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Opioid agonists are known to inhibit the activity of locus 
coeruleus (LC) neurons. In this study, microinjections of the 
p-opioid agonist [D-Ala*, f&Me-Phe4, Gly5-ol]-enkephalin 
(DAMGO; 1.6 NM) bilaterally into the LC caused a significant 
impairment in the development of a heart-rate (HR) condi- 
tioned response (CR). The adverse effect of DAMGO on the 
HR CR could be reversed with naltrexone pretreatment. Mi- 
croinjections of DAMGO into the periaqueductal gray, para- 
brachial nucleus, or fourth ventricle structures l-2 mm away 
from the LC had no effects on the development of an HR CR. 
We conclude that central noradrenergic activity as mediated 
by the LC is critically involved in the learning and retention 
of conditioned cardiovascular responses. 

Previously we have shown that rostra1 fourth ventricle admin- 
istration of the K-opioid agonist D-Ala2-Met-enkephalinamide 
(DALA) blocked the development of a heart-rate (HR) classi- 
cally conditioned response (CR) in rats without affecting the HR 
unconditioned response (UR; Harris and Fitzgerald, 1989). Al- 
though baseline HR was markedly reduced by DALA during 
conditioning, raising the possibility that the CR was interfered 
with by cardiac performance factors, the absence of a CR 48 hr 
later with no drugs present strongly suggested that DALA pre- 
vented the learning of an HR CR. In a subsequent study, we 
showed that rostra1 fourth ventricle administration of cu,-adren- 
ergic agonists was as effective as administration of DALA in 
blocking the conditioning of an HR CR (Harris and Fitzgerald, 
199 1). Because the locus coeruleus (LC) has one of the highest 
densities of both r-opioid and Lu,-adrenergic receptors in the 
rostra1 fourth ventricle, it seems highly likely that the LC was 
importantly involved in the CR losses found in both prior stud- 
ies. 

The LC has the largest, most compact collection of norad- 
renergic cell bodies in the brain and provides the primary source 
of noradrenergic innervation for most limbic and cortical areas 
(Moore and Bloom, 1979). It has been proposed that the LC 
plays a role in attentional (Aston-Jones, 1985) and motivational 
processes (Redmond, 1979; Gray, 1982) and much controversy 
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has surrounded its possible role in memory formation (Crow, 
1973; Amaral and Sinnamon, 1977). The LC responds to a 
variety of visceral and sensory stimuli (Foote et al., 1980), and 
in the presence of p-opioid and cu,-adrenergic agonists, both 
spontaneous and evoked activity is abolished (Korfet al., 1974; 
North and Williams, 1985; Aghajanian and Wang, 1987). The 
present series of experiments was designed to assess more di- 
rectly the role of the LC in the formation of the HR CR by 
directly microinjecting a p-opioid agonist into the LC prior to 
HR conditioning. 

Materials and Methods 
Subjects 
Male Sprague-Dawley rats (350-400 gm) purchased from Simonsens 
(Gilroy, CA) and maintained on a 12-hr: 12-hr light/dark cycle with food 
and water available ad libitum were used in all experiments (n = 39). 

Surgery 
The rats were stereotaxically implanted with chronic 24-ga stainless- 
steel guide cannulas under ketamine anesthesia. Guide cannulas were 
bilaterally implanted into either the LC [AP, + 1.1 mm (anterior to 
lambda); L, ? 1.1 mm (lateral to the midline); V, -4.5 mm (ventral to 
the dura)], the periaqueductal gray (PAG; AP, + 1.1 mm; L, f  1.1 mm; 
V, -3.2), or the parabrachial nucleus (PBN, AP, + 1.1 mm; L, ? 1.6 
mm; V, -4.5 mm). For one group, a single guide cannula was implanted 
in the caudal fourth ventricle (AP, -2.5 mm; L, 0.0 mm; V, -5.5 mm). 
The coordinates were determined from Paxinos and Watson (1986). 
Lambda was defined by the midpoint curve along the lambdoid suture 
and was estimated to be 0.3 mm anterior to the interaural line. The 
skull was angled, to avoid having the cannulas hit the cerebral sinus, 
by setting the incisor bar at +5 mm. The cannulas were cemented to 
the skull with dental acrylic. At this same time, cardiac recording elec- 
trodes, consisting of three strands of 34-ga stainless-steel wire, were 
implanted subcutaneously on either side of the rat’s thoracic cavity. 
Each rat was then allowed 4 d to recover from surgery before being 
tested. 

