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Endogenous opioids target noradrenergic locus ceruleus (LC)
neurons and potently inhibit LC activity. Nonetheless, it has
been difficult to demonstrate functional regulation of the LC–
noradrenergic system by endogenous opioids because of the
lack of effect of opiate antagonists. The present findings pro-
vide evidence that endogenous opioids regulate LC neuronal
activity during the termination of a stressor. LC neuronal dis-
charge was recorded from halothane-anesthetized rats before,
during, and after hypotensive stress elicited by intravenous
nitroprusside infusion. In naı̈ve rats, mean arterial blood pres-
sure was temporally correlated with LC activity such that hy-
potension was associated with increased LC discharge and a
return to the normotensive state was associated with a de-
crease in LC discharge below pre-stress values. After microin-
fusion of an antagonist of the stress neuropeptide
corticotropin-releasing factor (CRF) into the LC, the increase in

LC discharge associated with hypotension was prevented,
whereas LC inhibition associated with termination of the chal-
lenge occurred at an earlier time and was of a greater magni-
tude. In contrast, microinfusion of naloxone into the LC com-
pletely abolished LC inhibition associated with termination of
the stressor. Naloxone microinfusion did not prevent LC inhibi-
tion associated with hypertension produced by intravenous
vasopressin administration, suggesting that endogenous opi-
oids may be selectively engaged during the termination of
hypotensive stress. These results provide evidence for a func-
tional release of endogenous opioids within the LC. This action
of endogenous opioids may serve to counterbalance excitatory
effects of CRF on the LC–norepinephrine system, thereby lim-
iting its activation by stress.
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A role for endogenous opioids as brain neurotransmitters is
supported by the distinct localization of opiate binding sites
(Khachaturian et al., 1985; Mansour et al., 1988) and opioid-
containing neurons and axon terminals in brain (Uhl et al., 1979;
Finley et al., 1981; Haber and Elde, 1982; Khachaturian et al.,
1983; Fallon and Leslie, 1986), as well as the potent effects of
opioid ligands within specific neural circuits (Williams et al., 1982;
Wagner and Chavkin, 1995). Nonetheless, because it has been
difficult to demonstrate effects of pure opiate antagonists in
specific regions innervated by opioid-containing terminals, the
precise function of opioid peptides has remained unknown. Po-
tential functions of endogenous opioids have been best studied in
the hippocampus (for review, see Wagner and Chavkin, 1995).
Thus, high-frequency electrical stimulation of the perforant path
altered IPSPs recorded in the CA3 region of the hippocampal
slice in a naloxone-sensitive manner (Caudle et al., 1991). An-
tagonism by naloxone of long-term potentiation produced by
high-frequency stimulation of the mossy fiber pathway (Derrick et
al., 1992) or perforant pathway (Xie and Lewis, 1991) has impli-
cated a role for endogenous opioids in long-term potentiation. It
is noteworthy that high-frequency electrical stimulation was re-
quired to observe naloxone-sensitive effects in these studies.

Substantial evidence supports a neurotransmitter–neuromodu-

lator role for opioids in the noradrenergic nucleus locus ceruleus
(LC). For example, the LC is innervated by enkephalin (Drolet et
al., 1992), and LC dendrites are synaptically targeted by endoge-
nous opioids (Van Bockstaele et al., 1995). Opiates and opioid
peptides inhibit LC activity in vitro (Williams et al., 1982; Wil-
liams and North, 1984; Aghajanian and Wang, 1987) or when
administered in vivo (Korf et al., 1974; Valentino and Wehby,
1988a). Despite this evidence, opiate antagonists have no effect
on LC discharge evoked by electrical stimulation of opioid-
containing afferents (Aston-Jones et al., 1992) or on spontaneous
LC activity, leaving open to question the role of opioids within
the LC.

The LC is activated by physiological and environmental stres-
sors, and this is thought to play a role in cognitive aspects of the
stress response (Valentino et al., 1993). Previous studies provided
indirect evidence for endogenous opioid release in the LC during
restraint stress (Abercrombie and Jacobs, 1988) or sciatic nerve
stimulation (Nissbrandt et al., 1982). One physiological stressor
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that increases LC discharge rate is hypotensive challenge (Svens-
son, 1987). We demonstrated previously that corticotropin-
releasing factor (CRF) neurotransmission in the LC underlies LC
and cortical electroencephalographic activation produced during
hypotensive stress (Valentino et al., 1991; Page et al., 1993; Curtis
et al., 1994). We also noted that termination of the stress and
return to normotension is associated with inhibition of LC dis-
charge rates below pre-stress values.

