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Single-Unit Response of Noradrenergic Neurons in the Locus
Coeruleus of Freely Moving Cats. Il. Adaptation to Chronically

Presented Stressful Stimuli

Elizabeth D. Abercrombie and Barry L. Jacobs

Program in Neuroscience, Department of Psychology, Princeton University, Princeton, New Jersey 08544

The preceding paper described a stress-related tonic acti-
vation of noradrenergic neurons of the locus coeruleus (LC)
of behaving cats. The present study examined the degree
to which adaptation to stress was reflected in LC unit activity.
Adaptation was defined as a reduction in the magnitude of
the physiological stress response of the animal, as reflected
in plasma norepinephrine level and heart rate. Adaptation
of the physiological stress response occurred after 5 re-
peated hourly presentations of 100 dB white noise and after
2 hr of restraint. When these stimuli ceased to elicit signif-
icant sympathoadrenal activation, they likewise ceased to
elicit activation of LC single-unit activity. These results pro-
vide further support for the hypothesis that tonic elevations
in LC neuronal activity are stress related and that the LC is
involved in the CNS response to challenges to the organism.

In the preceding paper (Abercrombie and Jacobs, 1987) a sus-
tained stress-specific increase in the single-unit activity of locus
coeruleus (LC) neurons was demonstrated. The present exper-
iment was designed to examine the responses of these neurons
during adaptation to stress. It is well known that the stress
response is not immutable (see below). A stimulus that may be
stressful at one time may not be at another—adaptation may
occur so that the physiological response to the stimulus is re-
duced or eliminated. The prediction of the present experiment
was that the responses of LC neurons to stressful stimuli should
display a temporally parallel adaptation to that occurring with
repeated or prolonged stress.

Adaptation, in the present studies, is defined as a significant
reduction in the magnitude of the stress response of the animal,
possibly returning to basal levels. The stress response was mea-
sured, as in the preceding paper, by changes in plasma norepi-
nephrine (NE) and heart rate.

Adaptation to repeated stressors has been shown to be man-
ifested as changes in both peripheral and central NE release. For
example, rats exposed to repeated immobilizations show a
smaller plasma NE response to subsequent immobilization than
nonadapted rats exposed to this stimulus for the first time (Kvet-
nansky et al., 1979). In a study employing foot-shock stress
(Stone and McCarty, 1983), it was found that rats subjected to
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chronic foot-shock did not show the augmented stress-induced
release of central NE seen after acute foot-shock.

In a systematic study of the physiological and biochemical
concomitants of restraint stress in rats, Keim and Sigg (1976)
reported that signs of adaptation appeared when rats were re-
strained for increasing periods of time. Adrenal NE showed a
peak increase after 30 min of restraint and returned to near
control values by 2 hr. NE content in the brain was also altered
over the course of prolonged restraint. While brain-stem NE
remained unchanged, hypothalamic NE decreased, gradually
returning to control level. These data, as well as those discussed
above, suggest that adaptation to these stressors, and possibly
to others, is correlated with a reduction in the size of both the
peripheral and central NE response to stress. The present ex-
periment directly examines this issue at the single-unit level.

To our knowledge, adaptation to stressors has never been
examined in the conscious cat. For this reason, plasma NE and
heart rate responses to 5 hourly repeated presentations of 15
min of 100 dB white noise and to continuous restraint for 2 hr
were examined. This was done to document adaptation of the
stress response under these conditions in behaving cats.

Materials and Methods

The general methods for the present experiment were identical to those
described in the preceding paper (Abercrombie and Jacobs, 1987). Stressor
methodology and data analyses differed in certain time parameters, as
described below.

Repeated white noise. Cats were exposed to 15 min of 100 dB white
noise once per hour for a total of 5 presentations. Unit activity and
heart rate were recorded continuously during these periods, as well as
for 15 min afier each noise offset. Plasma NE levels were examined at
15 min before, minutes 1 and 15 during, and 15 min after noise for the
first presentation of the white noise. During the fifth presentation of the
white noise, plasma NE was determined for minutes 1 and 15 of the
stimulus.

