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NON-NOXIOUS ENVIRONMENTAL STIMULI1 
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Abstract 

The effect of sensory stimulation on discharge in norepinephrine-containing locus coeruleus 
(NE-LC) neurons was studied in unanesthetized behaving rats. Single unit and multiple unit 
extracellular recordings demonstrated consistent patterns of response. (1) Short latency (15 to 
50-msec), transient, biphasic changes in discharge were elicited predictably by non-noxious 
auditory, visual, and somatosensory stimuli; individual recordings typically exhibited polysensory 
responsiveness. (2) Sensory-evoked field potentials (FPs) were synchronized with unit responses 
simultaneously recorded from the same electrodes. (3) The magnitudes of sensory-evoked 
response varied as a function of vigilance, so that the largest responses occurred for stimuli which 
awakened animals and the least responsiveness was exhibited during uninterrupted sleep. (4) 
Sensory responsiveness decreased during grooming and sweet water consumption, similar to the 
results for sleep. (5) Characteristic response properties were topographically homogeneous 
throughout the NE-LC. (6) Discharge was synchronized markedly among neurons in multiple 
unit populations during phasic robust responses. 

These results are interpreted in light of the preceding report (Aston-Jones, G., and F. E. Bloom 
(1981) J. Neurosci. I: 876-886) and studies of the postsynaptic effects of NE to indicate that the 
NE-LC system may function more in phasic processes than in modulation of the tonic arousal 
level. We propose that pronounced NE-LC discharge may enhance activity within target cell 
systems primarily concerned with processing salient external stimuli and suppress central nervous 
system activity related more to tonic, vegetative functions. Thus, the NE-LC system may bias 
global behavioral orientation between stimuli in the external versus internal environments. 

Most brain norepinephrine (NE)-containing neurons 
are located in the pontine nucleus locus coeruleus (LC). 
The extensive projections of these neurons, together with 
the pronounced behavioral, clinical, and postsynaptic 
effects produced by manipulations of NE activity in 
brain, have fostered several possible’ functions for the 
NE-containing LC (NE-LC) system (Foote et al., 1975; 
Segal and Bloom, 1976a, b; Freedman et al., 1977). De- 
pending upon the lability of NE-LC activity, previous 
data could support the view that this system regulates 
either long duration brain activity, such as sleep and 

’ This work was supported by United States Public Health Service 

Grant AA 03504, National Institutes of Health Training Grant GM 
02031, and National Institutes of Health Grant NS 16209. We thank 
Dr. Steve Foote for advice throughout, Ms. S. Aston for help in data 
analysis, and Ms. N. Callahan for typing the manuscript. This paper 
was submitted by G. A. -J. in partial fulfdhnent of the requirements for 

the degree of Doctor of Philosophy, California Institute of Technology. 
* To whom correspondence should be addressed at his current ad- 

dress: The Arthur V. Davis Center for Behavioral Neurobiology, The 

Salk Institute, P. 0. Box 85800, San Diego, CA 92138. 

waking, or short duration events, such as phasic attention 
and distractibility. Other studies (Graham and Aghaja- 
nian, 1971; Bunney et al., 1975; Cedarbaum and Aghaja- 
nian, 1976; Aghajanian et al., 1977; Bird and Kuhar, 1977; 
Aghajanian, 1978; Aston-Jones et al., 1980) have reported 
consistently that NE-LC neurons in anesthetized prepa- 
rations spontaneously discharge in a slow tonic manner 
and are apparently responsive only to strongly noxious 
stimuli. Such tonic discharge, insensitive to nearly all 
environmental stimuli, is consistent with previous hy- 
potheses linking this system with stages of the sleep- 
waking cycle (Ramm, 1979; Clark, 1979; Amaral and 
Sinnamon, 1977; Steriade and Hobson, 1976). On the 
other hand, some investigators (Lader, 1974; Gray et al., 
1975; Redmond and Huang, 1979) have proposed that 
predominant responsivity to noxious stimuli indicates a 
role for the NE-LC system in mediating pain and anxiety. 

We have found, however, that, in unanesthetized be- 
having animals, the discharge of NE-LC neurons is much 
more labile than that in anesthetized preparations. In the 
preceding paper (Aston-Jones and Bloom, 1981), we re- 
ported that spontaneous activity varies not only with 
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tonic stages of the sleep-waking cycle (S-WC) but also 
with phasic EEG events within some stages (spindle 
activity during slow wave sleep). Furthermore, we have 
demonstrated (Jones et al., 1979; Foote et al., 1980) that 
NE-LC neurons in behaving rats and monkeys are re- 
sponsive to mild, non-noxious environmental stimuli of 
many modalities. In addition, other laboratories (Agha- 
janian et al., 1977; Takigawa and Mogenson, 1977) have 
reported similar responses to electrical stimulation of 
certain peripheral nerves. These various data indicate 
that the NE-LC system may function principally in more 
phasic processes than sleep and waking and in phenom- 
ena more general than pain and anxiety. 

We therefore undertook a detailed analysis of NE-LC 
sensory responsiveness in unanesthetized behaving rats 
and now report characteristics not previously described. 
(1) The magnitudes of response elicited by environmen- 
tal stimuli vary as a function of vigilance levels. (2) 
Sensory-elicited discharge is accompanied synchronously 
by evoked field potentials from the same electrodes. (3) 
Sensory-evoked discharge decreases within active waking 
during grooming and consumption. 

We conclude that the NE-LC system may play a 
specific role within the general framework of arousal, 
altering central nervous system (CNS) and behavioral 
responsivity to salient unexpected stimuli in the external 
environment. 