Apparatus 
The rats were restrained in an inverted U-shaped plastic holder (Narco 
Biosystems) with a 3-cm-diameter hole in the top of the holder that 
provided access to the guide cannulas for infusions. The holder was 
located in a continuously illuminated, sound-isolated chamber. 

Drug infusions 
Infusions were made using 32-ga stainless-steel needles precut to extend 
0.5 cm beyond the guide cannulas into the LC. The infusions were 
performed by hand using two mounted, gas-tight, and liquid-tight 5-~1 
SGE syringes. The syringes were attached to the infusion needles with 
PE-20 tubing. The volume of the infusions was 0.4 &side given over 
5 min. The r-opioid agonist [D-Ala2, N-Me-Phe4, Gly5-ol]-enkephalin 
(DAMGO) was dissolved in an artificial cerebrospinal fluid (CSF) so- 
lution. Artificial CSF was also used for all vehicle injections. 



The Journal of Neuroscience, August 1991, 1 i(9) 2315 

Heart rate conditioning apparatus 
Mean beat per minute (bpm) HR values for selected time periods on 
each trial were measured and recorded with the use of an Apple II 
microcomputer. The computer also controlled the delivery and timing 
of the conditioned stimulus (CS) and unconditioned stimulus (US). The 
US was a OS-set train of OS-msec-duration 250-V DC pulses of shock, 
delivered through the electrocardiogram (EKG) electrodes. A discrim- 
ination conditioning paradigm was used in which CS+, a 6-set elec- 
tronically generated ~-HZ click, was paired with the US at a 6-set CS- 
US interval. The offset of the CS+ coincided with the onset of the US. 
The CS- was a continuous 6-set 1 -kHz tone that was presented in the 
absence of the US. 

On each trial, bpm HR values were calculated during a 6-set period 
iust before the CS, during the 6-set CS-US interval, and during a 6-set 
period following the termination of the US. Difference scores were com- 
puted on each trial by subtracting pre-CS HR from the CS-US interval 
HR (the CR) and from the post-US HR (the UR). 

Experimental procedure 
Experiment 1 
This experiment examined the effects of microinjections of the opioid 
agonist DAMGO into the LC on the development ofconditioned brady- 
cardia (LC-DAMGO). The anatomical specificity of the LC microin- 
jections was tested with the use of three specific injection control groups. 
One group was designed to control for the flow of DAMGO back up 
the cannula track. In this group (PAG-DAMGO), the bilateral cannulas 
were placed 1.5-mm above the location used for the LC microinjections, 
and were located in the vicinity of the periaqueductal gray. 

The second group (VENT-DAMGO) was designed to control for the 
diffusion of DAMGO into the fourth ventricle. In this group, a single 
cannula was aimed at the roof of the fourth ventricle, slightly caudalto 
the location of the LC. 

The third group (PBN-DAMGO) was designed to control for any 
lateral flow of DAMGO into neighboring cardiovascular nuclei. In this 
case, bilateral cannulas were placed in the parabrachial nucleus. Each 
of these control groups was given the same concentration and volume 
of DAMGO as that given the LC-DAMGO group. The experiment was 
carried out over a period of 4 d. 

Day 1. On day 1, following a 45-min habituation period in the con- 
ditioning chamber, the groups were infused with either DAMGO (1.6 
/ICCM; LC-DAMGO, PAG-DAMGO, PBN-DAMGO, VENT-DAMGO 
groups) or vehicle (LC-Veh group). Infusions were made 5 min prior 
to the start of testing, while the rats rested in the experimental chamber. 
Groups then received four CS-alone trials (two trials with each CS), 
followed by six CS+ and six CS- conditioning trials. All trials were 
given in a semirandom order at intertrial intervals of either 1 .O, 1.5, or 
2.0 min (mean = 1.5 mitt). 