Prolonged restraint. Restraint was maintained for 2 hr, during which
both unit activity and heart rate were recorded continuously. The re-
cording session continued for 15 min following the termination of re-
straint. Plasma samples obtained 15 min before, 1, 15, and 120 min
during, and 15 min after restraint were analyzed.

Data analysis. Plasma NE values were analyzed using ANOVA with
repeated measures and post hoc tests to evaluate the significance of
difference from baseline. The heart rate values obtained in parallel with
the plasma samples were analyzed in an identical manner, The Pearson
correlation coefficient was determined for the plasma NE and heart rate
response of individual animals for each manipulation.

The unit data for adaptation to white noise were analyzed by calcu-
lating the mean discharge rate of the cells studied during minutes 1, 5,
10, and 15, as well as 15 min after each consecutive presentation. These
mean discharge rates were obtained from 6 consecutive 10 sec time
samples and expressed as spikes/sec = SEM. The unit responses to the
first presentation and the fifth presentation of the noise were analyzed
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Figure 1. Plasma NE (solid bars) and accompanying heart rate (circles)
responses to presentation #1 (leff) and presentation #5 (right) of white
noise (n = 7). Data shown are means = SEM. *, significantly greater
than baseline (p < 0.05). BL, baseline; I, minute 1 of manipulation;
15, minute 15 of manipulation; P, 15 min postmanipulation.

using one-way ANOVA with repeated measures. Post-hoc tests were
used to compare firing rates within presentations 1 and 5 to the active
waking (AW) baseline firing level. Presentations 1 and 5 were chosen
for analysis a priori since the time course of adaptation to this stimulus
could not be predicted beforehand. The overall effect of repeated ex-
posure to the white noise on LC unit activity was assessed with a 2-way
(presentation x time) repeated measures ANOVA. Duncan’s post hoc
test was employed to examine differences between presentations.

The unit responses to 2 hr restraint were determined for minutes 1,
5, 10, 15, 30, 60, 90, and 120, as well as 15 min after stimulus (obtained
from 6 consecutive 10 sec time samples as spikes/sec + SEM). These
values were then analyzed using one-way ANOVA with repeated mea-
sures and post hoc tests to assess the significance of difference from AW
baseline.

The heart rate changes accompanying the unit changes in response
to repeated white noise and prolonged restraint were analyzed using
statistical tests identical to those described above.

Results

Plasma NE and accompanying heart rate responses

Repeated white noise. The effects of 5 repeated hourly presen-
tations of 15 min of 100 dB white noise on plasma NE levels
and heart rate were examined in 7 cats (Fig. 1). The data for
the first white noise presentation are those of the preceding paper
(Abercrombie and Jacobs, 1987). Plasma NE was significantly
increased over baseline at minutes 1 (146%) and 15 (100%),
whereas by 15 min poststimulus it was no longer significantly
elevated. The data from minutes 1 and 15 of the fifth white
noise presentation showed that, although plasma NE was slightly
increased at these time points (51 and 34%, respectively), the
levels were not significantly greater than baseline.

Parallel changes in heart rate were obtained in response to
repeated white noise. Significant elevations in heart rate were
obtained during minutes 1 and 15 of the first stimulus presen-
tation. Heart rate showed significant elevations from a baseline
level of 143 + 9 beats/min to 213 + 13 and 198 + 15 beats/
min at minutes 1 and 15, respectively. By the fifth presentation,
however, the stimulus no longer elicited a significant heart rate
increase at either minute 1 or 15, although a modest rise was
observed, i.e., 161 + 10 beats/min at minute 1 and 164 + 10
beats/min at minute 15.