Materials and Methods 

Surgery. Rats were prepared for experimental record- 
ing sessions as previously described (Aston-Jones and 
Bloom, 1981). In brief, the LC was localized during ster- 
eotaxic surgery with the aid of unit recording. Skull 
screws were implanted to provide electroencephalogram 
(EEG) and ground reference signals, and bilateral sub- 
cutaneous wires were sutured permanently through dor- 
sal neck muscles to serve as electromyogram (EMG) 
electrodes. 

Experimental paradigm. After at least 4 days of re- 
covery from surgery, rats were placed in the experimental 
chamber either as freely moving (N = 82) or as harness- 
restrained subjects (N = 35) (Aston-Jones and Bloom, 
1981). For each rat, the experimental paradigm alter- 
nated between recording spontaneous activity during 
natural sleep and waking (Aston-Jones and Bloom, 1981) 
and recording activity during systematic presentation of 
sensory stimuli (reported here). The investigator moni- 
tored all data collection. 

Recording techniques. Filtered and unfiltered unit 
electrode traces, EEG, EMG, and digital impulse records 
were obtained as described (Aston-Jones and Bloom, 
1981). These signals, along with digital logic pulses syn- 
chronized with experimental stimuli (sync pulses), were 
recorded on magnetic tape and also were displayed on 
polygraph paper either on- or off-line. Sync pulses and 
digitized unit activity were fed into a PDP 11-10 or 11-03 
computer either on- or off-line to generate peri-stimulus 
time histograms (PSTHs); inter-spike interval histo- 
grams (ISHs) were generated similarly from spontaneous 
discharge. 

Experimental sensory stimuli. The following stimuli 
were presented at regular 4- or 16-set intervals in blocks 

of 25 to 100 trials per modality: (I ) tone pips (4 KHz, 20 
msec duration, about 96 dB on a 57-dB background); (2) 
light flashes (10 pet duration, 50 to 100 candela); (3) 
brief, mild skin contacts (touches, manually applied to 
dorsorostral tail surface); (4) single droplets of a 5% 
aqueous glucose solution (dispensed from a remote, elec- 
trically activated solenoid); sync pulses for licks were 
generated by a high impedance circuit upon tongue con- 
tact with the solution. Digital sync pulses were synchro- 
nized precisely with tone pips, flashes, and licks; a manual 
push-button generated digital pulses approximately syn- 
chronized with touches. 

Localization of recording sites. Histological proce- 
dures were described previously (Aston-Jones and 
Bloom, 1981). All data were obtained from histologically 
identified recording sites, using gliotic lesion sites or 
Prussian Blue-reacted iron deposits (illustrated in Fig. 1) 
for reference marks. 

Data analysis. Criteria for acceptable single unit 
(SU), multiple unit (MU), and field potential (FP) data 
and for scoring the S-WC are described elsewhere (Aston- 
Jones and Bloom, 1981). Waking (W) consisted of at least 
3 set of uninterrupted stage I (SI) or stage II (SII), and 
slow wave sleep (SWS) contained at least 3 set of unin- 
terrupted stage III (SIII) or stage IV (SIV) (see Aston- 
Jones and Bloom, 1981 for a description of the stages). 

For SU recordings, each stimulus trial was categorized 
as to EEG arousal levels which occurred before and after 
the stimulus: (1) SWS/W, SWS preceded the stimulus 
which was followed within 0.5 set by W; (2) W/W, 
continuous W both before and after the stimulus; (3) 
SWS/SWS, continuous SWS both before and after the 
stimulus. Trials that could not be assigned to one of these 
categories unambiguously were not included in the data 
analysis. The magnitude of response for each stimulus 
trial was determined (from polygraph records) by sub- 
tracting the number of impulses in the 200-msec epoch 
preceding the stimulus from the number of impulses in 
the 200-msec epoch following the same stimulus. 

Response latencies were determined by computer from 
PSTHs which incorporated at least 25 consecutive trials 
each as illustrated in Figure 2. Base line mean and 
standard deviation (SD) for PSTH bins (bin width = 4 
or 8 msec) were calculated for a period of 1 set or more, 
beginning at least 2 set after stimulus onsets. Excitatory 
response onsets and inhibitory response offsets were de- 
fined at the midpoint of the first bin which exceeded base 
line mean by 2 SDS or more and which also was the first 
of 5 consecutive bins whose mean value met the same 
criterion. Inhibitory response onsets and excitatory re- 
sponse offsets were defined similarly but using 20 consec- 
utive bins; for inhibitory responses only, if the base line 
mean was less than 2 SDS, responses were defined using 
a l-SD requirement. 

Results 

Spontaneous discharge. In general, SU recordings in 
the NE-LC yielded slow, tonic spontaneous discharge (W 
rate = 1.74 f 0.15 Hz; mean f SEM, N = 30 cells). 
However, activity was altered dramatically by mild sen- 
sory stimuli. This effect was most obvious in MU record- 
ings, which typically contained aperiodic impulse bursts, 
each followed by a prolonged period of suppressed activ- 
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Figure 1. Histological localization of recording sites. A sagittal 40-p-thick section through the LC (small arrow) from 
experimental rat brain stained with neutral red is shown. Prussian Blue spot (large arrow) marks iron deposited by recording 
electrode 100 pm ventral to typical LC activity. Calibration bar = 100 pm. 
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Figure 2. Method used to calculate unit response latencies. Latencies of 
excitatory response (R+on and R+off) and of inhibitory response (R=on and 
R-off) were taken at PSTH bins differing from the base line mean (Xbase) by 
predetermined standard deviation (SD) criteria as described under “Materials 
and Methods.” Areas filled with dots and plus and minus signs indicate 
nonsignificant, excitatory, and inhibitory response periods, respectively. Re- 
sponse durations were defined between R on and R off. 