Because endogenous opioids innervate and inhibit LC neurons,
this study tested the hypothesis that LC inhibition associated with
termination of hypotensive stress is mediated by endogenous
opioids. Additionally, the hypothesis that endogenous opioids are
nonspecifically released in the LC by other stimuli that elicit a rise
in blood pressure was examined.

MATERIALS AND METHODS
Animals. The subjects were adult male Sprague Dawley rats (Taconic
Farms, Germantown, NY) weighing ;300 gm at the beginning of the
experiments. Rats were initially housed three to a cage in a controlled
environment (20°C, 12 hr light /dark cycle, lights on at 7:00 A.M.). Food
and water were available ad libitum. Care and use of animals was in
accordance with the NIH Guide for the Care and Use of Laboratory
Animals.

Surgery. The procedures used for recording LC discharge of halothane-
anesthetized rats were similar to those described previously (Curtis et al.,
1997). Rats were anesthetized with 2% halothane-in-air mixture admin-
istered through a nose cone. The jugular vein was cannulated for infusion
of nitroprusside. The femoral artery was cannulated for blood pressure
recordings. The anesthetic was maintained at 1% throughout the exper-
iment. Body temperature was maintained at 36–37°C by a feedback-
controlled heating pad. Rats were positioned in a stereotaxic instrument
using blunt ear bars, with the head oriented at a 15° angle to the
horizontal plane (nose down). The skull was exposed, and a hole cen-
tered at 1.1 mm lateral to the midline and 3.7–3.9 mm caudal to the
intersection of midline and lambda was drilled over the cerebellum for
approaching the LC.

Recording. Double-barrel glass micropipettes were used to record
single-unit LC discharge and simultaneously microinfuse either a CRF
antagonist ([D-Phe12,Nle21,38,CaMeLeu37]r/hCRF(12–41); D-PheCRF12–41)
or naloxone (Akaoka et al., 1992; Curtis et al., 1997). The recording pipette
(2–4 mm diameter tip; 4–7 MV) was filled with Pontamine Sky Blue dye
(PSB) in 0.5 M sodium acetate buffer. The infusion pipette (20–50 mm
diameter tip) was angled at ;30–45° with its tip adjacent to the tip of the
recording pipette but 100–120 mm dorsal. This was connected by polyethyl-
ene tubing to a source of solenoid-activated pneumatic pressure (Pico-
spritzer; General Valve, Fairfield, NJ) and calibrated such that known
volumes could be administered (1 mm displacement is equivalent to 60 nl).
Intracerulear infusions were made by applying small pulses of pressure (5–25
psi, 10–30 msec in duration) to the peptide-containing barrel at a frequency
of 0.2–1 Hz to deliver a volume of 30 nl.

The pipette was advanced toward the LC with a micromanipulator.
Microelectrode signals were amplified and filtered. Impulse activity was
monitored with an oscilloscope and a loudspeaker to aid in localizing the
LC. LC neurons were tentatively identified during the recording by their
spontaneous discharge rates (0.5–5 Hz), entirely positive, notched wave-
forms (2 to 3 msec duration) and biphasic excitatory–inhibitory responses
to contralateral hindpaw or tail pinch. When stable, unitary action
potentials were isolated, and a window discriminator was used to convert
the occurrence of each action potential into digital pulses, which were led
into a Gateway (San Diego, CA) computer via a CED 1401 Plus interface
(Cambridge Electronic Design, Cambridge, UK) using Spike 2 software
for on-line visualization and storage and off-line analysis.

Protocol. Baseline LC discharge rate was recorded for at least 9 min,
and then nitroprusside was infused through the intravenous cannula (0.33
mg/ml, 30 ml /min, 15 min duration). LC discharge rate and mean arterial
blood pressure were continuously recorded during the infusion. Mean
arterial blood pressure was monitored with a pressure transducer and
amplifier, and the signal was led to a computer via a CED 1401 Plus
interface using Spike 2 software. For experiments involving intracerulear
infusion of D-PheCRF12–41 or naloxone, LC discharge rate was recorded
for at least 9 min before the microinfusion, and nitroprusside was
administered 6 min later. Only one cell from an individual rat was tested.

