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CONDITIONED RESPONSES OF MONKEY LOCUS
COERULEUS NEURONS ANTICIPATE ACQUISITION OF
DISCRIMINATIVE BEHAVIOR IN A VIGILANCE TASK

G. ASTON-JONES.* J. RAJKOWSKI and P. KUBIAK

Division of Behavioral Neurobiology. Department of Psychiatry, MCP-Hahnemann Medical School,
Allegheny University, M.S. 403, Broad and Vine. Philadelphia, PA 19102, U.S.A.

Abstract—Impulse activity was recorded extracellularly from noradrenergic neurons in the nucleus locus
coeruleus of three cynomolgus monkeys performing a visual discrimination (vigilance) task. For juice
reward, the subjects were required to release a lever rapidly in response to an improbable target stimulus
(20% of trials) that was randomly intermixed with non-target stimuli presented on a video display. All
locus coeruleus neurons examined were phasically and selectively activated by target stimuli in this task.
Other task events elicited no consistent response from these neurons (juice reward, lever release, fix spot
stimuli, non-target stimuli). With reversal of the task contingency, locus coeruleus neurons ceased
responding to the former target stimuli, and began responding instead to the new target (old non-target)
stimuli. In addition, the latency of locus coeruleus response to target stimuli increased after reversal (by
about 140 ms) in parallel with a similar increase in the latency of the behavioral response. These results
indicate that the conditioned locus coeruleus responses reflect stimulus meaning and cognitive processing,
and are not driven by physical sensory attributes. Notably, the reversal in locus coeruleus response to
stimuli after task reversal occurred rapidly. hundreds of trials before reversal was expressed in behavioral
Tesponses.

These findings indicate that conditioned responses of locus coeruleus neurons are plastic and easily
altered by changes in stimulus meaning, and that the locus coeruleus may play an active role in learning

the significance of behaviorally important stimuli.
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Kety™ proposed that activity of the central norepine-
phrine system enhances attention and memory for
affectively important events. Indeed, in accordance
with this hypothesis, improved learning and memory
have been observed after stimulation of the locus
coeruleus (LC)-norepinephrine (NE) system.**! In
addition, several studies have shown that NE ad-
ministration, or increased LC activity, can enhance
long-term potentiation, indicating a possible cellular
substrate for LC-NE involvement in learning.'"2"+7
Reductions in LC activity produced less consistent

results. Learning deficits were found after lesions of

the LC nucleus™"* or of LC-NE fibers.'>*' but
other studies reported no effect of electrolytic lesions
of the LC on acquisition of olfactory” or visual**
discrimination, or of 6-hydroxydopamine (6-OHDA)
lesions of LC-NE fibers on spatial learning.'® A
recent set of studies found that such neurotoxin
lesions of ascending LC fibers produced either en-
hancement or impairment of spatial maze learning,
depending on the parameters employed.** The reason

*To whom correspondence should be addressed.

Abbreviations: CS, conditioned stimulus; EEG, electro-
encephalogram; LC, locus coeruleus; NE, norepine-
phrine: 6-OHDA, 6-hydroxydopamine; PSTH. peristimu-
lus time histogram: RMag, response magnitude.
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for these discrepancies is unknown, but the extensive
plasticity and compensation that occur following
permanent damage to LC-NE system may confound
the results (see Discussion).

Thus, although results with lesions are variable,
previous evidence consistently indicates that in-
creased LC-NE activity may facilitate learning. It
follows that central NE may contribute most to
learning about behaviors or stimuli that are associ-
ated with activation of LC-NE neurons. Recordings
in behaving animals revealed that increased LC ac-
tivity occurs during exploration or behavioral orien-
tation.*"* In addition, LC neurons are phasically
activated by many sensory stimuli in freely behaving
animals; such responses are largest in magnitude for
salient stimuli that cause behavioral orienting or
waking responses.™'® Recently, we reported that LC
neurons in behaving monkeys are selectively acti-
vated by target (conditioned stimulus. CS+) stimuli
in an operant visual discrimination task.” The use of
target and non-target (CS—) stimuli afforded the
ability to reverse the task contingency and examine
LC activity during acquisition of new stimulus mean-
ing. Thus, this approach offered a unique oppor-
tunity to re-investigate the role of the LC in attention
and learning. Specifically, the present study investi-
gated the hypothesis that LC activity cun influence
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the acquisition of a new task contingency. Employing
task reversal as a model of acquisition has several
advantages over acquisition of a completely novel
task. Most importantly, reversal of the task contin-
gency can be accomplished during a single LC re-
cording experiment, allowing study of LC activity in
response to the change in contingency, and allowing
comparison of the response profile of individual LC
neurons to stimuli in the original contingency with
that for the same cells at various time-points after
reversal. Prehiminary results for some of these find-
ings were reported previously 2"