. . 

. : . . . . . 
. . 

1c 

Figure 3. Tone pip-evoked discharge in a single NE-LC 
neuron. Upper panel, Single oscilloscope sweep of analog dis- 
charge trace for one trial. Dots were generated for spikes 
meeting waveform discriminator criteria. Middlepanel, Raster 
display of impulse activity for 40 consecutive trials, in sequence 
from top to bottom. Lower panel, PSTH accumulated for 50 
consecutive trials (bin width = 8 msec). Time axis and tone pip 
onsets (arrow) apply to all panels. ISH and other sensory 
modality PSTHs for this neuron are given in Figure 4. 

ity. These phasic bursts were associated consistently with 
background stimuli in the environment. Upon systematic 
examination, we found that this discharge pattern 
matched sensory-evoked activity characteristic of both 
MU and SU recordings (described below). 

Sensory-evoked discharge. As illustrated in Figures 3 
through 6 and summarized in Table I, NE-LC neurons 
homogeneously responded to mild, non-noxious sensory 
stimuli of many modalities. Auditory, visual, and soma- 
tosensory stimuli all elicited similar patterns of biphasic 
response, consisting of an initial burst of impulses fol- 
lowed immediately by a longer period of decreased activ- 
ity (closely resembling the phasic pattern of “sponta- 
neous” activity in MU recordings described above). 

Table II summarizes response latencies for tone pip 
and flash stimuli. MU recordings consistently yielded 
less variable latencies and fewer response failures than 
SU data. The response properties of NE-LC neurons in 
MU populations were also predominantly homogeneous 
(see Table I and below) as reflected in the markedly 
synchronized response activity among neighboring NE- 
LC neurons recorded simultaneously. MU activity, there- 
fore, may provide more representative latency data than 
SU recordings, owing to the correspondingly larger sam- 
ple of impulses. MU response latencies for tone pip and 
flash stimuli are compared graphically in Figure 7. Excit- 
atory responses to flashes had longer onset latencies than 
did responses to tone pips (for SUs and MUs, p < 0.0005 
by paired t tests, N = 10 and 9, respectively). The same 
relationship existed for excitation offset latencies in these 
two modalities (p c 0.005), as well as for the subsequent 
latencies of inhibitory response onset (for SUs and MUs, 
p < 0.05 by paired t tests, N = 4 and 7, respectively). 
Excitatory response durations were longer for flashes in 
SU data (p < 0.005 by paired t test) but did not differ 
significantly in MU recordings (p > 0.1 by paired t test); 
the difference here between SU and MU data may be a 
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Figure 4. Spontaneous and sensory-evoked discharge in a single NE-LC neuron. The same neuron is shown in all of the panels. 
The tone pip data for this neuron are given in Figure 3. Arrows indicate stimulus onsets. 
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Figure 5. Tone pip-evoked discharge in an NE-LC MU 
recording. Panel format, time scale, and stimuli are as in Figure 
3. ISH and other sensory modality PSTHs for this recording 
are given in Figure 6. 

consequence of the relatively high variability in SU data 
due to the intrinsically small sample of impulse activity 
as noted above. Inhibitory response durations for tone 
pips were longer than for flashes (for SUs, p c 0.01, N 
= 4; for MUs, p < 0.025, N = 7, paired t tests), but the 
latencies of inhibitory response offset were similar for 
the two modalities in both SU and MU recordings (p > 
0.1 by paired t tests). 

Six SU and three MU touch PSTHs were analyzed 
quantitatively; although sync pulses were not synchro- 
nized precisely with somatosensory stimuli, consistent 
response patterns were approximated, SU excitatory re- 
sponse duration = 206.6 + 40.9 msec (mean f SEM) and 
subsequent inhibitory response duration = 532.0 & 58.0 
msec; MU excitatory response duration = 240.0 f 24.0 
msec and subsequent inhibitory response duration = 
605.3 f 127.2 msec. Touches apparently elicited more 
pronounced responses than tone pips or flashes. Simi- 
larly, auditory responses were generally more robust than 
responses to visual stimuli, consistent with the compar- 
atively large number of visual response failures (seen in 
Tables I and II) and flash responses insufficient in mag- 
nitude to permit single trial analysis (see below). It was 
also apparent that touches elicited greater orienting re- 
sponse than tone pips which, in turn, were more effective 
than flashes. Thus, stimulus modalities yielded the same 
order of efficacy for NE-LC unit response and for behav- 
ioral orienting responses. This indicates that NE-LC 
responsiveness may vary with evoked vigilance increase 
more directly than with stimulus modalities per se. 

Several NE-LC recordings were examined with olfac- 
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Figure 6. Spontaneous and sensory-evoked discharge in an NE-LC MU recording. The same MU recording is shown in all of 
the panels. The tone pip data for this recording are given in Figure 5. Arrows indicate stimulus onsets. 

TABLE I 
Proportions of NE-LC recordings exhibiting characteristic discharge properties 

The number of recordings exhibiting each column property over the number of recordings examined. The properties in the columns apply to 
SU and MU recordings, except for spontaneous discharge, as listed. Plus (+) and minus (-) signs indicate excitatory and inhibitory responses, 

respectively. 