Histology. The recording site was marked by iontophoresis (215 mA,
10 min) of PSB at the end of the experiment. Rats were anesthetized with
pentobarbital (100 mg/kg, i.p.) and perfused with a 10% solution of
paraformaldehyde in phosphate buffer. Brains were removed, and frozen
40-mm-thick coronal sections were cut on a cryostat, mounted on gelati-
nized glass slides, and stained with neutral red for localization of the PSB
spot. The data presented are from neurons that were histologically
identified as being within the nucleus LC (Valentino et al., 1983).

Drugs. D-PheCRF12–41 was obtained from Dr. Jean Rivier of the
Clayton Foundation Laboratory for Peptide Biology (The Salk Institute,
San Diego, CA). The peptide was dissolved in water to make a 1.0 mg/ml
solution. Aliquots (10 ml) of this solution were concentrated using a
Savant Speed Vac concentrator. The 10 mg aliquots were stored at 270°C
and dissolved in 30 ml of artificial CSF (ACSF) on the day of the
experiment. Naloxone was obtained from Research Biochemicals
(Natick, MA) and was dissolved in a concentration of 0.33 mg/ml in
ACSF. Sodium nitroprusside (Sigma, St. Louis, MO) was dissolved in
saline (0.33 mg/ml) and infused intravenously at a rate of 30 ml /min for
15 min.

RESULTS
The LC is activated by hypotensive stress and
inhibited by termination of the stress
The mean spontaneous discharge rates of 30 LC neurons re-
corded from 30 rats was 1.7 6 0.2 Hz, and baseline mean arterial
pressure was 78 6 2 mmHg (n 5 22 rats). As reported previously
(Svensson, 1987; Valentino and Wehby, 1988b), nitroprusside
infusion decreased mean arterial blood pressure by 53 6 3% (n 5
8 rats) (Fig. 1a). This was accompanied by an increase in LC
discharge rate over the course of the infusion (Figs. 1b, 2a), with
a mean maximal increase of 41 6 7% ( p , 0.001; Student’s t test
for matched pairs) (Fig. 2b). When the infusion was terminated,
mean arterial blood pressure returned to baseline, and LC dis-
charge significantly decreased below baseline values 6–9 min after
termination of the challenge ( p , 0.02; Student’s t test for
matched pairs), as reported previously (Valentino and Wehby,
1988b) (Fig. 1, 2a). The mean maximal decrease in LC discharge
occurring over the 9 min after the termination of the infusion was
19 6 6% ( p , 0.02; Student’s t test for matched pairs).

LC inhibition is enhanced in the presence of a
CRF antagonist
As reported previously (Curtis et al., 1994), microinfusion of the
pure CRF antagonist D-PheCRF12–41 adjacent to the recording
electrode prevented LC activation during hypotensive challenge
(F(1,87) 5 20.3; p 5 0.002; two-way ANOVA) (Figs. 1, 2). The
previous study did not examine the effects of this pure CRF
antagonist after the termination of the challenge. As shown in
Figure 2a, in rats pretreated with D-PheCRF12–41, the inhibition
associated with the termination of the challenge occurred at an
earlier time and was of a greater magnitude. Thus, LC discharge
rate was significantly decreased by 3 min after termination of the
challenge in D-PheCRF12–41-pretreated rats ( p , 0.005; Student’s
t test for matched pairs) (Fig. 2a), and the maximum magnitude
of the inhibition was a 40 6 5% decrease in discharge rate from
baseline ( p , 0.02; Student’s t test for matched pairs) (Fig. 2b).
The potentiation of post-stress inhibition in rats pretreated with
D-PheCRF12–41 implied that the CRF antagonist unmasks the
presence of an inhibitory influence.

Termination of hypotensive stress engages
endogenous opioid release in the LC
Evidence for a role of endogenous opioids in the post-stress LC
inhibition was demonstrated in rats in which naloxone (10 ng in 30
nl) was microinfused into the LC adjacent to the recording
electrode. In contrast to the CRF antagonist, naloxone did not
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alter the magnitude or time course of LC activation during the
hypotensive challenge (F(1,83) 5 0.001; p 5 0.9; two-way
ANOVA) (Figs. 1b, 2a). Additionally, the maximum magnitude
of activation occurring during hypotensive challenge was not
significantly different than that observed in naı̈ve rats ( p 5 0.3;
Student’s t test for independent samples) (Fig. 2b). Importantly,
inhibition of LC discharge rate that typically occurred with the
termination of the stress was absent in rats pretreated with nal-
oxone (Figs. 1b, 2a). LC discharge rate 6 and 9 min after the
termination of the infusion was significantly greater in the
naloxone-pretreated group versus controls ( p # 0.01; Student’s t
test for independent samples). In the naloxone-treated group, the
mean of the lowest discharge rate recorded up to 9 min after the
termination of the challenge was equivalent to a 6 6 4% increase
in discharge rate above baseline values versus a 19 6 6% decrease
in the control group (Fig. 2b). Neither D-PheCRF12–41 nor nal-
oxone produced significant effects on basal LC discharge (F(2,53)