Day 2. On day 2, the groups were again infused with the appropriate 
solution. However, on this day the habituation period was shortened 
to 15 min, and the CS-alone trials prior to conditioning were eliminated. 
All groups again received six CS+ and six CS- conditioning trials. 

Day 3. Subsequent to the 2 d of conditioning, all groups remained in 
their home cage to permit full recovery from the effects of the drugs. 

Day 4. To assess the presence of conditioning in the absence of drug 
influences, all groups received six CS+ (no US) and six CS- trials in 
a semirandom order at the start of day 4. At the end of this nondrug 
test phase, the LC-DAMGO and LC-Veh groups received further con- 
ditioning (10 CS+ and 10 CS- trials) in the absence of any drug. 
Immediately following this reconditioning phase, both of these groups 
were infused with the same solution that they had received during the 
initial conditioning on days 1 and 2. After the drug infusions, both 
groups received random presentations of four CS+ (no US) and four 
CS- trials. These trials were used to assess the drug effects on established 
HR CRs. 

Experiment 2 
This experiment assessed whether the effects of DAMGO on condi- 
tioning in the LC-DAMGO group were due to specific receptor-drug 
interactions. In this experiment, all procedures were identical to those 
experienced by the LC-DAMGO and LC-Veh groups in experiment 1, 
except that both groups of animals were pretreated with the opioid 
antagonist naltrexone (3 mg/kg, i.p.) prior to the microinjections given 

at the start of conditioning. The reconditioning and drug-test phases on 
day 4, however, were not included in experiment 2. 

Histology 
Cannula placements were verified with dye infusions (1% thionin, 0.4 
&side). Following dye infusions, rats were deeply anesthetized with 
Nembutal (50 mg/kg, i.p.) and perfused through the heart with a 10% 
neutralized buffered formalin solution. The brains were removed and 
sectioned (100 rm) on a microtome cryostat. The sections were then 
mounted and stained with thionin to determine cannula location. His- 
tologies were performed prior to data analysis. An animal was included 
in the data analysis only if the thionin mark terminated in the relevant 
structure (i.e., LC, PBN, PAG, fourth ventricle). 

Data analysis 
Groups x CS Type analyses of variance (ANOVAs) were performed 
during each experimental phase. Follow-up tests of significant interac- 
tions involving drug treatment were done using Newman-Keuls tests. 

Results 
Experiment I 

Histology. The histological sections revealed that the majority 
of placements were in the intended structures. Figure 1 shows 
a schematic representation of individual infusion sites for ani- 
mals in the LC-DAMGO, LC-Veh, PBN-DAMGO, and PAG- 
DAMGO groups. Also included in Figure 1 are the infusion 
sites for two animals in the LC-DAMGO group who were ex- 
cluded from experimental analysis. The symbols denote the 
most ventral points for the injection sites. Figure 2 shows two 
representative samples of LC cannula placements. It should be 
noted that, while some damage to the LC can be seen, in general 
the tissue damage was small, making dye injections necessary 
to reveal the injection sites. Histological examination of brain 
tissue verified correct cannula placement for six animals in the 
LC-DAMGO group, four in the LC-Veh group, three in the 
PAG-DAMGO group, three in the VENT-DAMGO group, and 
six in the PBN-DAMGO group. 

Baseline HR. The LC-DAMGO, LC-Veh, PAG-DAMGO, 
and VENT-DAMGO groups all had similar baseline HRs on 
all 3 d of testing. Microinjections of neither DAMGO nor the 
vehicle solution into the LC produced any noticeable changes 
in baseline HR. The mean HRs of these groups on each day, 
respectively, were LC-DAMGO: 448, 462, and 448 bpm; LC- 
Veh: 478,466, and 442 bpm. In comparison to the other groups, 
the PBN-DAMGO group showed an immediate and persistent 
reduction in baseline HR (approximately 100 bpm) following 
DAMGO administration. 

Orienting responses. All groups exhibited bradycardia HR 
orienting responses (ORs) on the preconditioning CS-alone tri- 
als. While the ORs in the LC-DAMGO group were numerically 
smaller in magnitude than those seen in the LC-Veh group, the 
differences were not statistically significant. The mean OR of 
the LC-DAMGO group was -25 bpm compared to -43 bpm 
in the LC-Veh group. The other control groups did not differ 
from the LC-Veh group. 

