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Effects of Locus Coeruleus Lesions on Auditory, Long-Latency,

Event-Related Potentials in Monkey
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It has previously been demonstrated that monkeys exhibit
certain event-related potential (ERP) components showing
latency, polarity, and contingency similarities to those ob-
served in humans. In the present study, monkey P300-like
components were studied in order to evaluate the hypoth-
esis that the noradrenergic locus coeruleus (L.C) system par-
ticipates in their generation or modulation. ERPs were re-
corded from untrained squirrel monkeys (Saimiri sciureus)
twice a week for 4 weeks before and after bilateral LC lesions
and interruption of dorsal bundle (DB) fibers. Stimuli con-
sisted of 2 and 6 kHz tone pips (40 msec duration, 60 dB
above nHL) presented once a second in random order. In
most sessions, one tone constituted 80% of the stimuli and
the other tone 10%, while in some sessions tones were
made equiprobable to test the effects of manipulating stim-
ulus probability. LC and DB lesions were made by first lo-
calizing the nucleus and creating an electrolytic lesion. Then,
the electrode was placed at the anterior pole of the nucleus
and a knife cut effected. The extent of damage to LC peri-
karya and ascending axons was assessed by reconstructing
lesions from Nissl-stained sagittal sections through the brain
stems. The effect of lesions on cortical noradrenergic axons
was immunohistochemically verified utilizing antisera di-
rected against dopamine-B-hydroxylase and tyrosine hy-
droxylase to label noradrenergic and dopaminergic axons,
respectively.

The prelesion ERP results replicated previous findings of
P300-like components recorded in response to low-proba-
bility tones. The postiesion ERP data indicated that following
damage to LC cell bodies, combined with interruption of his-
tochemically detectable ascending noradrenergic axons,
monkey P300-like potentials exhibited decreased areas, al-
tered brain-surface distribution, and reduced sensitivity to
stimulus probability. The correlation between the extent of
cell body lesions and percentage reduction in the magnitude
of P300-like responses was significant. However, interrup-
tion of DB fibers alone did not have similar effects. Neither
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type of lesion had any effect on amplitudes, latencies, or
brain-surface distributions of P52, P172, or N250-900. There
was, however, a significant effect on N106. Stimulus prob-
ability effects on the frontally distributed P52 and N106 were
not altered by the lesions. These data support the hypothesis
that the integrity of the LC nucleus and its ascending fibers
is important in the generation and modulation of surface-
recorded P300-like activity.

Long-latency components of event-related potentials (ERPs) are
some of the more intensively studied, noninvasive, electro-
physiological correlates of human cognition. Some well-known
examples include the positive potentials recorded approxi-
mately 300 msec after the occurrence of novel or attention-
eliciting events that are embedded in a repetitive background.
These P300-like potentials are recorded over wide areas of the
scalp with magnitudes that are sensitive to stimulus probability
and task relevance (Sutton et al., 1965; Squires et al., 1975;
Donchin et al., 1978). One component, P3b, occurs in discrim-
ination tasks following target stimuli that require a motor re-
sponse. This component is characterized by a distinct centro-
parietal distribution, long-latency (300-600 msec), and large
amplitude (15-30 V). In passive situations, where subjects pre-
sumably ignore the stimuli, another P300-like potential, P3a,
is evident. It exhibits a frontocentral distribution, relatively
earlier latency (220-280 msec), and smaller amplitude (Ritter
etal., 1968; Squiresetal., 1975; Roth et al., 1976). P3a is usually
associated with novelty detection and orienting, while P3b has
been related to attention, stimulus categorization, and mne-
monic processing (for reviews, see Donchin et al., 1978; Hillyard
and Picton, 1979; Pritchard, 1981; Hillyard and Kutas, 1983).

In addition to these well-known morphological, topographi-
cal, and functional characteristics, systematic changes in P300-
like potentials have been shown to accompany normal devel-
opment and aging (Courchesne, 1977, 1978; Squires et al., 1978;
Pfefferbaum et al., 1984; Polich et al., 1985). Changes in P300
also occur in patients exhibiting symptoms of depression, al-
coholism, dysphasia, schizophrenia, autism, dementia, and psy-
choses (Callaway, 1975; Roth et al.,1980; Martineau et al., 1984;
Diner et al., 1985; Polich et al., 1986). Thus, the reliability of
P300-like potentials, their usefulness as indices of cognitive ac-
tivity, and their use as diagnostic tools for normal brain devel-
opment and brain dysfunction have made questions regarding
their neural origins extremely compelling.