Prolonged restraint. Plasma NE levels and heart rate were
studied in 7 cats over the course of 2 hr of restraint (Fig. 2). In
agreement with results reported in the preceding paper (Aber-
crombie and Jacobs, 1987), plasma NE showed a significant
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Figure 2. Plasma NE (solid bars) and accompanying heart rate (circles)
responses to prolonged restraint (# = 7). Data shown are means = SEM.
*, significantly greater than baseline (p < 0.05). BL, baseline; I, minute
1 of manipulation; 15, minute 15 of manipulation; 120, minute 120
of manipulation; P, 15 min postmanipulation.

increase over baseline levels at minutes 1 (222%) and 15 (150%)
of the stimulus. By minute 120, however, the plasma NE level
was no longer significantly different from baseline (27% over
baseline). By 15 min after restraint, NE levels were also not
significantly different from baseline (10% over baseline).

The changes in heart rate in response to 2 hr of restraint were
quite similar to the plasma NE changes. That is, heart rate was
significantly elevated over baseline (160 + 15 beats/min) at
minutes 1 (216 + 8 beats/min) and 15 (197 + 3 beats/min) but
was no longer significantly increased at minute 120 (177 + 13
beats/min). Heart rate 15 min after restraint (172 + 13 beats/
min) was likewise not significantly different from baseline.

The Pearson correlation coefficients obtained for the plasma
NE and heart rate responses of each animal for these manipu-
lations showed these 2 variables to be highly correlated. The
means of these values were r = 0.87 for repeated white noise
and r = 0.86 for prolonged restraint.

LC unit activity and accompanying heart rate responses

Repeated white noise. The LC NE unit response to 5 repeated
hourly presentations of 15 min of 100 dB white noise was stud-
ied in 6 cells along with the concomitant effects on heart rate
(Fig. 3). In response to the first presentation of the noise, unit
activity showed a highly significant increase [F(5,25) = 8.44,
p = 0.0001]. The increase was significantly greater than baseline
at each time point examined during the stimulus. Mean unit
activity was 2.0 £ 0.3 spikes/sec during the first minute com-
pared with 0.8 = 0.2 spikes/sec during AW. Unit activity was
no longer significantly different from baseline at 15 min after
noise offset (0.7 = 0.2 spikes/sec). By the fifth presentation of
the white noise, no significant increases in mean unit activity
were elicited despite an overall effect [F(5,25) = 5.15, p = 0.03].
The significance of the overall effect was due to the fact that the
level of activity 15 min poststimulus (0.4. + 0.1 spikes/sec) was
significantly lower than AW baseline. The highest rate of unit
activity obtained during the fifth presentation was 0.8 + 0.1
spikes/sec during minute 1.

Much the same pattern was observed for the heart rate re-
sponses recorded simultaneously. That is, in response to the first
presentation of the white noise, heart rate increased significantly
[F(5,25) = 25.82, p < 0.0001]. At minute 1, heart rate was
190 + 6 beats/min compared with a baseline level of 154 + 3
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Figure 3. Comparison of LC NE unit (fop) and accompanying heart
rate (bottom) responses to presentation #1 (solid lines) and presentation
#5 (broken lines) of white noise (n = 6). Data shown are means + SEM.
*, significantly greater than baseline (p < 0.05). BL, baseline; /, minute
1 of manipulation; 5, minute 5 of manipulation; /0, minute 10 of
manipulation; 15, minute 15 of manipulation; P, 15 min postmanip-
ulation.

beats/min. This increase was evident over the entire 15 min
period. Heart rate returned to baseline levels by 15 min after
noise offset (161 =+ 5 beats/min). By the fifth presentation,
the noise no longer elicited significant changes in heart rate
[F(5,25) = 1.14, p = 0.37]. The mean heart rate during minute
1 was 161 = 7 beats/min.

An ANOVA examining the NE unit responses over time to
each of the 5 presentations of the white noise revealed a sig-
nificant interaction of presentation and time [F(4,25) = 3.77,
p = 0.02]. Post hoc tests showed that the mean levels of unit
activity during minutes 1, 5, 10, and 15 of the first presentation
were significantly greater than those observed at the same time
points during the fifth.