Conditioned responses. Figure 3 shows the mean HR response 
to CS+ during both days of conditioning and during the nondrug 
test (day 4) for the LC-DAMGO, LC-Veh, and the three injec- 
tion control groups. Each of the three control groups showed 
differential responding to CS + and CS - (CS - data not shown) 
at a level comparable to that shown by the LC-Veh group. 
Although the PBN-DAMGO group showed a numerically larger 
response to CS+ during conditioning than was seen in the other 
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Figure I. Brain sections modified from Paxinos and Watson (1986) indicating individual rat bilateral injection sites estimated from histological 
analysis. Infusion sites for the four groups are illustrated as follows: LC-DAMGO ( * ), n = 6; LC-vehicle (0), n = 4; PBN-DAMGO ( # ), n = 6; 
PAG-DAMGO (A), n = 3. The o symbol represents the location of missed placements from the LC-DAMGO group (n = 2). 
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Figure 2. Representative samples of 
histological sections from two animals, 
showing microinjection sites (arrows) 
in the locus coeruleus. 
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Figure 3. Mean change in HR from 
pre-CS baseline HR to CS+ for the LC 
(LC-DAMGO, LC-Veh), PAG (PAG- 
DAMGO), fourth ventricle (VENT- 
DAMGO), and PBN (PBN-DAMGO) 
microinjected groups (DAMGO, 1 .~PM; 
Veh, artificial CSF). Responses were 
averaged over the 6-set CS period and 
over trials for days 1 and 2 and for the 
nondrug test that occurred on day 4. 
Error bars reflect SEMs. 
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groups (especially on day 2), their responses were not statistically cardia HR URs to the US. A one-way ANOVA showed that 
different from the LC-Veh group. there were no significant drug-treatment effects. 

It may be seen that on both days of conditioning the responses 
of the LC-DAMGO group to CS+ were considerably smaller 
than those in the LC-Veh group and the other control groups. 
When tested on day 4, the LC-DAMGO group showed little 
retention of an HR CR during the nondrug test, whereas the 
LC-Veh group and the other control groups showed sizable HR 
CRs. 

Experiment 2 

A significant Groups x CS Type interaction on both days of 
conditioning [day 1: F(1,8) = 18, p < 0.01; day 2: F(1,8) = 6.5, 
p < 0.051 led to follow-up comparisons confirming that the CS+ 
response was significantly reduced in the LC-DAMGO group 
on both days 0, < 0.01). A significant suppression in the CS+ 
response was also found in the LC-DAMGO group relative to 
the LC-Veh group during the nondrug test [F( 1,8) = 50.5; p < 
O.OOl]. 

Histological examination of brain tissue verified the correct 
placement of cannulas in four animals in each of the naltrexone- 
pretreated groups. Figure 5 shows the HR responses of each 
group during the three phases of experiment 2. It can be ob- 
served that both groups showed a differential response to CS+ 
and CS-, indicating successful conditioning. Pretreatment of 
the LC-DAMGO group with naltrexone completely blocked the 
decremental effects of DAMGO administration on the HR CR 
found in experiment 1. These data suggest that the suppression 
of CR formation found in experiment 1 was due to the activation 
of opioid receptors and not to any nonspecific effects of the drug. 
No significant group differences were found during any phase 
of experiment 2. 

Figure 4 depicts HR responses of the LC-DAMGO and LC- 
Veh groups to CS+ and CS- during the drug-free recondition- 
ing and drug-test phases on day 4. In the absence of drug, the 
LC-DAMGO group showed the development of a CR during 
the second trial block [CS+ response was significantly greater 
than the CS- response; F(l,lO) = 11.4; p < 0.011. The mag- 
nitude of the CR in the LC-DAMGO group, however, was less 
than that shown by the LC-Veh group. During the drug test, the 
newly formed CR in the LC-DAMGO group was abolished 
when DAMGO was readministered. A follow-up test on a sig- 
nificant Groups x CS Type x Trial Block interaction in the 
reconditioning phase [F(1,8) = 9.8; p < 0.011 indicated that 
relative to the LC-Veh group the CST response in the LC-DAM- 
GO group was significantly suppressed during both trial blocks 
(p < 0.05). Similarly, the follow-up on a significant Groups x 
CS Type interaction during the drug-test phase [F( 1,8) = 8; p 
< 0.051 again confirmed that the CR to CS+ in the LC-DAMGO 
group was significantly suppressed. 