LC 
Recording 

su 

MU 

Slow, Tonic 
Spontaneous Discharge 

35/42 

Phasic, Bursty 
Spontaneous Discharge 

52/53 

Initial + Auditory Initial + Visual Initial + Touch 
Response Response Response 

37/38 22/27 24/24 

51/51 42/43 42/42 

Biphasic (+, -) 
Responses in at 

least Two Modalities 

29/30 

46/47 

TABLE II 

Latencies for sensory-evoked responses in NE-LC discharge 
Latencies (mean f SEM) were determined from PSTH analysis using the 2 SD criterion or 1 SD criterion (see “Mater%& and Methods”); note 

that some flash PSTHs did not meet the response criteria. 

Excitation Inhibition 
Stimulation Recording 

onset oset onset Offset 

nmec msec 

Tone pip su 18.0 f 1.0 96.6 f 5.4 (N = 17”) 232.8 f 54.2 610.1 f 66.5 (N = 17: 9” + 8*) 
MU 16.9 f 0.7 97.6 f 5.5 (N = 15O) 122.1 * 10.5 760.9 f 74.9 (N = 15: 12” + 3b) 

Flash su 70.8 f 9.0 324.1 f 52.5 (N = 10’; 961.5 f 143.6 1141.5 f 130.2 (N = 4: 3” + 1’; 
N= 1 NS’) N = 7 NS’) 

MU 52.0 zt 3.7 136.0 f 9.9 (N = 7”) 329.4 f. 68.4 548.6 k 75.6 (N = 7: 6” + I*; 
N=5NS’) 

n Data based on 2 SD criterion. 
* Data based on 1 SD criterion. 

’ NS, no significant response. 
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Figure. 7. Latencies of evoked response in NE-LC discharge for tone pip versus 
flash stimuli. The data are averaged for one group of 7 MU recordings tested with 
both tone pip (T) and flash (F) stimuli. Solid and adjacent dashed vertical lines 
indicate mean and SEM latencies, respectively. Areas filled with dots and plus 
and minus signs indicate nonsignificant, excitatory, and inhibitory response 
periods, respectively. T+on < F+on (p < 0.0005); T+off < F+off (p < 0.005); 
T+dur z F+dnr (p > 0.1); T-on < F-on (p < 0.05); T-off E F-off (p > 0.1); 
T-dur > F-dur (p < 0.05); T-on minus T+off < F-on minus F+off (p < 0.05), 
where T+on, T+off, F+on, and F+off are excitatory response latencies and T-on, 
T-off, F-on, and F-off are inhibitory response latencies; dur refers to response 
duration. Paired t tests were used. 
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Figure 8. Sensory-evoked FPs and unit responses in the NE-LC during fluctuating cortical arousal. Tone pips (at arrows) 
evoke smaller magnitudes of MU response during SWS (high amplitude, low frequency, periodic EEG) than during W (low 
amplitude, aperiodic EEG). The largest amplitudes occur for stimuli that evoke abrupt W from SWS. Differential recordings 
between adjacent microwires are separated into FP and discharge traces as described under “Materials and Methods.” FP 
calibration = 100 PV. MUA, MU activity. 

tory stimuli (acetic acid-soaked swab placed under the 
nose) and painful tail pinches (manually applied). Each 
of the 4 recordings tested with olfactory stimulation 
exhibited an excitatory response, but a subsequent inhib- 
itory response was difficult to identify (perhaps due to 
less abrupt and more prolonged stimulus administration). 
Tail pinches elicited a strong response in all 4 recordings 
tested, yielding a biphasic (excitatory-inhibitory) pattern 
of discharge similar to that characteristic of responses to 
non-noxious auditory, visual, and somatosensory stimuli. 

In contrast to the biphasic response pattern typically 
evoked by sensory stimuli in the above studies, gustatory 
stimulation (during voluntary consumption of a preferred 
5% aqueous glucose solution) elicited only a decrease in 
NE-LC discharge. These responses were most apparent 
in cumulative PSTHs as seen in Figures 4 and 6. Quan- 

titative PSTH analysis yielded the following results: for 
SUs, the latency of inhibitory response onset = 59.0 + 
22.4 msec (mean + SEM) and offset latency = 357.0 + 
32.4 msec (N = 4); for MU recordings, the latency of 
inhibition onset = 44.7 f 16.9 msec and offset latency = 
420.0 f 75.4 msec (N = 6). Gustatory responses were 
unrelated to the motor activity involved in licking, since 
there was no consistent pattern of NE-LC activity in 
PSTHs which were triggered at the onset of every lick in 
an episode (typically 6 to 7 licks/set for about 2 to 3 set); 
consistent NE-LC response occurred only in PSTHs 
which were synchronized with the first lick in each trial, 
i.e., the first lick only for each drop of solution. 

Sensory response magnitudes. In our initial studies, 
NE-LC responses appeared to habituate and dishabi- 
tuate in rapid succession. Typically, the first 5 to 10 
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Figure 9. Sensory-evoked response magnitudes and absolute discharge rates for NE-LC 
neurons as functions of cortical arousal. A, Mean response magnitude for SWS/W trials > W/W 
trials, **p < 0.005; mean W/W magnitude > mean SWS/SWS magnitude, ***p < 0.0005; mean 
SWS/W magnitude > mean magnitude for all trials combined > mean SWS/SWS magnitude, 
p < 0.0005 for each, paired t tests were used. B, Mean absolute discharge rates for 200-msec 
epochs immediately following stimuli grouped in arousal categories and mean spontaneous 
discharge rates for these neurons during tonic W and SWS. The lines connecting data points 
illustrate relative increases in discharge rates. SWS/W > W/W, *p < 0.05; W/W > SWS/SWS, 
**p < 0.0005; SWS/W > all trials combined > SWS/SWS, p < 0.005 for each; W > SWS, p < 
0.005; SWS/W > SWS or W, p < 0.005 for each; W/W > W, p < 0.0005; SWS/SWS > SWS, p 
< 0.0005; paired t tests were used. 

stimuli elicited robust responses, while the following set 
of 5 to 10 stimuli elicited very little or no response, 
followed by pronounced responses to the next few stimuli, 
etc. (see Figs. 3, 5, and 8). Upon closer examination, 
however, we found that these fluctuations in response 
corresponded to changes in the animal’s level of vigilance. 
As illustrated in Figure 8, the magnitudes of response to 
tone pips were correlated directly with EEG arousal. For 
quantitative analysis, each stimulus trial was placed in 
one of three categories according to the S-WC stages 
immediately preceding and following stimulus presenta- 
tion, and response magnitude was calculated for each 
trial (as described under “Materials and Methods”). As 
shown in Figure 9, response magnitudes for tone pips 
presented during uninterrupted waking (W/W) were sig- 
nificantly greater than for those presented during unin- 
terrupted SWS (SWS/SWS) (p < 0.0005 by paired t test, 
N = 16 cells). Furthermore, the largest response magni- 
tudes occurred for tone pips in the SWS/W category, i.e., 
for stimuli that awakened the animal (SWS/W > W/W, 
p < 0.005 by paired t test, N = 13 cells). The mean 
difference (II) between the absolute discharge rates im- 
mediately following stimuli in the SWS/W versus W/W 
category (D = 1.21; SWS/W rate > W/W rate, p < 0.05 
by paired t tests) was not as pronounced or confident as 
the corresponding difference between response magni- 
tudes (D = 3.05). Conversely, the difference between 
response magnitudes in the W/W versus SWS/SWS 
categories (D = 3.05) was smaller than the difference 
between corresponding absolute discharge rates (D = 

4.50). Responses to flash stimuli generally were not suf- 
ficient in magnitude to permit quantitative single trial 
analysis, but similar general results were observed. Mild 
auditory, visual, or somatosensory stimuli presented dur- 
ing uninterrupted paradoxical sleep (PS) elicited no re- 
sponse in the 5 NE-LC recordings examined. No habitu- 
ation of NE-LC response was observed (over 25 to 100 
trials) independent of such changes in the level of vigi- 
lance. 

Sensory-evoked NE-LC responsiveness, as well as 
spontaneous discharge (Aston-Jones and Bloom, 1981), 
was observed to decrease during grooming and sweet 
water consumption, similar to results obtained for sleep 
(above). Furthermore, these three behavioral states also 
were correlated with reduced orienting behavior in re- 
sponse to sensory stimuli. However, any sensory stimulus 
that successfully disrupted such ongoing behavior elicited 
a robust response in NE-LC activity (qualitative obser- 
vations). Thus, tonically reduced NE-LC activity accom- 
panied behavioral states characterized by low levels of 
vigilance, whereas phasic, intense NE-LC discharge cor- 
responded to abrupt increases in vigilance. 

Sensory-evoked field potentials. FPs were evoked in 
the NE-LC by the same sensory stimuli used in the above 
unit studies, yielding waveforms similar to those occur- 
ring spontaneously. As illustrated in Figures 10 through 
13, sensory-evoked FPs (or averaged evoked potentials, 
AEPs) were synchronized temporally with unit responses 
simultaneously recorded from the same electrodes (see 
“Materials and Methods”). A negative FP wave accom- 
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Figure 10. Sensory-evoked FPs and synchronous unit responses in the NE-LC. 
Tone pips (at arrows) evoke MU and FP responses synchronously. Similar FP 
waveforms and synchronous MU bursts spontaneously occur in anticipation of W 
from SWS (between fist and second stimuli). Differential recordings between 
adjacent microwires are separated into FP and discharge traces as described 
under “Materials and Methods.” FP calibration = 100 pV. MUA, MU activity. 

TONE 19 

TONE 50 

RAT 115 

TONE 21 

TONE 43 

IO 
msec 

Figure 11. Analog sensory-evoked NE-LC unit responses 
and FPs. Single oscilloscope sweeps for 2 tone pip trials for each 
of 2 NE-LC recordings are shown. Differential recordings are 
separated into FP and unit traces from the same electrodes as 
described under “Materials and Methods.” Tone pip onsets are 
indicated by arrows. Apparent lag in FP versus unit response 
partially reflects phase shifts in FP signal produced by filtering. 

panied the onset of excitatory unit responses, closely 
followed by a positive FP deflection. Sensory-evoked FP 
magnitudes ranged from 100 to 300 PV in the negative 
component and from 50 to 150 PV in the positive com- 
ponent. 

As found for unit responses (above), the magnitudes of 
sensory-evoked FPs fluctuated with changes in vigilance. 
FPs in the SWS/W category were apparently larger than 
those in the W/W category which, in turn, were generally 
larger than FPs in the SWS/SWS category (illustrated 
in Figs. 8 and 14). In contrast to unit activity, however, 
FPs continued to be evoked in the NE-LC during PS 
(Fig. 15) although with smaller amplitudes than those 
typically elicited during other S-WC stages. 
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Topographical specificity. The NE-LC was divided 
histologically into quadrants (Aston- Jones and Bloom, 
1981) to test for possible topographical segregation of 
unit response properties. There were no differences in 
Table I properties for SU or MU recordings in different 
quadrants. Similarly, one-way analyses of variance for 
response latencies across quadrants yielded no significant 
differences (for SUs, p > 0.05, N = 5,4,4, and 4 for tones 
and 3, 3, 3, and 2 for flashes in the dorsoanterior (DA), 
ventroanterior (VA), dorsoposterior (DP), and ventro- 
posterior (VP) quadrants, respectively; for MUs,p > 0.05, 
N = 7, 3, 3, and 2 for tone pips and 5, 0, 3, and 1 for 
flashes in the DA, VA, DP, and VP quadrants, respec- 
tively) . 

However, when comparing quadrants for response 
magnitudes, some significant differences emerged. Only 
DP neurons exhibited SWS/W magnitudes that were 
significantly greater than those in the W/W category ( p 
c 0.05 by paired t test, N = 3 cells; p > 0.1 by paired t 
tests in the DA and VA quadrants, N = 7 and 2 cells, 
respectively; the VP quadrant was not analyzed as there 
was only 1 cell common to these categories). Also, re- 
sponse magnitudes for DP neurons were significantly 
greater in the W/W than in the SWS/SWS category at 
the p < 0.01 level .(by paired t test, N = 4 cells), while 
cells in the VA quadrant yielded a similar difference at 
the p < 0.05 level only (by paired t test, N = 4 cells), and 
DA cells exhibited no significant difference (p > 0.1 by 
paired t test, N = 7 cells); the VP quadrant was not 
analyzed (as N = 1 cell common to these categories). 
One-way analyses of variance revealed a significant effect 
of quadrant for response magnitudes in the W/W cate- 
gory only (p < 0.02, N = 16 cells). Subsequent t tests 
revealed that DP response magnitudes in the W/W cat- 
egory were significantly greater than those for cells in the 
VA quadrant at the p < 0.005 level (N = 4 cells in each 
quadrant), while neurons in the DA quadrant (N = 7 
cells) yielded significantly higher W/W magnitudes than 
those in the VA quadrant at the p c 0.05 level only; the 
VP quadrant was not analyzed (as N = 1 cell for this 
category). Thus, cells in the DP quadrant tended to 
exhibit larger responses to tone pips during W than other 
NE-LC neurons. This also appeared to be true for flash 
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Figure 12. Sensory averaged evoked potential (AEP) and corresponding SU PSTH for one NE-LC 
recording site. Differential recordings are separated into FP and unit traces from the same electrodes as 
described under “Materials and Methods.” Both records were accumulated for the same tone pip trials 
(onsets at arrow). The PSTH time axis serves for both records. PSTH bin width = 1 msec. 

responses, but quantitative comparison across quadrants 
was precluded by an insufficient number of cells amena- 
ble to single trial analysis; however, of the 3 cells with 
response magnitudes permitting that analysis, 2 were in 
the DP quadrant. 

During the course of these studies, we noted that 
anomalous activity was exhibited often by NE-LC neu- 
rons situated near an edge of the nucleus. We compared 
our results for neurons located within about 50 pm on 
either side of NE-LC boundaries (edge cells) with results 
for neurons located more centrally. Thirteen of the 14 
exceptions in Table I SU properties were from edge cells 
as were all 3 exceptions in MU properties. However, 
PSTHs for SU and MU edge recordings yielded response 
latencies similar to those for non-edge recordings (p > 
0.1 by t tests; N = 5 edge and 12 non-edge SUs for tone 
pips, N = 2 edge and 8 non-edge SUs for flashes; N = 2 
edge and 13 non-edge MUs for tone pips; there were 
insufficient cases to compare inhibitory flash response 
latencies or MU excitatory flash response latencies). 

Qualitative data collected on 91 non-LC pontine SUs 
during the course of these studies are summarized in 
Table III. Comparing Table I with Table III reveals that 
a relatively small percentage of non-LC pontine neurons 
exhibited discharge properties that were characteristic of 
NE-LC neurons (percentages differ between correspond- 
ing properties in Table I and Table III atp c 0.001 by x2 
tests for two independent samples). There were too few 
non-LC neurons quantitatively examined to compare 
their latencies or durations with NE-LC neurons confi- 
dently. 

Discussion 

The present results expand the set of characteristic 
properties for NE-LC activity in unanesthetized behav- 
ing rats (Aston-Jones and Bloom, 1981). These neurons 
exhibit prompt, biphasic responses to non-noxious audi- 
tory, visual, and somatosensory stimuli. Such responses, 
consisting of a short burst of impulses followed by a 
prolonged silence, typically are exhibited for each stim- 



The Journal of Neuroscience Rat Locus Coeruleus Neurons Respond to Non-noxious Stimuli 897 

LC AEP- 50 SWEEPS 

,  I  I  
h--M- 

=o LC MUA - PSTH - 50 SWEEPS 
UO a- 9 I.0 
0-l 
5 
& 
u9 

3 

0 
0 

N 

0 

: 

T( JE 
PI PS 

TIME - MSEC 

Figure 13. Sensory averaged evoked potential (AEP) and corresponding MU PSTH for one NE-LC recording site. Recordings 
were obtained and data are illustrated as described for Figure 12. 
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Figure 14. Sensory averaged evoked potential (AEP) mag- 
nitudes in NE-LC as a function of cortical arousal. Three AEPs 
generated from a single series of consecutive tone pip trials are 
segregated by cortical arousal categories. Magnitudes were nor- 
malized for number of trials. Above each AEP is the correspond- 
ing mean number of MU impulses (from the same electrodes) 
per trial. Differential recordings, O.l- to 150-Hz bandpass filter- 
ing for FP trace. 
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Figure 15. Sensory averaged evoked potential (AEP) in the 
NE-LC during PS. Sweeps incorporated in the upper trace were 
triggered at the tone pip onsets (arrows; 4-set interval). The 
lower trace was generated from the same PS recording epoch 
(on tape), but the sweeps were triggered at regular 5-set inter- 
vals, independent of stimulus presentations. Differential record- 
ings, O.l- to 150-Hz bandpass filtering. 



898 Aston- Jones and Bloom Vol. 1, No. 8, Aug. 1981 

TABLE III 
Proportions of non-LCpontine SU recordings with dischargeproperties characteristic of NE-LC neurons 

The format is the same as in Table I. Properties in the columns apply to all pontine recording locations. 
- 

Recording Location 
Slow, Tonic 

Spontaneous Rate 
Initial + 
Auditory 

Initial + 
Visual 

Initial + 
Somatesthetic 

Biphasic (+, -) 
Responses for at 

least Two Modalities 

50 to 250 pm from LC 
Parabrachial nuclei 
Mesencephalic reticular formation 
Pontine reticular formation 
Mesencephalic nucleus V” 

Central gray 

300 to 3000 pm from LC 
Parabrachial nuclei 
Mesencephalic reticular formation 

Pontine reticular formation 
Mesencephalic nucleus V” 

Central gray 

l/6 
o/2 
3/10 

o/4 

l/8 

l/2 
3/19 

2/28 

2/5 
l/7 

I/5 

3/5 

213 

3/7 

O/l 
2/g 
7/15 

I/3 

5/5 

n Nucleus of the fifth cranial nerve. 

ulus modality in individual NE-LC recordings. In con- 
trast, these neurons exhibit only inhibitory responses to 
voluntarily consumed, preferred gustatory stimuli. Thus, 
NE-LC discharge is characterized by polysensory respon- 
siveness, yielding two modality-specific patterns of 
evoked activity. 

Tone pip response latencies were 30 to 50 msec shorter 
than for flash stimuli; this difference may be attributable 
to retinal transmission time, estimated at 30 msec in cat 
(Creutzfeldt, 1970). These auditory response latencies 
approximate the latencies reported for similar responses 
to electrical stimulation of certain peripheral nerves 
(Aghajanian et al., 1977; Takigawa and Mogenson, 1977). 

Excitatory response magnitudes fluctuated during 
trains of stimuli in the present study, which might be 
interpreted as habituation and dishabituation in the NE- 
LC. However, these fluctuations were associated system- 
atically with simultaneous changes in the level of vigi- 
lance so that the largest responses occurred for stimuli 
that awakened rats and the smallest were elicited by 
identical stimuli during uninterrupted sleep. Although 
habituation of NE-LC responsiveness may eventually 
occur dissociated from vigilance changes, none was ob- 
served here with up to 100 consecutive stimuli. Sensory 
response magnitudes also were apparently reduced for 
certain behaviors within active waking, i.e., during 
grooming or consumption of sweet water, times when 
behavioral orienting responses were suppressed. How- 
ever, stimuli that successfully interrupted either of these 
behaviors elicited robust responses in NE-LC neurons. 
Thus, sensory-evoked activity in the NE-LC, like spon- 
taneous discharge (Aston-Jones and Bloom, 1981), is 
suppressed tonically during sleep, grooming, and con- 
sumption but is phasically enhanced when such ongoing 
behavior is disrupted, corresponding to a change in be- 
havioral state. 

Mild sensory stimuli also evoked FPs in the NE-LC, 
eliciting waveforms closely resembling those occurring 
spontaneously. Similar events have been observed re- 
cently in the LC area by Kaufman and Morrison (1981) 
in unanesthetized behaving rats, but their use of large 
diameter electrodes makes it difficult to specify sites 
which generate recorded signals. The present study, how- 

l/2 

I/3 

I/l 

2/4 

O/l OP 
z/7 4/12 
2/12 2/12 

o/2 l/2 
l/l 5x2 

o/2 

I/4 

3/3 

I/4 

ever, provides more definitive evidence that FPs do arise 
from NE-LC activity: (1) FPs were recorded from sites 
discretely localized to the NE-LC. (2) FPs were obtained 
with monopolar etched tungsten microelectrodes as well 
as with differential pairs of adjacent microwire elec- 
trodes. Both of these recording techniques probably mon- 
itor activity from a relatively small volume of tissue only. 
(3) FPs were synchronized temporally with unit activity 
simultaneously recorded from the same electrodes. In 
particular, the negative FP component typically was 
accompanied by a burst of unit impulses, as expected for 
neurons that generate the corresponding FP current sink 
(Steriade and Hobson, 1976). (4) NE-LC neurons were 
generally homogeneous in their discharge properties, and 
neurons in MU populations were synchronized markedly 
during bursts of impulses. Such concerted activity in a 
tightly packed group of cells fulfills theoretical require- 
ments (Steriade and Hobson, 1976) for sites generating 
FPs and implies that NE-LC neurons may function as a 
homogeneous ensemble. 