EXPERIMENTAL PROCEDURES

Behavioral training

The hehavioral task was described in our recent publica-
tions”™*" and will be only briefly summarized here. Three
adult cynomolgus monkeys (Macaca fasicularis: Charles
River). weighing 5 10 kg, were used. One monkey was used
in a previous study’ but data shown here were not pre-
viously reported. Training and recording sessions took place
in an acoustically insulated. electrically shielded metal
chamber (IAC). Monkeys were trained te perform a visual
discrimination (vigilance) task. During training and record-
ing sesstons, animals assumed a natural squatting position
in a modified primate chair, facing a color video monitor
(48.5° visual angle).

Initial training on the task and on task reversal was
conducted before surgical implantation of a head-fixation
post or recording devices. After habituation to chair re-
straint. the monkey was trained to depress a lever to initiate
the task. after which either a vertical or horizontal hne
sepment was displayed in the center of the video monitor
(7 < 2.5 mm, 1.7° visual angle: white on a dark background.
One orientation was initially used as the target (CS+)
stimulus and the other as the non-target (CS+ ) stimulus,
The animal’s task was (o release the lever in response to a
target stimulus within 665 ms to receive a juice reward
(Tang). Incorrect releases to non-target stimuli resulted in a
3.5 time-out. After the initial discrimination was learned,
the probabilitics of target and non-target stimuli were
gradually altered to produce a final ratio of 20% target
stimuli and 80%» non-target sumuli. Training to Y0% correct
responding typically required two months. In some exper-
iments a low-probability non-target stimulus (a4 square of
equal luminance and area as the target and non-target
stimuli) was employed on 20% of trials. in addition to the
target and non-target stimuli described above (presented on
200% and 60% of trials, respectively).

Monkeys were overtrained during six to 12 mounths on
one stimulus contingency in the task (termed the “original”
task). Subsequently, reversal experiments were conducted.
Reversal was instituted unexpectedly during task perform-
ance by abruptly reversing the meuaning of target and
non-target stimuli (i.¢. the previous target stimulus secame
non-target, and the previous non-target became target).
Animals learned the new contingency by trial-and-error and
were maintained on that contingency untl they resched a
criterion of 90% correct responses to target and non-targer
stimuly; this typically required two weeks of training. Note
that stimulus reversal was accompanied by a change in
stimulus frequency, e.g., the previously probable non-target
stimulus became the new improbable target stimulus. Also
note that cach animal received considerably more expen-
ence overall with the original contingency than with the
opposite contingency (termed the “reversed” task). Revers-
als of stimulus meaning occurred about 10 times in each
monkey during initial training, before surgery or recording

sessions. All behavioral data reported here were accumu-
lated after training and during neural recording sessions.

Surgical and recording methods

Surgical procedures and recording methods were as pre-
viously described.” Anesthesia was induced with ketamine
(15 mg/kg, i.m.) and maintained with halothane (0.5-1.5%
halothane/oxygen mixture) administered through an endo-
tracheal tube with spontaneous respiration. A stainless-steel
guide cannula (0.8 mm diameter) was stereotaxicaily im-
planted through a 3-mm hole in the skull over the LC of one
hemisphere. The lower end of the guide cannula was posi-
tioned approximately 5mm above the LC. For head-
fixation, a solid aluminum post was affixed to the skull usig
dental acrylic and anchoring bolts. This device permitced
rigid fixaticn of the monkey's head to the chair frame
during the final training and all recording sessions.