Discussion 

Unconditioned responses. All groups exhibited similar tachy- 

The major finding of this study was that the administration of 
DAMGO into the LC produced a naltrexone-reversible decre- 
ment in the development of the bradycardia CR without pro- 
ducing any changes in baseline HR. In addition, the adminis- 
tration of DAMGO also severely attenuated a recently learned 
HR CR. By contrast, the infusion of DAMGO into a region of 
the PAG directly above the LC, into the neighboring PBN, or 
into the fourth ventricle caudal to the LC did not interfere with 
the acquisition of the HR CR. The fourth ventricle finding is 
in contrast to those we found previously when the opioid in- 
jections into the fourth ventricle were made more rostrally in 
the vicinity of the LC (Harris and Fitzgerald, 1989). Taken 
together, these findings strongly suggest that any diffusion of 
DAMGO outside the area of the LC was not significantly in- 
volved in the learning deficits. Therefore, the decremental effects 
of LC DAMGO administration were most probably due to the 
activation of opioid receptors within the vicinity of the LC. 

LC-DAMGO 

YLC-Veh 

~PAG-DAMGO 

]VENT-DAMGCI 

3 PBN-DAMGO 

Day 2 Conditioning 

EXPERIMENTAL PHASE 
Day 4 Non-Drug Test 
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The LC-DAMGO group in experiment 1 failed to show any 
consistent differential responding to CS+ on day 1 of condi- 
tioning, and though it showed slightly greater responses to CS+ 
on day 2, this level of responding was not maintained 48 hr 
later on the nondrug test. When the LC-DAMGO group was 
retrained, with no drugs present, it showed the acquisition of a 
CR to CS+. The rate of acquisition of the CR seen in this group 
during reconditioning was comparable to that shown by naive 
rats, suggesting that any learning that may have occurred during 
the initial training was not retained or carried over into the 
retraining phase. The reconditioning data also indicate that the 

NALtOAMGO NALtVeh 

-6O- 

NALtDAMGD NALWeh NALtDAHGD NAL+Veh 

I ”  

Day 1 Conditioning Day 2 Conditioning 

EXPERIMENTAL PHASE 

Figure 4. Mean change in HR from 
pre-CS baseline HR to CS+ and CS- 
for the LC microinjected groups 
(DAMGO, 1.6 FM; Veh, artificial CSF). 
Responses are averaged over the 6-set 
CS period, over trials l-3 and 4-10 
during the reconditioning phase on day 
4, and over the drug test trials that oc- 
curred after reconditioning on day 4. 
Error bars reflect SEMs. 

animals in the LC-DAMGO group were capable of learning and 
that damage to neural tissue from either the cannula placements 
or the microinjections was not responsible for deficits in CR 
acquisition. 

Given the well-documented role of opioid compounds in in- 
hibiting LC activity (Korfet al., 1974; Duggan and North, 1984), 
the results of the present experiments suggest that LC activity 
may be important for learning the significance of an environ- 
mental stimulus signaling an aversive event. Electrophysiolog- 
ical evidence has suggested that noradrenaline (NA) release in 
LC target areas enhances neuronal responding to strong stimuli 

N cst 
q cs- 

Day 4 Non-Drug Test 

Figure 5. Mean change in HR from 
pre-CS baseline HR to CS+ and CS- 
for LC microinjected groups from ex- 
periment 3 (DAMGO, 1.6 PM; Veh, ar- 
tificial CSF). Both groups were pretreat- 
ed with the opioid antagonist naltrexone 
(NAL; 3 mg/kg, i.p.). Responses are av- 
eraged over the 6-set CS period and 
over trials for days 1 and 2 and for the 
nondrug test that occurred on day 4. 
Error bars reflect SEMs. 
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(Madison and Nicoll, 1982; Segal, 1985; Waterhouse et al., 1988) 
and in particular to behaviorally salient stimuli (Segal and Bloom, 
1976). While these data might suggest a role for NA transmission 
in promoting attention and or memory formation, there is a 
well-documented lack of effect of NA depletion on the learning 
and performance of a wide variety of behavioral tasks (Mason 
and Iversen, 1975; Amaral and Sinnamon, 1977; Roberts, 198 1; 
Robbins and Eve&, 1982; Robbins et al., 1985). 