Two types of hypotheses regarding the neural origins of P300-
like potentials, particularly P3b, are evident in the literature:
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those implicating a single neural source whose field potentials
are volume conducted throughout large regions of the brain and
those suggesting the existence of multiple, independent sources.
Single-source hypotheses have been challenged by recent evi-
dence of steep potential gradients and polarity inversions in
human P300-like activity recorded intracranially in the frontal
cortex (Wood and McCarthy, 1986), as well as in the hippo-
campus or amygdala (Halgren et al., 1980). These data suggest
that P300-like activity is locally generated in several widely
separated brain areas. Thus, the alternative view of multiple,
active sites is supported by the wide distribution of P300-like
potentials recorded intracranially in humans and animals (cin-
gulate cortex: Gabriel et al., 1983; suprasylvian and marginal
gyri: O’Connor and Starr, 1985; hippocampus and amygdala:
Halgren et al., 1980; Wood et al., 1980; McCarthy et al., 1982;
frontal cortex: Wood and McCarthy, 1986; thalamus: Yingling
and Hosobuchi, 1984). However, while this alternative hypoth-
esis could account for such a widespread distribution, it does
not account for the uniformity of latency at such spatially dis-
tributed sites. Nor can it explain the similarity in latency that
characterizes P300-like activity recorded in animals (e.g., rat,
cat, monkey) whose brains vary widely in size (O’Brien, 1982,
Harrison and Buchwald, 1985; Pineda et al., 1987, Paller et al.,
1988). Therefore, a modification of the multiple-source prop-
osition would appear to be necessary to formulate a more ad-
equate hypothesis of P300 generation.

One possibility is that a widely distributed neural system
synchronously impacts on a number of areas. While several such
candidate systems have been characterized, the noradrenergic
(NA) nucleus locus coeruleus (LC) exhibits the anatomic, phys-
iologic, and functional properties (reviewed in Foote etal., 1983)
necessary to subserve such a role. The evidence concerning widely
divergent LC projections, homogeneous activity of source neu-
rons, and transmitter effects on target neurons suggests that LC
is activated during alerting or arousal, which leads to NA release
onto target neurons in many brain regions. Recent evidence also
indicates that the relatively slow conduction times of LC efferent
volleys to distant target areas are conserved across species (As-
ton-Jones et al., 1986), a factor which may underlie the simi-
larity in P300-like component latencies in different species. Be-
cause of these characteristics, one proposed functional role for
LC is modulation of the organism’s responsiveness to biologi-
cally relevant events during the waking state and particularly
during periods of increased attentiveness (Aston-Jones et al.,
1984; Foote and Morrison, 1987). This hypothesis suggests that
novel, surprising, and attention-eliciting events increase LC dis-
charge activity and enhance “attentiveness.” We further hy-
pothesize that such a state may be a necessary precondition for
the elicitation or enhancement of slow endogenous potentials
or may directly produce synchronized slow electrical activity
that may be evident as surface-recorded P300-like potentials.

In the studies reported here, the role of NA-LC in generating
or modulating P300-like activity was tested by recording ERPs
in behaviorally passive monkeys before and after electrolytic
LC lesions and/or interruption of ascending noradrenergic dor-
sal bundle (DB) fibers. To determine the effects of lesions on
surface-recorded ERP activity, the following pre- and postlesion
measures were evaluated: (1) peak amplitudes, areas, and la-
tencies of P300-like potentials; (2) peak amplitudes and latencies
of other ERP components; and (3) effects of probability manip-
ulations on the magnitudes of P300-like potentials.

Materials and Methods

Subjects

Subjects were 5 adult male Guyanan squirrel monkeys (Saimiri sciureus)
approximately 2-4 years old and weighing 700-1200 gm. Monkeys had
no previous exposure to experimental auditory stimulation.

Overview of experimental design

In the initial stage of these experiments, monkeys were surgically im-
planted with skull screws, which later served to record EEG activity.
Following 7-10 d of recovery, ERPs were recorded from each subject
during 2 recording sessions per week for 4 weeks. Then, in a second
surgical procedure, bilateral LC lesions and DB knife cuts were created
in each monkey. Both types of lesions were made to increase the like-
lihood that noradrenergic innervation of cortex would be disrupted.
After a 10 d recovery period, identical ERP recording sessions were
resumed for 4 weeks. Pre- and postlesion ERPs were compared, and
lesion sites and the density of cortical monoamine fibers were anatom-
ically and immunohistochemically evaluated. Finally, post hoc analyses
were conducted in which lesion efficacy was correlated with the mag-
nitude of ERP effects.

Surgical procedures

Electrode implantation. Monkeys were anesthetized with ketamine hy-
drochloride (25 mg/kg) and placed in a stereotaxic instrument. For the
duration of the surgery, anesthesia was maintained with halothane (0.5-
1.5% in air). Using aseptic procedures, the skin overlying the dorsal
aspect of the skull was resected, the underlying muscles were retracted,
and small stainless steel screws (00 gauge, 1.5 mm long) were threaded
into burr holes in the skull at locations analogous to those described by
the 10-20 International System (see ERP recording protocol below).
Wire leads from these electrodes were attached to a multipin connector,
and electrodes, wire leads, and connector were affixed to the skull with
anchor screws and dental acrylic. Prelesion recording sessions were be-
gun 7-10 d after this surgery.

