epochs of excellent performance in PSTHs 
A and C. There were insufficient false alarm responses during periods 
of excellent performance to compare data for these nontarget stimuli 
with target stimuli that generated hits. 

epochs: (1) the frequency of foveating the fix spot decreased 
substantially, (2) the rate of false alarm responding increased 
significantly, and (3) the latency of bar release for hits increased 
significantly, and became more variable (Table 1). Responses 
of LC neurons also changed significantly between these same 
time epochs. LC responses to target cues in the later epochs of 
task performance were significantly smaller than for the same 
stimuli during the early epochs of task performance (Table 1). 
Thus, LC responses to target cues decreased significantly in 
parallel with behavioral performance during a time-dependent 
vigilance decrement. 

Table 1. Measures of behavioral performance and the magnitude of 
LC response to target cues during early versus late epochs of 
continuous performance in the task 

% FAs Bar-uu lat % Fix R __I” 

Early 1.2 294 + 28 76.1 34.0 It 7.4 

Late 2.2 318 k 36 61.2 21.7 f  7.2 

P value co.02 co.04 co.065 co.01 

Early and late epochs were 30 min in duration, and were separated by 60 min of 
task performance. Note the correspondence between changes in behavioral mea- 
sures and LC response magnitudes (F&J from the early to the late task epochs. 
% FAs denotes the mean percentage of nontarget cues that elicited false alarm 
responses; Bar-up lat denotes the mean (iSEM) latencies in msec for bar release 
for hit responses; % Fix denotes the mean percentage of successful foveations of 
the fix spot; R,., denotes the mean (*SEM) raw values for response magnitudes 
of LC neurons to target cues. P values were calculated by t test for bar latencies 
and response magnitudes, and by the Wilcoxon test for % FAs and % Fix. n = 6 
samples for all measures. 

Discussion 

Our study revealed that noradrenergic LC neurons in the mon- 
key are phasically activated by target cues during a task designed 
to measure vigilance, defined as the ability to detect and respond 
appropriately to infrequent target (CS+) stimuli embedded 
among frequent nontarget (CS-) cues. These responses are se- 
lective for the infrequent target cues regardless of orientation or 
color; identical stimuli that serve as nontarget cues, or similar 
stimuli presented outside of the task, generate little or no re- 
sponse in monkey LC neurons. Moreover, the selective response 
of LC neurons to target cues also occurs following reversal of 
cue meaning, so that these cells quickly become responsive to 
the new target cue and stop responding to the previous target 
cue. Thus, these responses reflect sensitivity to the conditioned 
attributes or meaning of the cues, not their physical properties. 
These LC responses occur at a relatively short latency and pre- 
cede behavioral responses to the same stimuli by about 200 
msec, indicating that such phasic activation of LC neurons is 
not mediated by feedback from the behavioral response. This 
is the first report that brain noradrenergic neurons are activated 
by appetitively conditioned stimuli in an operant task. 

We employed several methods and criteria to ensure that 
recordings were obtained from LC neurons. In chronic experi- 
ments such as ours it is not practical to mark each recording 
site individually for later histological reconstruction. Instead, 
we marked the site ofa group ofrecordings that were all obtained 
from the same small area. We found that LC-like neurons were 
consistently located within the same small brain region through- 
out months of recordings, indicating that our penetration tech- 
nique was very accurate and reliably positioned electrodes with- 
in a restricted area. While we cannot rule out possible recordings 
from non-LC neurons in our study, we conclude that neurons 
localized to the LC area in this manner and that met our phys- 
iological criteria were very likely to be noradrenergic LC neu- 
rons. 

A noteworthy feature of our results is that different LC neu- 
rons exhibited a similar activity profile during the task. This 
could indicate a recording bias where only the largest cells were 
discriminated. However, similar results were also obtained for 
multicell populations containing smaller spikes. Also, this uni- 
formity of physiological properties of LC neurons has been found 
in nearly all previous studies of these cells (Foote et al., 1983). 
The similar properties observed here across different LC neu- 
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rons support our conclusion that recordings were obtained from 
NE-LC neurons. 