There is, however, evidence indicating that LC target areas 
can show significant levels of recovery following LC or dorsal 
noradrenergic bundle lesions (Acheson et al., 1980; U’Prichard 
et al., 1980; Harik et al., 198 1; Abercrombie and Zigmond, 
1989). These data suggest that lesions may not be the best way 
to assess the role of LC activity in learning. The present exper- 
iments demonstrate that pharmacological agents that tempo- 
rarily inhibit LC activity during a learning task can be used 
successfully to uncover learning deficits involving the LC. 

It is possible that the learning deficits found in this study were 
due to the inability of the LC to respond to the CS or US 
following opioid administration, thereby blocking NA release 
in LC target areas critical for the learning of an HR CR. While 
there is evidence that the LC projects to brainstem areas im- 
portant for central cardiovascular regulation (Lindvall and 
Bjorklund, 1974) the fact that the LC-DAMGO group showed 
no changes in either baseline or evoked HR responses (i.e., OR 
and UR) suggests that the animals in this group had impairments 
neither in cardiovascular functioning nor in the processing of 
sensory events. There is considerable evidence that the amyg- 
dala, which receives a major LC input, is important in the 
autonomic aspects of aversive CS conditioning (Kapp et al., 
1984; Davis et al., 1987). A previous study has shown that 
blockade of NA activity within the amygdala central nucleus 
severely impaired the learning of an HR CR (Gallagher et al., 
1980). The loss of NA release in LC target areas during con- 
ditioning could impair attention, arousal, or the development 
of fear that may be necessary for the learning of an HR CR. 
The emotional impact of the US or the ability to associate it 
with the CS may have been what was lost following DAMGO 
administration into the LC. 

References 
Abercrombie ED, Zigmond MJ (1989) Partial injury to central nor- 

adrenergic neurons: reduction of tissue content is greater than reduc- 
tion of extracellular norepinephrine measured by microdialysis. J 
Neurosci 9:4062-4067. 

Acheson A, Zigmond MJ, Stricker EM (1980) Compensatory increases 
in tyrosine hydroxylase activity in the rat brain after intraventricular 
injections of 6-hydroxydopamine. Science 207537-540. 

Aghajanian GK, Wang Y-Y (1987) Common alpha, and opiate effector 
mechanisms in the locus coeruleus: intracellular studies in brain slices. 
Neuropharmacology 26~793-799. 

Amaral DG, Sinnamon HM (1977) The locus coeruleus: neurobiology 
of a central noradrenergic nucleus. Prog Neurobiol 9: 147-196. 

Aston-Jones G (1985) The locus coeruleus: behavioral functions of 
locus coeruleus derived from cellular attributes. Physiol Psycho1 13: 
118-126. 

Crow TJ (1973) The coerulo-cortical norepinephrine system and leam- 
ing. In: Frontiers in catecholamine research (Usdin E, Snyder SH, 
eds), pp 723-726. New York: Pergamon. 

Davis M. Hitchcock JM. Rosen JB (1987) Anxietv and the amvadala: 
pharmacological and anatomical analysis of the fear-potentiated star- 
tle paradigm. In: The psychology of learning and motivation (Bower 
H, ed), pp 263-305. New York: Academic. 

Duggan AW, North RA (1984) Electrophysiology of opioids. Phar- 
macol Rev 35:219-281. 

Foote SL, Bloom FE, Aston-Jones G (1980) Impulse activity of coe- 
ruleus neurons in awake rats and squirrel monkeys is a function of 
sensory stimulation and arousal. Proc Nat1 Acad Sci USA 77:3033- 
3037. 

Gallagher M, Kapp BS, Frysinger RC, Rapp PR (1980) @-Adrenergic 
manipulation in amygdala central nucleus alters rabbit heart rate 
conditioning. Pharmacol Biochem Behav 12:4 19-l26. 