LC and DB lesions. Aseptic surgical procedures similar to those de-
scribed above for electrode implantation were utilized. After the skin
overlying the dorsal aspect of the skull was resected, a small flap of skull
was removed at the appropriate stereotaxic coordinates to permit mi-
croelectrode penetrations into the area of the LC (P 1.0, L 2.1). A
tungsten microelectrode was utilized for unit recording. Specific phys-
iological landmarks observed during the initial electrode penetration,
such as the responsiveness of inferior colliculus neurons to auditory
stimulation, guided the exact positioning of further penetrations. The
distinctive eletrophysiological characteristics of LC neurons (e.g., slow
firing rates, long-duration, initially and largely positive action potentials
in the unfiltered trace) were used to verify the positioning of the electrode
tip in the nucleus. Once this had been achieved, an electrolytic lesion
was created by passing 0.5 mA of cathodal current for 15 sec. In one
subject, 2 such lesions were made along the rostrocaudal extent of the
nucleus. The electrode was then withdrawn and repositioned at the
anterior pole of the nucleus, lowered to a level approximately | mm
ventral to the ventral boundary of the nucleus, and moved 1500 um in
the mediolateral dimension to effect a knife cut, severing ascending LC
axons. Similar procedures were repeated in the other hemisphere. After
the electrode was removed, the skull cavity was filled with Gelfoam and
covered with dental acrylic.

ERP recording protocol

During ERP recording sessions, monkeys were placed in a specially
designed primate chair that restricted gross bodily movements but al-
lowed head, arm, and tail movements. A flexible cable was attached to
the connector on the monkey’s head to record EEG signals from the
implanted screw electrodes. These signals were routed to EEG amplifiers
via an electrode selector box. Free-field auditory stimuli consisting of
2 and 6 kHz tone pips [40 msec duration, 10 msec rise/fall time at 60
dB above threshold for a normal human (nHL)] were presented once a
second in random order through a small speaker centered approximately
20 cm above the monkey’s head. Masking background noise, approx-
imately 45 dB above nHL, was present throughout the recording session.
Two sessions per week for 4 weeks were recorded for each subject prior
to lesions, with a similar number of recording sessions following lesions.



A block of 255 tones was presented per session lasting approximately
20 min. In most sessions, 6 kHz tones constituted 90% of the trials
(“frequent”), while 2 kHz tones occurred 10% of the time (“infrequent”).
Because pilot studies had indicated that lower-pitch tones produced
more robust and reliable ERPs, all monkeys were exposed to the lower-
pitch tone as the infrequent stimulus. In order to further evaluate the
effects of stimulus probability, tones were made equiprobable in some
sessions.

EEG activity was recorded from frontal and parietal midline sites (Fz
and Pz), from 2 lateral frontal sites (left, F3, right, F4), and from 2
lateral parietal sites (left, P3, right, P4) (see Neville and Foote, 1984,
for details of electrode placement). Electro-ocular activity (EOG) was
recorded from the right supraorbital ridge. All recordings were obtained
using either an inion electrode or linked mastoid electrodes as reference.
No relevant differences in ERPs were found using these 2 reference sites.
EEG activity was amplified by a Grass model 7D polygraph with 7P5B
amplifiers having bandpass limits of 0.15 and 75 Hz. Eight channels of
EEG were digitized on-line on a MINC-11/23 computer and stored on
disk for later analysis. EEG signals were digitized at a sampling rate of
256 Hz, starting 100 msec prior to and ending 900 msec after stimulus
onset. An artifact rejection program was used to exclude trials that
exceeded an amplitude of 75 ¢V in the EOG channel.

Data analysis

Weekly and monthly ERP averages were computed for each monkey
for each type of stimulus (frequent and infrequent) before and after
lesions. Since preliminary visual inspection of the data indicated that
the recorded waveforms resembled those previously reported (Pineda
et al., 1987), similar latency windows were utilized to score the specific
components at all electrode sites. This included using intervals to score
2 peaks comprising the large positivity in the 200-500 msec range. As
noted in the introduction, multiple P300 subcomponents are also nor-
mally recorded in humans within this range. Amplitudes and latencies
were quantified using computer programs that measured the largest
positive (P) or negative (N) peaks relative to 100 msec of prestimulus
baseline activity within these intervals. The total integrated area (du-
ration x mean amplitude) of specified polarity was also determined.
The intervals were (1) P52: 10-100, (2) N106: 40-140, (3) P176: 100~
195, (4) P239: 200~295, (5) P372: 300-450, and (6) N250-900:250-
900.

Monthly subject averages were evaluated statistically using analysis
of variance (ANOVA) with repeated measures, utilizing the Green-
house-Geisser correction for degrees of freedom. A 4-way ANOVA with
factors of lesion (pre- and post-), block (90-10 and 50-50), probability
[infrequent (low pitch) and frequent (high pitch)], and electrodes (Fz,
Pz, F3,F4, P3, P4) was used to assess differences. The effects of repetitive
sessions and component asymmetries were analyzed by using week (4)
and hemisphere (right and left) as additional factors.