A significant interaction of presentation and time was also
found for heart rate [F(4,25) = 2.68, p = 0.05]. The heart rate
levels at minutes 1, 5, 10, and 15 of the first white noise pre-
sentation were significantly greater than the corresponding heart
rate levels during the fifth presentation.

Prolonged restraint. The effect of 2 hr of restraint on LC unit
activity was examined in 6 cells (Fig. 4); parallel changes in
heart rate were also studied. The overall effect on unit activity
was found to be highly significant [F(8,40) = 4.66, p = 0.0004].
Post hoc tests revealed a significant elevation in unit activity at
minutes 1, 3, 10, and 15 of the stimulus compared with baseline.
Mean unit activity was 2.2 + 0.4 spikes/sec during the first
minute compared with 0.8 + 0.1 spikes/sec during AW. By
minute 30, and for the remaining duration of the stressor, unit
activity was no longer significantly different from baseline levels.

An examination of the corresponding changes in heart rate
produced similar results. The overall effect was significant
[F(8,40) = 3.42, p = 0.004], with post hoc tests revealing sig-
nificant elevations over baseline at minutes 1, 5, 10, 15, 30, and
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Figure 4. Summary of LC NE unit (top) and accompanying heart rate
(bottom) responses to prolonged restraint (» = 6). Data shown are means +
SEM. *, significantly greater than baseline (p < 0.05). BL, baseline; I,
minute 1 of manipulation; 5, minute 5 of manipulation; /0, minute 10
of manipulation; /5, minute 15 of manipulation; 30, minute 30 of
manipulation; 60, minute 60 of manipulation; 90, minute 90 of ma-
nipulation; 120, minute 120 of manipulation.

60. Mean heart rate was 183 + 9 beats/min during minute 1
compared with a baseline of 154 + 5 beats/min. Heart rate
declined to a level not significantly different from baseline by
minute 90, remaining at that level for the duration of the stim-
ulus.

Discussion

The first part of the present experiment examined the adaptation
of the physiological stress response to repeated or prolonged
stressors in behaving cats. Adaptation was defined as a reduction
in plasma NE and heart rate from significantly elevated levels
to levels no longer significantly different from baseline. These
parameters were examined in response to 5 repeated hourly
presentations of 15 min of 100 dB white noise and a single 2-hr-
long restraint.

We have previously shown (Abercrombie and Jacobs, 1987)
that both plasma NE and heart rate were significantly elevated
when sampled 1 and 15 min after onset of either white noise
or restraint. Upon further investigation, the present study dem-
onstrated that adaptation to both repeated white noise and pro-
longed restraint occurred. When white noise was presented for
a fifth time, neither plasma NE nor heart rate responded with
a significant increase. Similarly, when plasma NE and heart rate
were examined over the course of 120 min restraint, the initial
significant elevation in these measures was found to have adapt-
ed. Thus, the physiological response to repeated or prolonged
stressors significantly diminished despite the fact that the phys-
ical nature of the stimuli remained unchanged.

The 2 variables, plasma NE level and heart rate, were highly
correlated during adaptation to stress. These results provide



further support for the use of tonic heart rate as an index of
sympathoadrenal activation under the conditions of the present
experiments. Thus, in those cats in which LC unit activity was
studied, it was also found that white noise failed to elicit a
significant increase in heart rate by the fifth presentation and
that heart rate was no longer significantly elevated by 120 min
during restraint. On the basis of these observations it is con-
cluded that adaptation of the stress response in behaving cats
occurs in response to the repeated presentation of 100 dB white
noise or prolonged application of restraint.

Having established that adaptation to white noise and re-
straint did occur under the conditions of the present experiment,
the response of LC units over the course of adaptation was
examined. It was predicted that if the activity of LC neurons
was stress related, as indicated in the preceding paper (Aber-
crombie and Jacobs, 1987), then the response of these neurons
to stressful stimuli would adapt in parallel with the adaptation
of the physiological stress response.