Extracellular recordings from LC neurons were obtained
from microwire electrodes with beveled tips (25-um-
diameter stainless-steel, Teflon-insulated; California Fine
Wire). One or two microwire electrodes were placed in a
screw-drivert, custom-made microdrive that was attached to
the guide cannula. The distinctive electrophysiological
properties of LC neurons (reviewed in Ref. 6) were used 10
help to identily LC neurons during recording sessions. Only
recordings from neurons meeting the following criteria s
noradrenergic LC neurons were accepted for analyses: (1)
proper location with respect to readily identifiable land-
marks in recordings, including the inferior colliculus, fourth
cranial nerve, cerebellum, and the mesencephalic nucleus of
the trigeminal nerve; (ii) neuronal activity consistent w:th
properties of LC neurons in previous studies in primate,
including slow tonic activity, decreased tonic rate with
drowsiness, and phasic activation and postactivation inhib -
tory pause following nove! stimuli;™'*'% and (iti) histolog -
cal localization of the recording site to the arca of
noradrenergic LC neurons in bruin sections (Fig. 1; de-
scribed below). Efforts were focused on these presumed [.C
neurons; non-LC neurons encountered were not studied
during task performance.

Microwire signals were fed into a custom-built multi-
channel preamplifier assembly attached to a connector on
the animal’s head. Second-stage amplifiers delivered a
filtered (~0.3-10kHz bandpass) signal to a waveform
discriminator which generated digital logic pulses for spikces
exceeding a threshold amplitude.  Electroencephalogram
(EEG) signals were recorded differentially between two
skull screws, fed through amplifiers. filtered at 0.15 75 Hz
bandpass. and digitized (150 Hz). Periods of drowsiness
were characterized by slew-wave EEG activity and eye
closure.

An RK-416 infrared-video-based Eye Tracking System
(ISCAN. Cambridge, MA, U.S.A.) was used to menitor eve
position continuously during experimental sessions. This
non-invasive system provided continuous vertical and hori-
ontal eye position information with 0.5° spatial accuracy
and 10.6-ms temporal resolution.

Wavelorm discriminator pulses, analog physiological and
movement signals. ISCAN eye position signals, and pulses
triggered by lever presses and stimulus events were fed
into a CED 1401 interface (Cambridge Electronic Design,
Cambridge, U.K.) and microcomputer for on-line storage
and on- or off-line analysis.

Experimental sessions

The task emploved during recording sessions was similar
to that described above for behavioral training, except for
the addition of visual fixation, which was only possible after
the head-fixation post was implanted. Trials were self-
paced, as initiation of each required the monkey first o
depress a lever located near its hand. At a randomls
variable time after the monkey depressed the lever, a smal
rectangular spot (fix spot: 0.3° of visual angle) appeared in
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Fig. 1. Histological localization of recording sites. 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 track aimed at the LC (at closed arrow, just above a small

unmarked blood vessel) 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. bv, blood vessel lateral to the LC. Length of
closed arrow=100 pm.

the center of the monitor. The animal was required to fixate
this spot visually for at least 230 or 550 ms, after which the
fix spot was extinguished and a target or non-target stimulus
was presented at the fix spot location. The animal had to
release the lever within 665 ms of target stimulus onset to
score a hit response and receive a drop of juice (Tang).
Incorrect releases within 665 ms of non-target stimuli were
scored as false alarms and generated a time-out for 3s.
during which responding had no effect. Target stimuli
occurred on 20% of trials, and were semirandomly dispersed
among non-target stimuli. Intertrial intervals randomly
varied from 1.1 to 2.4s, and averaged 1.6s. Performance

was measured in terms of hits (correct releases to target
stimuli), misses (incorrect non-releases to target stimuli).
rejections (correct non-releases to non-target stimul) and
fulse alarms (incorrect releases to non-target stimuli). There
was one session per day, on average two sessions per week .
and each session typically lasted for 3 h.

The number of reversal experiments in cach animal was
necessarily limited (three or four reversal sessions during
recording experiments, after initial training) to prevent the
animal from becoming familiar with the reversal procedure
or with the reversed contingency. This allowed us 1o study
the acquisition of an unfamihar contingency with reversal.
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The overtrained contingency (original task) was employed
for at least three experimental sessions prior to initiating the
alternative contingency (reversed task), except for one ex-
periment, when the meaning of stimuli was reversed three
times in a single session (original task — reversed task -
original task — reversed task). In all reversal experiments.
neural activity was recorded during task performance for at
least 17 min before reversal was initiated. The reversed task
was not used in consecutive sessions, except for one exper-
iment, when it was maintained for several consecutive
sessions to examine the time required for performance on
the reversed task to approach that of the original task. Each
experimental session employed a different LC recording.