Histology and immunohistochemistry

Each animal was sacrificed approximately a week after the final postle-
sion recording session. Animals were deeply anesthetized with ket-
amine hydrochloride (25 mg/kg, IM) followed by pentobarbital sodium
(10 mg/kg, IP). After the chest was opened, 1.5 ml of 1% aqueous sodium
nitrite was injected into the left ventricle as a vasodilator. Animals were
then perfused transcardially with cold 1% paraformaldehyde in phos-
phate buffer (0.15 M) for 0.5-1 min followed by perfusion with cold 4%
paraformaldehyde in phosphate buffer (0.15 m) for 8 min at a rate of
300 ml/min. The brains were then rapidly removed, and tissue blocks
(3-5 mm) were placed in cold fixative for an additional 1-2 hr and then
washed in a series of cold, sucrose solutions. Blocks were sectioned
either coronally or sagittally in a cryostat at 40 um. To visualize NA
axons in the cortex (see Morrison and Foote, 1986), some forebrain
tissue sections were incubated with a rabbit antiserum directed against
DBH that had been purified from a clonal cell line of human pheo-
chromocytoma (Markey et al., 1980). The anti-DBH antiserum was
diluted 1:3000 in PBS, pH 7.4, containing 0.3% Triton X-100 and 0.5
mg/ml BSA. Sections from various cortical areas were then processed
by the avidin-biotin method of Hsu et al. (1981) using the Vectastain
ABC kit (Vector Laboratories, Burlingame, CA) and diaminobenzidine.
To visualize dopamine (DA) axons in the cortex, other sections were
incubated with anti-tyrosine hydroxylase (TH) diluted 1:1500 (see Lewis
etal., 1987, for details). Procedures for TH immunohistochemistry were

The Journal of Neuroscience, January 1989, 9(1) 83

similar to those described for DBH except that tissue blocks were post-
fixed for 6 hr. Some sections were also stained with cresyl violet for
histological examination. One-in-five series of sagittal sections through
the brain stem, stained with cresyl violet, were examined with a mi-
croscope at a magnification of 6.3 x to quantify the extent of LC damage.
Approximately 5-7 sections were examined to cover the entire volume
of LC per animal. The video image of the field was displayed on a
computer screen and an estimate of the percentage of the LC nucleus
that had been lesioned was obtained by determining the area of gliotic
tissue relative to the area of the nucleus. This was done by utilizing a
digitizing tablet to outline and compute the area for each region sepa-
rately.

Results

Prelesion ERPs

Prelesion ER Ps resembled those previously reported for squirrel
monkey in this paradigm (Neville and Foote, 1984; Pineda et
al., 1987). As illustrated in the grand average (across all subjects)
ERPs in Figure 1 and in the individual subject data shown in
Figure 2, a large triphasic response centered over midfrontal
areas was evident in the first 200 msec following either frequent
or infrequent tones. This response consisted of a large positivity
(mean latency, 52 msec) followed by a large negativity (mean
latency, 106 msec) and a subsequent positivity (mean latency,
176 msec). At longer latencies, and most prominently at lateral
parietal electrodes, a broad positivity with a bipeaked mor-
phology (mean latencies of 239 and 372 msec, respectively) was
elicited in response to infrequent tones. A long-duration nega-
tivity was also recorded over frontal cortex (N250-900), tem-
porally overlapping with the late positive components and peak-
ing in the 500-600 msec range.

Component distribution. P52, N106, P176, and N250-900
were largest over midfrontal cortex with significant anterior-to-
posterior gradients along midline electrode sites (p < 0.05). In
contrast, later potentials, such as P239, were larger over lateral
(452 msec-uV) than midline (182 msec-uV) sites [electrode,
F(5,20)=4.62, p < 0.01]. P239 responses were also significantly
larger at lateral posterior (658 msec-xV) than at lateral anterior
electrodes (246 msec-uV) [electrode, F(3,12) = 3.59, p < 0.05].
P372 exhibited the same lateral parietal distribution as P239
[electrode, F(3,12) = 8.05, p < 0.01].

Probability effects. P52 was significantly larger in response to
infrequent (low-pitch) tones (489 msec-uV) than to frequent
(high-pitch) tones (247 msec-uV) [probability, F(1,4) = 9.21, p
< 0.04]. N106 responses were also larger following infrequent
(low-pitch) tones but mainly over midline electrodes [proba-
bility x electrode, F(5,20) = 3.48, p < 0.03]. P176 was unaf-
fected by stimulus probability.

P239 responses following infrequent tones in the 90-10 blocks
(637 msec-uV) were significantly larger than responses to fre-
quent tones (349 msec-uV) [probability, F(1,4) = 18.27, p <
0.02]. P372 also exhibited similar differential responses to the
2 tones [probability, F(1,4) = 11.29, p < 0.03]. In contrast,
P239 and P372 in the 50-50 blocks did not vary significantly
in response to the 2 tones. A probability by electrode interaction
was also significant for P372 [probability x electrode, F(5,20)
= 3,63, p < 0.02], indicating that the effect was maximal over
lateral parietal areas. N250-900 did not exhibit a sensitivity to
stimulus probability.

Lateral asymmetries. P239 area over the right hemisphere in
the 90-10 and 50-50 blocks tended to be larger (742 msec-uV)
than over the left hemisphere (493 msec-uV) [hemisphere, F(1,4)
= 7.09, p = 0.056]. P372 exhibited a similar asymmetry, with
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Grand average event-related potentials (ERPs) across 5 subjects recorded in response to frequent (90%) and infrequent (10%) tones (2

and 6 kHz, 40 msec duration, 60 dB above nHL) presented once a second in random order. ERPs were recorded from these electrode sites twice
a week for 4 weeks prior to locus coeruleus (LC) and dorsal bundle (DB) lesions. Recordings were obtained with an inion reference. Numbers in

parenthesis indicate the number of trials in each average.

the differences observed mainly at lateral parietal and not lateral
frontal electrodes [electrode X hemisphere, F(1,4) = 9.14,p <
0.04]. Larger P372 potentials were recorded over the right (1103
msec-u V) than over the left hemisphere (497 msec-u V) at lateral
parietal sites.

Effects of repetitive recording sessions. P239 and P372 re-
sponses recorded at lateral parietal electrodes following either
tone did not change significantly during the 4 weeks of prelesion
recording (Fig. 3). No statistically significant effect of week was
found (p > 0.51), nor was there a statistically significant op-
eration by week interaction (p > 0.34).

Postlesion ERPs

Component distribution. Grand average (across all subjects) ERPs
following frequent and infrequent tones in the postlesion con-
dition are illustrated in Figure 4. P52, N106, P176, and N250-
900 continued to exhibit distinctive midfrontal distributions (p
< 0.05). As in the prelesion data, the anterior-to-posterior gra-
dient for these components was significant along midline sites
(p < 0.03). In contrast to the prelesion data, no localized brain-
surface distribution was observed for P239 (p = 0.076). How-
ever, P372 responses remained larger over lateral parietal areas
(487 msec-u V) than over lateral anterior (103 msec-xV) or mid-
line (48 msec-uV) sites (p < 0.02).

Probability effects. P52 exhibited a sensitivity to stimulus
probability similar to that observed in the prelesion data. P52
responses along midline sites were larger following infrequent
than following frequent tones [probability x electrode, F(5,20)

= 3.46, p < 0.04]. Likewise, N106 responses along midline sites
exhibited differential amplitudes following the 2 tones [proba-
bility x electrode, F(5,20) = 2.89, p < 0.05]. As in the prelesion
data, P176 and N250-900 did not exhibit any effects of prob-
ability. P239 and P372, which exhibited significant differential
responses to frequent and infrequent tones before the lesions,
did not exhibit a statistically significant sensitivity to changes
in stimulus probability after the lesions (p > 0.10).

Lateral asymmetries. P239 and P372 did not exhibit signif-
icant lateral asymmetries following lesions.

Summary of lesion effects

Comparisons between pre- and postlesion data indicated that
lesions had no effect on the brain-surface topography of P52,
N106, P176, or N250-900. Maximal amplitudes for these po-
tentials were recorded over midfrontal cortex before and after
lesions. Figure 5 illustrates the pre- and postlesion responses in
the 90-10 blocks for P52, N106, P176, P239, and P372. These
data indicate that the magnitude of the P52 component was
reduced following lesions, but this reduction only approached
significance (p < 0.08). In contrast, the reduction in the mag-
nitude of N106 was significant [lesion, F(1,4) = 19.39, p <
0.02]. P176 was unaffected. P239 was significantly attenuated
relative to prelesion measures [lesion, F(1,4) = 10.83, p < 0.04].
Neither P372 nor N250-900 were statistically different following
the lesion in the 90-10 blocks. However, in the 50-50 blocks,
both P372 and N250-900 were marginally affected by the lesion
(r < 0.06).
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Figure 2. Averaged ERPs from individual subjects recorded at Fz, P3, and P4 in response to infrequent (10%) tones before and after lesions.
Subjects (SM12, SM 16, SM24) with cell-body and fiber lesions (CB-F) exhibited extensive lesions of the LC nucleus and DB fibers. Subject (SM14)

with only fiber lestons (F) exhibited no LC cell body damage.
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Figure 4. Grand average ERPs across 5 subjects recorded twice a week for 4 weeks following LC lesions. These ERPs were recorded under

conditions identical to those for prelesion recordings.

Evaluation of histology

A schematic summary of the histological reconstructions of the
lesions, based on Nissl-stained brain-stem sections, is shown in
Figure 6. In 3 monkeys (SM12, SM16 and SM24), extensive
bilateral electrolytic damage occurred to LC cell bodies. In the
other 2 monkeys (SM14, SM19), there was either minimal or
no apparent damage to the nucleus. In all monkeys, damage

from the knife cut appears to have interrupted some fraction of
the DB fibers. Panel 4 of Figure 7 illustrates a sagittal section
through the brain stem of a control monkey that has been stained
for DBH. Panel B displays a sagittal section also stained for
DBH from a lesioned monkey (SM24) at approximately the
same level, while panel C shows an adjacent Nissl-stained sec-
tion. As can be observed, the LC damage created by the elec-
trolytic lesion was quite extensive in this monkey.
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Figure 6. Schematic reconstructions based on 5-6 Nissl-stained sections through the brain stems showing damage caused by the electrolytic and
knife cut lesions. The /efi (2) panels comprise a horizontal and sagittal view of the left hemisphere, the right (2) panels represent the right hemisphere.
In the horizontal views, intact cell bodies are illustrated by open ovals, while dark ovals represent cells still visible but of abnormal appearance.
Shading illustrates the area in which gliotic tissue was observed, and the horizontal line anterior to the nucleus represents the presumed mediolateral

extent of the knife cut. In the sagittal views, the diagonal lines through the superior (SC) and inferior (/C) colliculi show the reconstructed electrode
track made by the knife cut.
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Figure 7. Sagittal sections through the brain stem of a control and a
lesioned monkey (SM24). A, Section reacted with anti-dopamine-B-
hydroxylase (anti-DBH) from a normal monkey shows the darkly la-
beled noradrenergic cells of the LC nucleus and its anterior pole (AP).
B, Section from lesioned monkey SM24, reacted with anti-DBH, is in
approximately the same plane as the control section (A4). The dashed
lines demarcate the boundaries of the electrolytic lesion. C, Adjacent
Nissl-stained section also showing the extent of the electrolytic lesion.
The dorsal and rostral portions of the sections are to the top and left,
respectively. BC, brachium conjunctivum; IV, trochlear nerve; dIV,
decussation of trochlear nerve; mV, tract of mesencephalic nucleus of
trigeminus. (From Lewis et al., 1987.)

DBH and TH immunoreactivity

The efficacy of the lesions in forebrain areas was verified im-
munohistochemically in all animals by comparing DBH and
TH immunoreactivity from lesioned animals with that of con-
trols. As illustrated in Figure 8 for one lesioned monkey (SM24),
there were decreases in neocortical DBH but not TH immu-
noreactivity relative to normal controls. Overall, there was a
60-80% decrease in DBH immunoreactivity in various cortical
and subcortical areas in each of the 3 monkeys (SM12, SM 16,
and SM24) who exhibited cell body and DB fiber lesions. The
remaining 2 monkeys (SM14, SM19), in which only DB fibers
may have been damaged, exhibited more variability in DBH
immunoreactivity, with some cortical areas showing slight de-
creases while others were relatively normal.

Post hoc ERP analyses

Because of differences in the location and extent of the lesions
revealed by the histology and immunohistochemistry, post hoe
analyses were carried out to determine the relationship between
lesion efficacy and changes in P300-like component measures.
The analyses consisted of 5-way ANOVAs with unequal Ns
using factors of lesion-type (F and CB-F), lesion (pre and post),
block (90-10 and 50-50), probability [Infrequent (low pitch)
and Frequent (high pitch))], and electrode (Fz, Pz, F3, F4, P3,
P4). Subjects (2 in the F and 3 in the CB-F condition) were
nested within the group dimension. Repetition effects were ana-
lyzed using week (4) as an additional factor.

Effects of lesion type. Analyses of P52, P176, and N250-900
areas did not reveal any effects of, or interactions with, lesion
type. In contrast, as illustrated in Figure 9, monkeys with dam-
age to LC cell bodies and dorsal bundle fibers (CB-F) showed
decreased P239 and P372 areas in the 90-10 blocks relative to
their prelesion measures, while monkeys in which damage was
restricted to DB fibers (F) did not show such a marked decrease,
[P239: lesion type x lesion F(1,3) = 10.44, p < 0.05; P372:
lesion type x lesion, F(1,3) = 49,57, p < 0.01]. Table 1 shows
that monkeys with 40-70% of the LC damaged exhibited P239
and P372 area decreases greater than 60%. In contrast, little
(14%) or no damage to the LC resulted in small decreases (<42%)
or even increases (=>100%) in area. A Spearman rank-order
correlation coefficient based on all subjects’ data indicated a
statistically significant relationship between the extent of LC
damage and the percentage decreases in area (v, = 0.90, p <
0.05). Analysis of the effects of repetitive recording sessions
indicated that CB-F animals showed a marked reduction in the
overall magnitude of the positivity in the 200-500 msec range
as carly as the first week of recording. This isillustrated in Figure
10, which also shows the nonsignificant differences for subjects
in the F group.

Discussion

Prelesion ERPs

The prelesion ERPs recorded in the present investigation closely
resemble those previously reported in normal monkeys using
passive paradigms (Neville and Foote, 1984; Pineda et al., 1987;
Paller et al., 1988). These ERPs include a frontally dominant
triphasic response (P52-N106-P176) in response to both tones.
In addition, a long-latency, long-duration positivity is recorded
in response to the infrequent tones embedded in the repetitive
background. Previous studies have suggested that these monkey
P300-like potentials recorded in untrained monkeys and in
monkeys trained to make operant responses (Arthur and Starr,
1984; Paller et al., 1988; Pineda et al., 1988) are similar to the
human P300 in terms of their polarity, latency, and duration.
More important, they also resemble human P300 potentials in
terms of their response to stimulus variables such as stimulus
sequence, interstimulus interval, stimulus probability, and task
relevance. Both human and monkey P300-like potentials consist
of multiple subcomponents, are accompanied by temporally
overlapping potentials, and increase in size as stimulus proba-
bility decreases.

However, unlike the human P3a, which is recorded in be-
haviorally passive subjects and which typically exhibits maxi-
mal amplitude over the frontal cortex (Roth, 1973; Squires et
al., 1975; Snyder and Hillyard, 1976), monkey P300-like po-
tentials in the present study exhibit maximal amplitude over
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Figure 8. DBH (4, B) and TH (C, D) immunoreactivity in prefrontal cortex of a control (/eft column) and a lesioned monkey (right column). This
was one of several cortical areas that were compared in all subjects. Note that compared with controls, DBH immunoreactivity was decreased
following LC ablation. In contrast, TH immunoreactivity in this region was unchanged in the lesioned monkey compared with the control. Scale

bar, 200 um. (From Lewis et al., 1987.)

lateral parietal areas. These differences in topography may result
from differences in the underlying brain geometry that charac-
terize the 2 species (i.e., between the gyrencephalic human and
lissencephalic squirrel monkey brain). Such differences in the

extent of cortical folding may also account for lateral asym-
metries exhibited by the monkey P300-like components, which
tended to be larger over the right hemisphere. However, these
asymmetries remain to be more fully investigated. Nonetheless,
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Figure 9. Effects of DB fiber lesions (F) and combined cell-body and
fiber (CB-F) lesions on P239 and P372 areas. CB-F lesions resulted in
significant decreases in both components in response to infrequent (low-
pitch) tones, while F lesions had no effect.

despite these differences in distribution, monkey P300-like po-
tentials exhibit sufficient morphological and functional similar-
ities to human P300 potentials to be considered analogous ac-
tivity.

Postlesion ERPs

Brain-surface distribution. In lesioned animals, the brain-sur-
face distribution of monkey long-latency, P300-like potentials
was significantly altered. For example, the lateral parietal dis-
tribution and hemispheric asymmetry exhibited by P239 were
not evident following lesions. Similarly, the lateral asymmetry
exhibited by P372 was eliminated. However, postlesion P372
area measures were not statistically different from prelesion
measures and P372 brain-surface distribution was not as mark-
edly affected as P239. Significant P372 differences were found
only when the extent of LC cell body lesions was taken into
account in the analysis (see Post hoc ERP analyses). The brain-
surface distributions of several other ERP components—such
as P52, N106, P176, and N250-900—were not significantly al-
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tered following lesions. In general, these potentials continued
to exhibit the same frontally dominant scalp distributions.

Stimulus probability. P239 and P372 responses, which were
larger in response to infrequent (10%) tones than to the frequent
(90%) tones before the lesion did not demonstrate this effect
after the lesion. Thus, the systematic enhancement of P300
amplitude with changes in stimulus probability, which is also
a property of monkey P300-like components (Arthur and Starr,
1984; Pineda et al., 1987; Paller et al., 1988), appears to be
significantly disrupted by these lesions. In contrast, there were
no lesion effects on the differential responses of P52 to the 2
tones, with this component being consistently larger in response
to the infrequent tones. The same was true for N106, although
N106 was significantly smaller overall after the lesions. Thus,
these data suggest that the amplitude modulation of monkey
P300-like components, resulting from variations in stimulus
probability, may be mediated by corresponding differential re-
sponses in LC.

Post hoc ERP analysis

Post hoc analyses of the relationship between lesion efficacy and
magnitude of P300-like components indicated that monkeys
with damage to more than 40% of the LC nucleus combined
with interruption of DB fibers showed an approximately 65~
100% reduction in component area. Monkeys with little or no
electrolytic damage to the nucleus, but with possible damage to
DB fibers, exhibited either small decreases or increases in P300-
like component area. The data further indicated that P239 was
much more affected regardless of the efficacy of the lesion,
whereas P372 was significantly reduced only when damage to
the NA-LC system was extensive. Since decreases in the mag-
nitude of P300-like responses were quantitatively correlated
with the degree of damage to the NA-LC system, it would suggest
that P239 and P372 may be differentially sensitive to LC damage
and forebrain NA depletion, with the earlier peak being more
sensitive to slight damage to this system. These differential ef-
fects also suggest that P239 and P372 reflect different neural
processes whose summated activity produces monkey P300.
The relative specificity of the effects on monkey P300-like com-
ponents and not on other measured peaks (with the exception
of N106), argues against an overall change in arousal level,
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Table 1. Change in P239 and P372 area following lesions of the locus coeruleus

Percent of LC

________‘_damaged Percent change in component area

Left Right

hemi-  hemi. P239 P372
Subject sphere sphere P3 P4 P3 P4
SM12 42 52 —-67 -93 -89 -98
SM14 14 0 +13 +12 +186 +159
SM16 40 37 -70 —89 —88 -8l
SM19 0 0 —18 —41 +126 =22
SM24 65 74 —-98 -96 —78 -93

which would be expected to produce more generalized ERP
changes.

Effects of repetitive recording sessions

Decreases in the magnitudes of the P239 and P372 components
may have occurred as a result of repeated sessions over time.
The effects of habituation, for example, could conceivably ac-
count for such a decrease, especially considering that monkeys
were not involved in performing a task. Nevertheless, no sta-
tistically significant differences in the magnitudes of the com-
ponents were observed over the 4 weeks prior to the lesion.
Postlesion effects depended on the extent of damage created by
the lesions. CB-F animals demonstrated significant reductions
in P300-like potentials from the first week, while F animals did
not.

Methodological considerations

Several factors suggest caution in interpreting these data. First,
despite the homogeneity of LC neurons and the small size of
the electrolytic lesions, it is clear that areas in the trajectory of
the microelectrode (e.g., cortex, colliculi), areas adjacent to the
LC nucleus, and fibers of passage were also affected. Thus, sys-
tems other than the one targeted have been damaged, including
systems possibly involved in the perception of sound. Second,
the inherent variability in the extent of lesions plus the smalil
number of subjects used reduces the power of any statistical
evaluation. Several means of controlling for these factors are
available and await future investigations. The nonspecificity of
the lesions can be addressed by using noradrenergic neurotoxins
such as 6-hydroxydopamine (6-OHDA), specific receptor ago-
nists (e.g., yohimbine) or antagonists (e.g., clonidine; see Duncan
and Kaye, 1986), or different trajectories into the brain stem.
Concurrently, larger population samples would be needed to
provide more robust evidence for a specific role of NA-LC in
P300-like component generation or modulation.

Possible neural mechanism of P300 generation and
modulation

The results of the present investigation are consistent with the
hypothesis that NA-LC may be involved in the generation or
modulation of P300-like activity, which has been related to
novelty or stimulus mismatch detection and orienting (Squires
etal., 1975; Snyder and Hillyard, 1976). The anatomical, phys-
iological, and functional properties that characterize NA-LC
support such a hypothesis. Anatomically, LC axons arising from
the pontine brain stem are highly divergent, projecting into
every major region of the neuraxis. They innervate functionally

diverse cortical areas as they sweep tangentially across the cortex
from frontal to occipital pole (Morrison et al., 1981, 1982b).
This widely divergent pattern of cortical innervation exhibits,
nonetheless, a spatial orderliness in regional and laminar spec-
ificity (Morrison et al., 1982a, 1984; Levitt et al., 1984), which
suggests an underlying functional specificity. This is underscored
by the fact that in the neocortex, cerebellum, and hippocampus
a major portion of NA input is directed towards the output cells
of these regions (Moore and Bloom, 1979). These highly diver-
gent efferent projections provide a substrate whereby altered
activity in LC source neurons could, with approximate simul-
taneity, influence activity in a number of cortical and subcortical
regions. This spatially widespread but temporally defined ac-
tivity would be consistent with the multiple-source hypothesis
of P300 generation.

Physiologically, LC cells are phasically activated by a variety
of arousing or alerting stimuli, including light flashes, tone pips,
and somatosensory stimuli (Foote et al., 1980; Aston-Jones and
Bloom, 1981). Tonic discharge rates vary from second to second
depending on behavioral state. These changes anticipate by sev-
eral hundreds of milliseconds subsequent cortical EEG changes
indicating increased or decreased levels of alertness or atten-
tiveness (Foote et al., 1980). The sensitivity of LC neurons to
the arousing and attention-eliciting properties of multimodal
stimuli, its sensitivity to trial-to-trial changes in these properties,
its long latency, and long duration are congruent with the prop-
erties of P300-like components. Postsynaptically, NA has been
found to reduce spontaneous activity in target cells to a greater
extent than activity time-locked to an acoustic stimuli (Foote
et al., 1975). These observations led to the proposal that NA
may act on target neurons to enhance elicited activity relative
to spontaneous activity, that is, to enhance the “signal-to-noise”
characteristics of the cell (reviewed in Foote et al., 1983). Indeed,
several subsequent studies have indicated that NA reduces back-
ground cellular activity while simultaneously enhancing stim-
ulus-elicited excitation or inhibition (Woodward et al., 1979;
Waterhouse and Woodward, 1980; Waterhouse et al., 1980).
These investigations suggest that NA plays a modulatory
role in the regulation of cortical responsiveness to sensory stim-
ulation. Such actions may contribute to produce a behavioral
state in which novel sensory stimuli are more effectively pro-
cessed. This behavioral state may be a necessary precondition
fo the elicitation of long-latency, P300-like potentials or may
directly produce slow waves that are recorded as P300-like ac-
tivity. Indeed, the decreased magnitude of monkey P300-like
responses following lesions of the LC and ascending NA fibers
is consistent with this hypothesis, although these results do not
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indicate whether NA-LC is both necessary and sufficient for the
generation of P300-like activity.

Results from the present investigation are also consistent with
behavioral studies involving lesions of the LC or DB fibers
which have reported decreases in startle responses (Adams and
Geyer, 1981), enhanced behavioral responsiveness to novelty
(Britton et al., 1984), and increased distractability and increased
exploratory behavior toward novel objects (Roberts et al., 1976;
Oke and Adams, 1978; Koob et al., 1984). The demonstration
that P300-like generation or modulation may be dependent upon
the integrity of the NA-LC system could also link the obser-
vation that patients with clinical disorders such as dementia,
alcoholism, schizophrenia, and affective disorders (Schildkraut
and Kety, 1967; Dongen, 1981; Mair and McEntee, 1983) ex-
hibit pathology of the NA-LC, with the demonstration that these
conditions are also associated with altered P300s (Diner et al.,
1985; Mirsky and Duncan, 1986; Polich et al., 1986). Finally,
the fact that N 106 was also affected by the lesions suggests that
this component may reflect activity of the same substrates in-
volved in P300-like generation and modulation.

Note added in proof: Since this paper was accepted for pub-
lication, it has been reported that bilateral lesions of the septal
nucléi in cats, which result in marked AChE depletion in the
hippocampus, cause the disappearance of P300-like potentials
(Harrison et al., 1988). These results suggest that the functional
integrity of the septo-hippocampal cholinergic system is critical
in the modulation of these potentials. The relative importance
of cholinergic and noradrenergic influences in the generation or
modulation of monkey P300-like potentials remains to be de-
termined.
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