5 2.2; p . 0.1) or basal mean arterial pressure (F(2,21) 5 2.7; p 5
0.1) compared with ACSF (see examples in Fig. 1). Also, the
magnitude of hypotension produced by nitroprusside infusion
was not altered by D-PheCRF12–41 or naloxone (F(2,21) 5 0.1; p .
0.1) compared with ACSF.

Termination of the hypotensive challenge was associated with a
rise in blood pressure that was correlated to inhibition of LC
discharge rate. To determine whether endogenous opioids are
released in the LC under other circumstances that result in a rise
in mean arterial pressure, LC discharge and blood pressure were

recorded simultaneously during administration of arginine vaso-
pressin. In rats pretreated with ACSF (30 nl) microinfused into
the LC, arginine vasopressin (100 ng/kg, i.v.) increased blood
pressure by 29 6 5%, and this was associated with a 22 6 5% (n 5
4) decrease in LC discharge rate. Pretreatment with naloxone (10
ng in 30 nl of ACSF) microinfused into the LC had no effect on
either the magnitude of blood pressure elevation (34 6 8%) or LC
inhibition (16 6 2%) produced by vasopressin (n 5 4; p 5 0.35;
Student’s t test for independent samples).

DISCUSSION
The present findings demonstrated that LC inhibition associated
with the termination of hypotensive stress is abolished by local
microinfusion of an opiate antagonist into the LC. Local micro-
infusion of naloxone did not alter the magnitude of hypotension
or LC activation produced during the hypotensive challenge.
These findings provide evidence for functional release of endog-
enous opioids within the LC, a nucleus known to be densely
targeted by opioid peptides. In contrast to previous studies that
required high-frequency electrical stimulation to reveal
antagonist-sensitive opioid effects in brain circuits (Caudle et al.,
1991; Xie and Lewis, 1991; Wagner and Chavkin, 1995), the
present effect was apparent during a physiological stimulus. The
finding that naloxone did not alter LC inhibition associated with
a vasopressin-induced rise in blood pressure argues against a
nonselective release of endogenous opioids in the LC during a
rise in blood pressure. Rather, the opioid effect is specifically

Figure 1. Examples of raw traces of blood pressure (a) and LC unit activity (b) before, during, and after hypotensive challenge in rats without
pretreatment (Control ), pretreated with D-PheCRF12–41 6 min before nitroprusside infusion (DPhe), and pretreated with naloxone 6 min before
nitroprusside infusion (Naloxone). The arrows below the traces indicate the duration of nitroprusside infusion. The bar above the traces indicates the time
of administration of the antagonists. The abscissas in a and b indicate time in seconds. In a, the ordinates indicate mean arterial blood pressure in
millimeters mercury. In b, the ordinates indicate LC discharge rate (in Hertz). The dotted horizontal lines in b represent the mean LC discharge rate
before nitroprusside infusion. Note that the blood pressure responses to nitroprusside infusion are comparable in all rats, but responses of LC neurons
differ depending on the pretreatment.
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apparent during the termination of hypotensive stress. Engaging
opioid release at this time may serve to counterbalance excitatory
effects of CRF on the LC–norepinephrine system, thereby limit-
ing its activation by stress.

Interpretations of the present results rely on the specificity of
naloxone as an opioid antagonist. Although naloxone has been

reported to have GABA antagonist activity at relatively high
doses (Dingledine et al., 1978), this action would be expected to
activate LC neurons (Shiekhattar and Aston-Jones, 1992). The
apparent lack of activation by the dose of naloxone used in the
present study argues against GABA antagonism as a mechanism
of action of naloxone. Importantly, the dose of naloxone used in
this study is comparable with the intracerulear dose used in
previous studies (Guyenet and Aghajanian, 1979; Aston-Jones et
al., 1997) and determined to be specific (Guyenet and Aghajanian,
1979).