In response to the first presentation of the white noise, LC
units displayed a significant, sustained increase in firing rate that
is in agreement with the results of the preceding paper (Aber-
crombie and Jacobs, 1987). By the fifth presentation of the noise,
however, the firing rate of the LC neurons studied showed no
significant response to the stimulus. This lack of response to the
fifth presentation of white noise was not attributable to broad-
frequency adaptation in the auditory system since a similar brief
excitatory unit response to a click was obtained in these neurons
during baseline and after the fifth white noise presentation (E.
D. Abercrombie and B. L. Jacobs, unpublished observations).

LC unit activity showed a significant, sustained increase over
the first 15 min of the 2 hr restraint and then declined to levels
not significantly different from baseline for the remainder of the
stimulus.

Taken together with the results of the preceding paper, the
present study provides additional evidence that the activity of
LC neurons does indeed increase in association with sympa-
thoadrenal activation (Elam et al., 1986; Reiner, 1986; Morilak
et al., 1987a, b). In the present study, the relationship between
sympathoadrenal activity and LC unit activity was extended to
include adaptation to stress. When a significant sympathoad-
renal activation in response to the stimuli examined was no
longer apparent, activation of LC neurons was also no longer
evident.

The data of both this and the preceding paper, although sup-
porting the idea that central and peripheral NE systems are
activated in parallel, do not necessarily imply, however, that
the 2 systems in question are functioning in a fixed interdepen-
dent manner. Previous studies have shown that various so-
matosensory and autonomic stimuli elicit a virtually parallel
activation of LC neurons and peripheral sympathetic nerves in
anesthetized rats (Elam et al., 1984, 1986). The parallelism be-
tween LC activity and sympathetic nerve activity observed in
these aforementioned studies was not absolute, however. For
example, the response of LC neurons to prolonged noxious ther-
mal stimulation of the tail in anesthetized rats was shown to
attenuate completely within a few minutes, whereas peripheral
sympathetic nerve activity remained elevated throughout the
stimulation. Likewise the response of LC neurons in unanes-
thetized cats to both hypotension and hypoglycemia has been
shown to diminish more rapidly than the concomitant sym-
pathoadrenal activation (Morilak et al., 19874, b). A somewhat
similar dissociation was indicated in the present study. During
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the course of prolonged restraint stress, for example, the re-
sponse of LC neurons appeared to adapt more quickly than the
sympathoadrenal response reflected by heart rate (see Fig. 4).
These results, although far from conclusive, support the idea
that the central and peripheral NE systems function in a parallel,
complementary fashion, rather than being inextricably linked.

The data of the present studies point to a discriminative ca-
pacity in the response of LC NE neurons to environmental
stimuli. That is, a threshold seems to exist that stimuli must
exceed in order to evoke more than a transient activation of the
LC. Furthermore, when stimuli no longer exceed this threshold,
LC is no longer tonically activated. These results fit nicely with
the hypothesis that LC is involved in responding to stimuli of
urgency to the well-being of the organism (Amaral and Sinna-
mon, 1977; Grant and Redmond, 1984; Aston-Jones, 1985;
Elam et al., 1986; Jacobs, 1986). The ultimate consequence of
this activational specificity in terms of postsynaptic action pre-
sumably would be to augment the preparedness of the organism
to cope effectively with stressful conditions. The analogy to the
function of the sympathetic ganglia is once again apparent.

Finally, the results of the present studies indicate that LC
neurons may play a critical role in the etiology of stress-related
disorders resulting from repeated or prolonged stress to which
adaptation fails to, or cannot, occur. These might include, among
others, hypertension, insomnia, and ulcers.

Summary

The present experiment is the first to examine the degree to
which adaptation to stress is reflected in the activity of a group
of brain neurons in behaving animals. We have shown that when
stressful environmental stimuli lose their ability to evoke a sig-
nificant sympathoadrenal activation, they likewise fail to elicit
a significant activation of LC neurons. These data are supportive
of the hypothesis that the activity of LC neurons is stress related
and that the LC is involved in the CNS response to challenges
to the organism.
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