Grav JA (1982) The neuronsvcholoav of anxietv. Oxford: Clarendon. 
Hahk SI, ‘Duckrow RB, La Manna%, Rosenthal M, Sharma VK, 

Bannerjee SP (198 1) Cerebral compensation for chronic noradren- 
ergic denervation induced by locus coeruleus lesions: recovery of 
receptor binding, isoproterenol-induced adenylate cyclase activity and 
oxidative metabolism. J Neurosci 1:641-649. 

Harris GC, Fitzgerald RD (1989) Impaired learning of classically con- 
ditioned bradycardia in rats due to fourth ventricle administration of 
D-Ala2-methionine enkephalinamide (DALA). Behav Neurosci 103: 
77-83. 

Harris GC, Fitzgerald RD (1991) Effects of centrally administered 
anxiolytic agents on classically conditioned bradycardia. Behav Neu- 
rosci 105:134-140. 

Kapp BS, Pascoe JP, Bixler MA (1984) The amygdala: a neuroana- 
tomical systems approach to its contribution to aversive conditioning. 
In: The neuropsychology of memory (Squire LR, Butters N, eds), pp 
473488. New York: Guilford. 

Korf J, Bunney BS, Aghajanian GK (1974) Noradrenergic neurons: 
morphine inhibition of spontaneous activity. Eur J Pharmacol 25: 
165-169. 

Lindvall 0, Bjorklund A (1974) The organization of the ascending 
catecholamine neuron systems in the rat brain as revealed by the 
gJJ;ylic acid fluorescence method. Acta Physiol Stand [Suppl] 4 12: 

Madison DV, Nicoll RA (1982) Noradrenaline blocks accommodation 
of pyramidal cell discharge in.the hippocampus. Nature 299:636-638. 

Mason ST, Iversen SD (1975) Leamina in the absence of forebrain 
noradrenaline. Nature 258:422424. - 

Moore RY, Bloom FE (1979) Central catecholamine neuron system: 
anatomy and physiology of the norepinephrine and epinephrine sys- 
tem. Annu Rev Neurosci 2: 113-l 68. 

North RA, Williams JT (1985) On the potassium conductance in- 
creased by opioids in rat locus coeruleus neurons. J Physiol (Lond) 
364:265-280. 

Paxinos G, Watson C (1986) The rat brain in stereotaxic coordinates. 
New York: Academic. 

Redmond DE (1979) New and old evidence for the involvement of a 
brain norepinephrine system in anxiety. In: Phenomenoloav and treat- 
ment of anxiety (Fann WG, Karacan I, Pokomy D, W<iliams RL, 
eds), DD 153-203. New York: Snectrum. ., __ 

Robbins TW, Everitt BJ (1982) Functional studies of the central cat- 
echolamines. Int Rev Neurobiol 32:303-365. 

Robbins TW, Everitt BJ, Cole BJ, Archer T, Mohammed A (1985) 
Functional hypotheses of the coeruleocortical noradrenergic projec- 
tion: a review of recent experimentation and theory. Physiol Psycho1 
13:127-150. 

Roberts DCS (1981) An evaluation of the role of noradrenaline in 
learning. In: Theory in psychopharmacology, Vol 1 (Cooper SJ, ed), 
pp 123-148. London: Academic. 

Segal M (1985) Mechanisms of action of noradrenalin in the brain. 
Physiol Psycho1 13: 172-l 78. 

Segal M, Bloom FE (1976) The action of norepinephrine in the rat 
hippocampus. IV. The effects of locus coeruleus stimulation on evoked 
hippocampal activity. Brain Res 107:5 13-525. 

UPrichard DC, Reisine TD, Mason ST, Fibiger HC, Yamamura HI 
(1980) Modulation of rat brain a- and @-adrenergic receptor popu- 
lations by lesions of the dorsal noradrenergic bundle. Brain Res 187: 
143-154. 

Waterhouse BD, Sessler FM, Cheng J-T, Woodward DJ, Azizi SA, 
Moises HC (1988) New evidence for a gating action of norepineph- 
rine in central neuronal circuits of mammalian brain. Brain Res Bull 
21~425-432. 