The present results are consistent with a previous observation
that systemically administered naloxone increases LC activity of
rats exposed to stress but not unstressed rats (Abercrombie and
Jacobs, 1988). Because naloxone was administered systemically in
that previous study, a site of action within or outside of the LC
could not be discerned. In contrast, the efficacy of intracerulear
administration of naloxone in relatively low volumes in the
present study points to a site of action of endogenous opioids
within the LC and supports the idea that these peptides act as
direct neuromodulators of this system. Together, these studies
provide evidence for selective release of opioids in the LC by
stress-related stimuli.

CRF and enkephalin-immunoreactive axon terminals overlap
in the rostrolateral peri-LC in which LC dendrites extend and
both types of terminals form synaptic specializations with LC
dendrites in this region (Van Bockstaele et al., 1995, 1998).
Electron microscopic analysis of sections double-labeled for CRF
and enkephalin revealed colocalization of the peptides in axon
terminals in the rostrolateral LC dendritic zone, although termi-
nals that were labeled for only one peptide were more predomi-
nant (Valentino and Van Bockstaele, 2001). It is possible that
hypotensive stress elicits corelease of CRF and enkephalin from
the same terminals or separate terminals that converge on the
same LC dendrites. Consistent with this, hypotensive stress de-
creased LC discharge in rats pretreated with ahelical CRF9–41

(Valentino et al., 1991), a CRF antagonist that has been suggested
have partial agonist activity (Rainnie et al., 1992). Although this
was observed in some individual rats in the present study, this was
not a consistent finding. Rather, the present results suggest that a
stimulus associated with the termination of the stress initiates
opioid release in the LC region. This stimulus is not solely a rise
in blood pressure, because LC inhibition associated with hyper-
tension produced by vasopressin was unaffected by naloxone.

The stress response is composed of coordinated reactions of
multiple systems to a challenge to homeostasis. Because these
reactions can have deleterious effects in the absence of the stres-
sor, an adaptive component of the stress response is that it
terminates with termination of the stressor. For example, activa-
tion of the hypothalamic–pituitary–adrenal axis, the endocrine
limb of the stress response, is limited through fast feedback
regulation exerted by corticosteroids. These act at a suprapitu-
itary level to inhibit CRF release into the median eminence
(Keller-Wood and Dallman, 1984; Munck et al., 1984). Activation
of the LC–noradrenergic system may be part of a cognitive limb
of the stress response, serving to increase arousal and alter
attention such that adaptive behaviors are facilitated (Valentino
and Aston-Jones, 1995). As for the endocrine limb of the stress
response, counter-regulatory mechanisms must be in place to
limit this cognitive limb. In the absence of such mechanisms,
inappropriate or prolonged LC activation could result in hyper-
arousal and attentional dysfunction and disruption of behaviors
requiring focused attention. The present results suggest that

Figure 2. Mean effect of hypotensive challenge on LC discharge in rats
pretreated with naloxone or D-PheCRF12–41. a, The ordinate indicates LC
discharge rate expressed as a percentage of the mean baseline rate
determined over 9 min before nitroprusside infusion. The mean baseline
discharge rates were 1.7 6 0.2, 1.8 6 0.3, and 1.5 6 0.3 Hz for rats that
were not administered antagonists ( filled circles; n 5 13), rats that were
pretreated with naloxone (open triangles; n 5 8), and rats that were
pretreated with D-PheCRF12–41 ( filled triangles; n 5 9), respectively.
These baseline rates were not significantly different between groups
(F(2,27) 5 0.27). The time of the infusion is indicated by the line above
Nitro. Vertical lines represent 61 SEM. b, Bars above Nitro represent the
mean maximum increase in LC discharge occurring at anytime over the
15 min infusion. Bars above Post-Nitro represent the mean lowest dis-
charge rate (expressed as a percentage of pre-nitroprusside baseline)
occurring at anytime up to 9 min after the termination of the infusion.
Naı̈ve, naloxone-pretreated, and D-PheCRF 12–41-pretreated rats are rep-
resented by filled, open, and hatched bars, respectively. The asterisk above
the hatched bar at Nitro indicates a statistically significant difference
between D-PheCRF 12–41-pretreated and naive groups ( p , 0.005). The
asterisks above the open bar at Post-Nitro indicate a statistically significant
difference compared with the naı̈ve group ( p , 0.005). The asterisk by the
hatched bar indicates a statistically significant difference compared with
the naı̈ve group ( p , 0.02). Vertical lines represent 61 SEM.
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opioid afferents to the LC are engaged during or by the termina-
tion of stress, resulting in inhibition of LC activity. This inhibition
may serve to balance or limit activation of this system by CRF or
other stress neuromediators.
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