Histological examination

After all recording sessions had been completed, an
electrocoagulation mark (10 pm for 30s) or tract-tracer
infusion {cholera toxin B subunit. 30-50 nl) was made at
selected coordinates of the stereotaxic calibration system in
each hemisphere (usually at locations tentatively identified
as the LC from recordings) to match calibrator coordinates
with actual locations of these marks within the brain (Fig.
1). The accuracy of replacing the electrode at o desired
location in this manner was estimated 1o be betler then
0.5 mm. After 14 days to develop histological marks, ani-
mals were given an overdose of Nembutal i.p. and perfused
transcardially with a Ringer's solution followed by 4%
paraformaldehyde. The brain was then removed. sectioned
and stained for Nissl substance using Neutral Red, or for
the catecholamine enzyme tyrosine hydrosylase (using pre-
viously described immunohistochemical techniques™ ™) to
identify noradrenergic neurons of the LC. Recording site
localizations were determined from tissue sections by com-
paring coordinates noted during experimental sessions with
the locations of histological marks.

Data analvsis

For cach experimental session peristimulus time histo-
grams (PSTH), raster displays of cellular activity, and other
data display formats such as analog averages were gener-
ated off-line from the data stored on computer disk
using customized software (Spike 2, Cambridge Electronic
Design). Only recordings which yielded stable impulse
amplitudes during testing were analysed. The following
procedure was used for statistical evaluation of neuronal
responses. Baseline was defined as the 500 ms epoch imme-
diately preceding stimuli. The onset of excitatory responses
in PSTHs was defined as the first of five bins (3 ms bin
width) whose value exceeded the mean value of baseline bins
by 2 standard deviations (S.DD.). The offset of such responses
was taken as the last of five consecutive bins i a response

that met the same criterion. Becausc of the low firing rate of

LC ncurons it was not possible to use this same criterion for
inhibitory responses. Therefore, for the onset und offset of
inhibitory responses in PSTHs the critenon level employed
was 3070 or less of baseline values. Significant responses
were defined by the presence of such response onsets in a
PSTH. To allow unbiased comparisons among respenses to
different events. [00 stimulus trials were used to generate
each PSTH used in quantitative analyses.

The response magnitude (Rmag) for each PSTH was
calculated according to the following equation: Rmag=
counts in response interval minus counts expected in this
interval (based on baseline activity during the 500 ms before
stimulus onset). Rmags were statistically compared using
paired or unpaired r-tests. as noted. RMag calculations
following reversal began with trials after the first five hn
responses to ensure that the animal had begun performing
the new contingency when the measures were taken.

All efforts were made to minimize animal suffering, to
reduce the number of animals used. and to utilize alterna-

tives to in vivo techniques. Experimental procedures were
consistent with NIH guidelines, and were approved by our
institution’s animal use and care commitiee.

RESULTS

After three to six months of initial training all
monkeys became proficient in original task perform-
ance and made errors on fewer then 5% of trials. The
animals usually performed the task for 60-120 min
daily, and were allowed to work until they stopped
performing. Daily sessions typically consisted of
more then 1000 stimulus trials.

Selective activation of locus coeruleus neurons by
target stimuli

All LC neurons examined were phasically activated
selectively by target stimuli in this task. as previously
reported.”” The mean (4 S.E.M.) onset latency for
these excitatory responses was 142+ 3 ms (#=4 single
cells in one animal, two single cells and two multiun:t
recordings in one animal, and three multiunit record-
ings n the third animal; Fig. 2). In one animal oniy.
non-target stimuli yielded a weak, phasic inhibition
of LC neurons (see Figs 3-5. 7). These inhibitory
responses had an average onset latency of 218+
24 ms (as previously reported for other LC cells in
this animal’). There was no response to non-target
stimuli in the other two monkeys studied.