The relationship between sensory response magni- 
tudes in the NE-LC and vigilance levels implies that 
there are two significant, distinct influences on NE-LC 
activity: (1) excitatory inputs mediating sensory-evoked 
discharge and (2) inhibitory systems that modulate NE- 
LC excitability according to vigilance or behavioral state. 
The present FP data offer additional insight as to the 
factors controlling NE-LC activity. Spontaneous and sen- 
sory-evoked FPs without unit activity during PS may 
reflect concerted excitatory postsynaptic potentials in 
the presence of strong, tonic inhibition which prevents 
discharge. Phasic, excitatory inputs concurrent with 
tonic, inhibitory inputs resemble factors known to be 
operating on motoneurons during PS (Chase, 1980), 
where impulse generation is prevented despite intense 
excitatory barrages. This would be consistent with pre- 
vious proposals (McCarley and Hobson, 1975) that NE- 
LC discharge is incompatible with PS and would suggest 
that suppression of these neurons plays a critical role in 
PS episodes. 

Future experiments are planned to determine if vary- 
ing intensities of excitatory and inhibitory inputs to NE- 
LC neurons similarly underlie certain present results for 
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W and SWS as well. Increased inhibition during SWS, 
grooming, and consumption could produce the corre- 
sponding decreases observed in spontaneous and sensory- 
evoked impulse activities. Thus, the NE-LC may inte- 
grate CNS signals that reflect external sensory events 
with those that convey internal vegetative requirements. 
The relative intensities of activity in these two afferent 
systems could determine the level of NE-LC discharge 
which then may influence the global orientation of brain 
and behavioral activities. 

Although some sensory response characteristics of NE- 
LC neurons in unanesthetized behaving rats resemble 
results reported for anesthetized rats, many fundamental 
properties differ markedly. Previous studies (Graham 
and Aghajanian, 1971; Bunney et al., 1975; Cedarbaum 
and Aghajanian, 1976; Aghajanian et al., 1977; Bird and 
Kuhar, 1977; Aghajanian, 1978), as well as our own ob- 
servations, indicate that these cells in anesthetized ani- 
mals respond only to strong, noxious environmental stim- 
uli. In contrast, we found that mild, non-noxious sensory 
stimuli of many modalities elicit pronounced NE-LC 
responses in unanesthetized behaving preparations. In 
our unanesthetized preparation, pronounced lability was 
observed in spontaneous NE-LC discharge with MU 
recordings, apparently resulting from responses to back- 
ground environmental stimuli. (Such bursty discharge 
was less apparent in spontaneous SU activity, probably 
due to the smaller sampling of impulse activity.) In fact, 
increased sensory responsivity is the most prominent 
difference between behaving and anesthetized rats’ NE- 
LC discharge. Reduced responsivity under anesthesia 
may correspond to the relationship between response 
amplitude and vigilance found in the present study. By 
maintaining a low vigilance level, anesthesia may de- 
crease NE-LC sensory responsiveness much like sleep 
does in unanesthetized rats. The ineffectiveness of most 
sensory stimuli in anesthetized rats has led some inves- 
tigators to propose that the NE-LC system is involved 
primarily in nociception, fear, or anxiety (Lader, 1974; 
Gray et al., 1975; Redmond and Huang, 1979). The pres- 
ent results indicate a much broader range of environmen- 
tal influences on NE-LC discharge, and therefore, a more 
general role for this system in brain and behavioral 
activity. 

Summary and Hypothesis 

The studies described here and in the preceding (As- 
ton-Jones and Bloom, 1981) paper have demonstrated 
the following set of characteristic properties for NE-LC 
neurons. (1) Spontaneous discharge co-varies with stages 
of the S-WC, exhibiting rates directly related to the level 
of vigilance. (2) Spontaneous discharge fluctuates with 
and anticipates phasic cortical epochs (spindle activity 
during SWS) as well as tonic cortical periods (S-WC 
stages, except W after PS). (3) Discharge is not appar- 
ently linked to specific movements but does correspond 
to orienting, grooming, and consumption behaviors. (4) 
FPs occur spontaneously in the NE-LC and are synchro- 
nized temporally with unit activity (during W and SWS) 
simultaneously recorded from the same electrodes. (5) 
Biphasic FPs and synchronous unit responses are evoked 
by mild, non-noxious environmental stimuli of many 
modalities. (6) Spontaneous and sensory-evoked FPs 

persisted during PS in the virtual absence of unit activity. 
(7) Spontaneous as well as sensory-evoked activity is 
reduced tonically during sleep, grooming, and consump- 
tion but is enhanced phasically when such behaviors are 
interrupted. (8) SU and MU recordings throughout the 
NE-LC yield homogeneous discharge properties. 

Our present results, together with previous data on the 
postsynaptic effects of NE (Foote et al., 1975; Segal and 
Bloom, 1976a, b; Freedman et al., 1977), lead us to re- 
evaluate proposals of NE-LC function and to offer a new 
working hypothesis for the role of this system in brain 
and behavioral activity. A global release of NE (e.g., 
following environmental stimulation that elicits robust 
NE-LC discharge) may enhance signals in brain systems 
engaged by exogenous sensory stimuli and simultane- 
ously suppress CNS activity associated with tonic vege- 
tative functions which are low in priority for phasic 
adaptive behavior. Sleep, grooming, and consumption, as 
endogenously generated repetitive behaviors, may criti- 
cally depend upon low levels of NE-LC impulse activity: 
vigorous discharge may disrupt or disengage such inter- 
nally oriented behavioral patterns by enhancing signal- 
to-noise characteristics (and, therefore, transmission 
flow) in CNS pathways important for appropriate re- 
sponse to unexpected external events. We propose, there- 
fore, that the NE-LC system may function to facilitate 
transitions between behavioral states. By selectively aug- 
menting CNS activity engaged by rapidly changing ex- 
ogenous stimuli, robust NE-LC discharge may bias the 
global orientation of behavior toward coping with phas- 
ically imperative events in the external environment. 
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