Previous studies have recorded LC neurons during classically 
conditioned behavior in both cats and rats. In the cat, LC neu- 
rons were reported to be activated by CS+ stimuli conditioned 
by aversive stimuli (air puff) in a conditioned emotional re- 
sponse paradigm. However, in contrast to the present findings, 
cat LC neurons were not affected by similar stimuli conditioned 
appetitively with food presentation (Rasmussen and Jacobs, 
1986). One reason for this difference may be the species used. 
In particular, LC neurons in the cat are neurochemically diverse 
with NE and non-NE neurons closely interdigitated, so it is more 
difficult to ascribe recordings confidently to NE neurons. Alter- 
natively, the appetitive paradigm used in the cat study was not 
operant, and did not require a rapid response from the animal 
to procure food reward. A previous study in rat (Sara and Segal, 
199 1) reported that LC neurons were activated by CS+ cues in 
both appetitive and aversive classical conditioning paradigms, 
consistent with the present findings. However, this previous rat 
study reported that LC responses rapidly habituated during a 
constant reinforcement schedule. While responses of LC neu- 
rons in the monkey may have decreased over the first few stim- 
ulus presentations during training (when no recordings were 
obtained), it is clear that these cells maintained substantial and 
selective responsiveness to the target cues after thousands of 
trials. A possible source of differences between the rat study and 
the present findings may reflect the nonoperant paradigm that 
did not require attention in the rat experiment. Thus, compar- 
ison of the present findings with previous results indicates that 
LC neurons may be best engaged by the attentional demands 
of an operantly conditioned instrumental task. 

Paradigms similar to ours have been used extensively in hu- 
man psychophysical experiments to study vigilance and atten- 
tion in human performance (reviewed in Davies and Parasur- 
aman, 1982; Warm and Jerison, 1984). Such studies revealed 
that the ability to detect and respond to rare, unpredictable 
events varies with a number of factors, most notably time (Par- 
asuraman, 1984). This temporal characteristic is important in 
distinguishing vigilance or sustained attention from selective at- 
tention. In the latter, the intensity of attention, or alertness, is 
assumed to remain constant, and differences in response among 
trials are sought as a function of different instructions given for 
different trials (e.g., attend right vs left; Posner, 1980; Johnston 
and Dark, 1986). Vigilance, synonymous here as elsewhere with 
sustained attention, differs from selective attention in that the 
critical independent variable examined is time rather than in- 
struction set (Jerison, 1977; Parasuraman, 1984; Warm and 
Jerison, 1984). That is, in vigilance performance the object of 
the task, and relevant cues, remains the same throughout a 
typical session, The question of interest is how performance 
varies as a function of repetition or time, which is measured as 
the ability to detect and respond to (sustain attention for) rare, 
unpredictable events. There is a close interaction between se- 
lective attention and vigilance or sustained attention, in that 
selective attention tasks require high vigilance for performance 
(Posner, 1992, 1993). Similarly, vigilance tasks typically employ 
a selective attention component to measure changes in attention 
over time (e.g., in our task, target vs nontarget cue discrimi- 
nation requires selective attention). Vigilance represents the in- 
tensity and duration of attention, and is similar in many regards 
to the notion of alertness (Posner, 1992, 1993). In fact, alertness 
could be considered to be synonymous with vigilance where 

little or no selective attention is involved. In this view, alertness 
corresponds to nondirected or diffuse vigilance with no specified 
sensory target, while selective attention represents vigilance with 
preset sensory targets that trigger specific behavioral responses. 
Whereas selective attention requires vigilance (as does any other 
cognitive process), there may be distinct categories of attention. 
Recent work by Posner and colleagues (Posner and Petersen, 
1990; Posner, 1993) indicates that selective and sustained at- 
tention may utilize separate brain circuits that interact in be- 
havioral performance. 

The present study is the first to indicate that nonhuman pri- 
mates can be trained to perform classical vigilance tasks, and 
that their behavior in such a paradigm resembles that of humans 
(see also preliminary reports of these results; Alexinsky et al., 
1990; Aston-Jones et al., 1991). In particular, monkeys per- 
forming the present task exhibited periodic epochs of high false 
alarm rates and a gradual decline in overall performance with 
prolonged task activity, resembling the vigilance deficit consis- 
tently found in human studies (Mackworth, 1970; Parasuraman, 
1984; Warm and Jerison, 1984). The stress associated with our 
experimental situation (chair restraint, head fixation, artificial 
environment) may have influenced performance, as stress has 
been found to influence human vigilance performance (Mack- 
worth, 1957; Broadbent and Gregory, 1965; Hockey, 1970; Par- 
asuraman, 1984; Warm and Jerison, 1984; Hancock and Warm, 
1989). However, animals were habituated to the chair, experi- 
mental chamber, and task over months, so that acute stressors 
were minimized. The monkeys did not find the task aversive, 
as they did not resist (and even assisted with) the daily ritual 
of chairing, and they typically initiated performance immedi- 
ately after stimuli were available. The ability of monkeys to 
perform this task has substantial potential for neurobiological 
experiments to elucidate the brain circuits involved in sustained 
attention and vigilance. 

In our task, target cues (1) were infrequent, (2) indicated the 
availability of reward, and (3) called for a rapid behavioral 
response; the phasic activation of LC neurons by target cues 
could reflect any of these stimulus attributes. Previous studies 
ofLC activity in several species have revealed that these neurons 
are activated by unpredicted or novel stimuli (Foote et al., 1980; 
Aston-Jones and Bloom, 198 1; Rasmussen et al., 1986; Grant 
et al., 1988; Sara and Segal, 1991). These results indicate that 
the LC response to target cues in our task may be linked in part 
to their low probability of occurrence. Consistent with this hy- 
pothesis, our preliminary results indicate that the response of 
LC neurons to target stimuli is lower when their frequency of 
occurrence is 50% than when it is 10% (Alexinsky et al., 1990). 
However, previous studies also found that LC responses to un- 
conditioned stimuli were substantially greater for those stimuli 
that elicited an orienting behavioral response (Foote et al., 1980; 
Aston-Jones and Bloom, 1981; Grant et al., 1988). In view of 
this finding, one might expect stimuli that engage a rapid be- 
havioral response (such as target cues in our task) to activate 
LC cells. Again our preliminary studies support this possibility, 
as responses to target cues are larger than those to nontarget 
cues when the two are equally frequent (50%; Alexinsky et al., 
1990). The possibility that the phasic activation of LC by target 
cues retiects availability of reward seems unlikely, as LC neurons 
were not activated by the unconditioned presentation of reward 
(or the preceding sound of solenoid activation), or the con- 
sumption of the juice (as also previously reported; Aston-Jones 
and Bloom, 198 1; Grant et al., 1988). Thus, we propose that 
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the phasic responses of LC neurons by target stimuli may reveal 
that these cells are selectively activated by unpredicted stimuli 
that demand an immediate behavioral response. This view ex- 
tends previous findings that LC neurons in many species are 
activated by neutral (unconditioned) stimuli. In the cat and 
monkey, these responses are pronounced only for the first few 
occurrences of such stimuli if they are of moderate or low in- 
tensity. However, in all species LC phasic sensory responses are 
associated with stimuli that elicit behavioral activation-for 
novel unconditioned stimuli this takes the form of an orienting 
response, while for target stimuli in the present study this takes 
the form of a rapid lever release. 

The response of individual LC neurons to target cues was 
small in absolute magnitude, averaging about 0.3 spikes per 
stimulus (mainly due to the low spike rate of LC neurons overall). 
However, this relatively small change in spike rate may be func- 
tionally significant due to the high uniformity among LC neu- 
rons in their response to target cues. Thus, the above analysis 
combined with the uniformity of LC responsiveness indicates 
that on any given trial about one-third of LC neurons would 
elicit an additional spike following a target cue. The widespread 
efferent arbors of LC neurons, and the associated enormous 
number of terminal boutons (Moore and Bloom, 1979), may 
convey a substantial functional impact from this change in spike 
activity. 

Previous studies employing visual tasks with a lever or button 
response in monkeys revealed that the earliest latency for elec- 
tromyogram (EMG) activation in major arm muscles after 
target cues was about 170 msec (Evarts, 1966, 1974), and mean 
EMG latency = 224 msec (Kimura, 1990). Moreover, the ear- 
liest responses of postcentral neurons in monkey with such a 
task were about 120-l 50 msec after the target cue (Evarts, 1966, 
1972, 1974). As these latencies were obtained in a simple re- 
action time task not requiring discrimination by the monkey, 
they are probably shorter than those in our task; indeed, reaction 
times in those previous studies were on the order of 220 msec 
(Evarts, 1966) compared to the 290 msec response time in our 
task (similar to previous values with complex tasks; Nelson et 
al., 1990). These results indicate that LC responses to target cues 
(mean onset latency of 90.7 msec) substantially precede EMG 
and postcentral neuronal activation, and that the LC responses 
are therefore not a product of activity in primary motor circuits 
or of sensory feedback from movement. It is also noteworthy 
that previous reports, like the present study, indicate that the 
LC responses are not related to motor activity per se. 

Moreover, the latencies at which LC neurons were activated 
selectively by target cues are among the shortest attention-re- 
lated responses for sensory and associative brain areas that have 
been studied extensively with attention tasks. Neurons in the 
superior colliculus (Goldberg and Wurtz, 1972; Wurtz and Moh- 
ler, 1976) pulvinar (Petersen et al., 1985) frontal eye fields 
(Wurtz and Mohler, 1976; Goldberg and Bushnell, 198 l), and 
striate as well as prestriate cortex (Wurtz and Mohler, 1976; 
Robinson et al., 1980) exhibit enhanced responses to visual 
stimuli that are the object of a future saccade. Although the 
latencies of the enhanced component of responses (which are 
presumed to reflect attentional attributes) were not specifically 
calculated in all of these previous studies, inspection of the data 
indicates that the shortest latencies for enhanced responses were 
similar to those found here for LC responses to target cues (with 
the possible exception ofthe superior colliculus, which may have 
somewhat shorter latencies). Other studies of neuronal discharge 

in the frontal or parietal cortices have found neuronal responses 
to be selectively enhanced for operantly conditioned, attended 
stimuli that are not associated with eye movements, more sim- 
ilar to the cues used in our task. The shortest latencies of en- 
hanced responses in these studies were on the order of 80-100 
msec (Kubota et al., 1974; Bushnell et al., 1981; Hillyard and 
Kutas, 1983; Thorpe et al., 1983; Funahashi et al., 1989; Gold- 
berg et al., 1990; B. Desimone, personal communication). Lon- 
ger latencies have been reported for other structures (e.g., >200 
msec for inferotemporal cortex, Fuster, 1990; and > 150 msec 
for hippocampus, Miyashita et al., 1989). One important dif- 
ference between these experiments and our own is that in all of 
those previous studies attentional effects produced an enhance- 
ment of a preexisting response to visual stimuli; in the LC the 
response appears to depend more completely on the attentional 
attributes ofthe target cue. Despite the differences between these 
studies and our own, comparison with these previous findings 
indicates that the LC response may be among the earliest changes 
in brain that reflect attentional processes. This and the wide- 
spread projections of LC-NE neurons also indicate that the LC 
system may have a role in modulating a wide range of brain 
activity in accordance with attention. 

It is noteworthy that LC impulses evoked by target cues would 
be expected to reach the cerebral cortex at about the time that 
certain cortical slow-wave activity is generated, in particular, 
P3 (similar to P300) waves. These cortical responses have been 
proposed to reflect late-stage processing of several stimulus at- 
tributes including stimulus significance and task relevance (Prit- 
chard, 198 1; Donchin et al., 1986). In other of our studies (Al- 
exinsky et al., 1990; Aston-Jones et al., 199 1; unpublished 
observations) we have observed prominent P3-like waves evoked 
selectively by target cues that also selectively elicit phasic LC 
responses. Furthermore, studies by Pineda et al. (1989) revealed 
that P3-like responses in monkey cortex were reduced in am- 
plitude following lesions of the LC. The possibility that the LC 
is involved in generating these cortical slow-wave events is con- 
sistent with the above analysis indicating that LC activation by 
a target cue may be part of an attentional process that facilitates 
the response to that stimulus. 

Our results are consistent with a role for responses of LC 
neurons to target cues in either selective attention processes, or 
vigilance processes. A role in selective attention might be in- 
dicated if the selective LC response to a target cue facilitated 
the behavioral response to that same cue. Certain of the present 
results indicate that this is possible. (1) The latency of LC ac- 
tivation by target cues summed with the time for LC impulse 
conduction to cerebral cortex in the monkey (60-100 msec; 
Aston-Jones et al., 1985) is less than the minimum behavioral 
response latency to target cues (290 msec on average; also see 
above). (2) This possibility is further supported by our trial-by- 
trial analysis revealing a positive correlation between the laten- 
ties of LC responses and behavioral responses to target cues. 
However, the fact that false alarm behavioral responses occur 
in the absence of LC responses indicates that LC activation is 
not a necessary event in driving a behavioral response to a cue 
stimulus. It is also noteworthy that stimulus-evoked LC activity 
cannot play a role in inhibiting behavioral responses to the same 
stimuli, as nontarget cues that elicit no behavioral response do 
not activate LC neurons. 

The foregoing analysis indicates that the LC may play a role 
in selective attention, as LC responses are selective for target 
cues and appear to facilitate behavioral responses to the cues 
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that elicited LC responses. However, phasic LC responses also 
occur for nonattended stimuli that are salient by virtue of nov- 
elty or intensity (as discussed in the introductory remarks), so 
not all phasic LC responses are linked to selective attention 
processes. If LC responses facilitate behavioral responses to 
subsequent cues (e.g., by maintaining task context), then a role 
in vigilance or sustained attention would be implied. Such a 
role is consistent with our finding that bar-release latencies were 
shorter for the second of a pair of target cues (both cues elicited 
LC responses in PSTHs). In contrast, bar-release latencies did 
not differ between target cues that were preceded by a nontarget 
trial with a bar release (false alarm) and those that were preceded 
by a correct nontarget trial with no bar release (neither nontarget 
trial is associated with an LC response). This indicates that the 
facilitated behavioral response for the second of a pair of target 
cues was not due simply to the preceding behavioral response. 
While the mechanism for this augmented behavioral respon- 
siveness is uncertain, it is possible that the LC response to the 
first cue facilitated the behavioral response to the second cue. 
In this framework, phasic LC responses may also facilitate with- 
holding responses to subsequent nontarget cues. Consistent with 
this possibility, we found that target-evoked responses of LC 
neurons were small or absent during epochs of frequent false 
alarm behavior, and that robust LC responsiveness to target 
cues was consistently associated with epochs of excellent per- 
formance containing few or no false alarms. This may indicate 
that LC responses to target cues in our task facilitated selective 
behavioral responding to subsequent cues, so that after a phasic 
LC response the following nontarget cues are less likely to be 
erroneously perceived as targets. This could occur if the phasic 
LC response increased overall attentiveness to the task (i.e., 
maintained task context) for several seconds. 

Signal detection analysis revealed that during epochs of high 
false alarm behavior the monkey less effectively discriminated 
between target and nontarget cues (d’factor was lower), and that 
the tendency of the animal to respond to any cue increased (p 
factor was lower). The variation in LC responses to target cues 
during these same periods is consistent with the possibility that 
LC responses contribute to these quantitative measures of vig- 
ilance performance by modulating behavioral responses to im- 
mediately preceding or succeeding target cues, as described above. 
Other of our results reveal that the level of tonic LC discharge 
also varies with behavior on this task, being increased during 
epochs of poor performance (Rajkowski et al., 1992, 1993; un- 
published observations). Thus, tonic or transient changes in LC 
activity may influence vigilance performance. 

At present, our evidence for LC function in either selective 
attention or vigilance processes is correlative, and cannot es- 
tablish whether, and to what extent, changes in the LC cause 
changes in performance. Direct manipulations of LC activity 
and measurement ofbehavioral effects in this task will be needed 
to test this possibility, and to clarify the causal role of the LC 
system in attention and vigilance. 

Conclusions 

Previous results reveal that LC neurons are phasically activated 
by novel or conspicuous sensory events. The present results 
indicate that events that are meaningful by virtue of condition- 
ing are also able to activate LC cells phasically. The activation 
appears to be independent of physical sensory attributes. These 
findings indicate that cognitive rather than sensory attributes of 

stimuli may be primarily responsible for evoked activation of 
LC neurons. 

The present results lead us to propose that phasic responses 
of LC neurons to unpredicted sensory stimuli facilitate adaptive 
behavioral responses. The global e!Tect of LC activity on neu- 
ronal processing may be involved in determining the signifi- 
cance of stimuli, the urgency of response to stimuli, the type of 
response required, or all of these. One possibility under consid- 
eration is that robust phasic LC responses promote rapid, highly 
determined behavioral responses that require little integration, 
supplanting complex analysis and more refined behaviors. Con- 
versely, phasic responses of LC neurons may facilitate late stages 
of sensory processing involved in decision making and selecting 
an adaptive behavioral response. Phasic LC activity may also 
alter the cognitive context in which subsequent sensory stimuli 
are received and processed. The magnitude of LC activity, and 
the behavioral context, may be important in determining which 
of these functions are conveyed. 

The present results have implications for afferent connections 
to LC neurons. Either LC neurons perform complex integration 
of inputs from many areas to compute stimulus significance, or 
the circuits projecting to the LC perform such computations. 
Areas previously found to exhibit relatively short-latency se- 
lective or enhanced responses to attended stimuli include fron- 
tal, parietal, and occipital cortices (reviewed above). Previous 
studies of afferents to the LC in the primate have been limited, 
but one indicates that the prefrontal cortex projects to the peri- 
LC regions containing LC dendrites (Arnsten and Goldman, 
1984). Thus, it is possible that cortical areas convey highly 
processed information to the LC to yield the presently observed 
selective responses to target cues. However, previous work in 
the rat indicates that the nucleus LC receives major inputs from 
two areas in the rostra1 medulla, the nucleus paragigantocellu- 
laris and the nucleus prepositus hypoglossi, and only limited 
direct input from other areas (Aston-Jones et al., 1986, 1991). 
Clearly, anatomical studies are needed in the monkey to deter- 
mine if afferent connections to the LC in this species resemble 
those in rat, or include other areas that might be related to the 
present results. 
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