We tested whether LC neurons responded to target
stimuli because of their low probability of occur-
rence, or because of their meaning, by presenting a
low-probability non-target ~ wlus (20% of trials).
as well as a low-probability target stimulus (20% of
trials) and a high-probability non-target stimulus
(60% of trials). As shown in Fig. 2D F. six of seven
LC neurons tested were not activated by non-target
stimuli whether presented at low or high probability.
but were selectively activated by target stimult.

Reversal of locus coevuleus responseswith task reversal

Two anirnals were subjected to task reversal in four
experimental sessions, and one animal was subjected
to reversal in three sessions. No monkey exhibited
substantial improvement in performance of the re-
versed task across reversal sessions, indicating that
the infrequent presentation of the reversed task main-
tained a similar level of performance across sessions.

After reversal of the stumulus response contin-
gency, all of the LC neurons tested reversed their
stimulus response profile and became selectively re-
sponsive to the new target (old non-target) stimuli,
and were inhibited or unresponsive to the old target
stimuli (new non-target; see Figs 3-7). Curmulative
population PSTHs for LC responses to target stimul.
before and after reversal are shown in Fig. 4. The
similarity of population PSTHs to those for individ-
ual recordings indicates the uniformity of these re-
sponse properties across LC neurons. These resulss
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Monkey LC neurons arc activated selectively by target stimuli. (A C) PSTHs for a typical

individual LC neuron (cell 3001} 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 (A) target
stimuli, (B) non-target stimuli, or (C) lever release performed outside of the task, as indicated. (D-F) )
PSTHSs for another single LC neuron (cell 0201) demonstrating responses 1o (D) improbable target
(vertical bars; 20% of trials). (E) probable non-target (horizontal bars; 60% of trials), and (F) improbable
non-target stimull (squares; 20% of trials). Stimuli or lever releases occur at arrows. as indicated.

confirm our previous report that activation of LC
neurons by target stimuli is specifically related to
the meaning of the stimuli, not to their physical
attributes.”’

Altered locus coeruleus responses anticipate behavioral
acquisition of reversed task

To study LC activity and behavioral performance
during the course of learning the new contingency.
data were analysed in blocks of 50 (multiunit record-
ings) or 100 (single-cell recordings) hit trials follow-
ing reversal. Because of the modest Rmag of LC
neurons to stimuli in this task,” these were the
minimum numbers of trials needed to analyse LC
phasic response before or after reversal.

For the data reported below, RMag calculations
for LC responses after reversal began with trials after
the first five hit responses to ensure that the animal
had begun performing the new contingency when the
measures were taken. To analyse results for the first
five hits after reversal, data were pooled for six LC
neurons to provide a sufficient number of sweeps tor
generating histograms. Analyses of these data re-
vealed that during this early period after reversal LC
neurons did not exhibit responses to the new target
cue but exhibited responses to the old target cue
associated with false alarm lever releases. indicating
that reversal had not occurred at this point.

Locus cocruleus responses to conditioned stinuli

In all six single units examined in this manner
before and after reversal, neural excitation was de-

tected within the first 100 new target stimuli, which
occurred within the first 600 trials of the new contin-
gency (Fig. 3). In addition, PSTHSs revealed that each
of these neurons had extinguished responses to non-
targel stimuli within the first 100 non-target stimuli
of the new contingency. In one of the five multiunit
recordings examined during reversal, presentation of
30 new target stimuli was suflicient to produce a
significant phasic response (Fig. 4). In a second
multiunit recording, 50 new target stimuli were suffi-
cient to yield a significant response. PSTH analyses
also revealed that responses in the multiunit record-
ings to the previous target (new non-target) stimuli
had extinguished within 50 non-target trials after
reversul. Overall, responses to CS were very similar
for different cells, and for single vs multiunit record-
ings. These findings indicate that responsiveness to
the new target stimuli occurs early during reversal
training. as does extinction of LC responses to old
target sumuli,

The magnitudes of phasic responses (Rmags) for
all LC neurons (n=6 single and five multiunit record-
ings) to 100 target stimuli of the new contingency
(following the first five hits, as described in Exper-
imental Procedures) were slightly smaller but not
significantly different from the RMags for 100 stimul
of the original contingency (sce Table 1).

Tonic locus coeruleus activity

Tonic discharge of each LC cell examined in-
creased abruptly after reversal. and was higher dur-
ing the initial period of reversed task performance
{containing the first five hits of the new contingency:






