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The norepinephrine nucleus, locus ceruleus (LC), is activated by diverse stimuli and modulates arousal and behavioral strategies in
response to these stimuli through its divergent efferent system. Afferents communicating information to the LC include excitatory amino
acids (EAAs), corticotropin-releasing factor (CRF), and endogenous opioids acting at �-opiate receptors. Because the LC is also inner-
vated by the endogenous �-opiate receptor (�-OR) ligand dynorphin and expresses �-ORs, this study investigated �-OR regulation of LC
neuronal activity in rat. Immunoelectron microscopy revealed a prominent localization of �-ORs in axon terminals in the LC that also
contained either the vesicular glutamate transporter or CRF. Microinfusion of the �-OR agonist (trans)-3,4-dichloro-N-methyl-N-[2-1-
pyrrolidinyl)-cyclo-hexyl] benzeneacetamide (U50488) into the LC did not alter LC spontaneous discharge but attenuated phasic dis-
charge evoked by stimuli that engage EAA afferents to the LC, including sciatic nerve stimulation and auditory stimuli and the tonic
activation associated with opiate withdrawal. Inhibitory effects of the �-OR agonist were not restricted to EAA afferents, as U50488 also
attenuated tonic LC activation by hypotensive stress, an effect mediated by CRF afferents. Together, these results indicate that �-ORs are
poised to presynaptically inhibit diverse afferent signaling to the LC. This is a novel and potentially powerful means of regulating the
LC–norepinephrine system that can impact on forebrain processing of stimuli and the organization of behavioral strategies in response
to environmental stimuli. The results implicate �-ORs as a novel target for alleviating symptoms of opiate withdrawal, stress-related
disorders, or disorders characterized by abnormal sensory responses, such as autism.
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Introduction
The locus ceruleus (LC) innervates the entire neuraxis and is the
primary source of forebrain norepinephrine (NE) (Swanson,
1976; Swanson and Hartman, 1976). LC neurons are activated by
diverse sensory stimuli, visceral stimuli, and internal and envi-
ronmental stressors (Foote et al., 1980; Aston-Jones and Bloom,
1981a; Abercrombie and Jacobs, 1987; Morilak et al., 1987;
Svensson, 1987). Changes in the rate and/or pattern of LC dis-
charge produced by these stimuli impact on the state of arousal
and play a role in determining subsequent behavioral strategy
(Berridge and Waterhouse, 2003; Aston-Jones and Cohen, 2005).

Neurochemically distinct afferents have been identified that
convey specific modes of information to the LC. These include
excitatory amino acids (EAAs), corticotropin releasing factor

(CRF), and endogenous opioids (Aston-Jones et al., 1991; Van
Bockstaele et al., 2001). EAA afferents mediate LC activation by
certain sensory stimuli, including the well characterized activa-
tion by sciatic nerve stimulation and possibly auditory stimula-
tion (Chiang et al., 1991; Ennis et al., 1992). LC neurons are also
activated by non-noxious visceral stimuli and a role for EAA
afferents in LC activation by bladder distention has been demon-
strated (Page et al., 1992). Finally, LC activation elicited by
naloxone-precipitated opiate withdrawal, which may contribute
to the aversive aspects of this syndrome, is mediated in part via
medullary EAA afferents (Rasmussen et al., 1990, 1991; Akaoka
and Aston-Jones, 1991; Rasmussen, 1995).

Activation of the LC–NE system by stressors often occurs in
parallel with the hypothalamic–pituitary–adrenal axis. CRF, the
hypothalamic neurohormone that initiates the endocrine limb of
the stress response (Vale et al., 1981), is one mediator of LC
activation by certain stressors and has been demonstrated to be
necessary for stress-elicited arousal (Valentino et al., 1991; Page
et al., 1993; Curtis et al., 1997). In opposition, endogenous opi-
oids acting at �-opiate receptors (�-ORs) are released with stress
termination to inhibit the LC and facilitate the return to baseline
activity (Curtis et al., 2001). The balance of these opposing influ-
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ences is likely important in maintaining appropriate responses to
stressors (Valentino and Van Bockstaele, 2001).

Recently, LC innervation by the �-OR ligand, dynorphin, was
identified (Reyes et al., 2007) and others have demonstrated
�-OR mRNA and protein in the LC (DePaoli et al., 1994; Man-
sour et al., 1994), suggesting that this system regulates LC activity.
This is of particular interest as dynorphin and �-ORs are impli-
cated in stress-related disorders (Pliakas et al., 2001; Mague et al.,
2003; McLaughlin et al., 2006a). Moreover, elevated �-OR gene
expression in the LC of Wistar-Kyoto (WKY) rats, a strain that
has been used to model stress-related depression, suggests that
�-OR activation in this nucleus may have clinically relevant con-
sequences (Pearson et al., 2006).

The present study used immunoelectron microscopy to eluci-
date the cellular localization of �-ORs within the rat LC. Electro-
physiological studies in anesthetized and unanesthetized rats
identified the impact of activating �-ORs in the LC. Together,
these studies revealed a novel function for the �-OR system in
regulating afferent communication within the LC.

Materials and Methods
Animals. Male Sprague Dawley rats (200 –300 g; Taconic Farms or
Charles River Laboratories) were housed three to a cage with food and
water available ad libitum in a 12 h light/dark cycle. Rats were allowed to
acclimatize for 7 d after arrival to the laboratory animal facility before
beginning experiments. Care and use of animals was approved by the
Institutional Animal Care and Use Committee of the Children’s Hospital
of Philadelphia (physiological experiments) and by the Institutional An-
imal Care and Use Committee of Thomas Jefferson University (electron
microscopy experiments).

Electron microscopy. Perfusion and collection of tissue was identical to
our previous studies (Reyes et al., 2006). Sections were incubated 12–14
h in a mixture of either mouse anti vesicular glutamate transporter 1
(VGlut1; 1:500; Synaptic Systems) or guinea pig anti-CRF (1:1000; Pen-
insula Pharmaceuticals) and rabbit anti-�-OR (1:500) in 0.1% BSA. After
rinses, sections were incubated in biotinylated donkey anti-rabbit (1:400;
Jackson ImmunoResearch) followed by a 30 min incubation in avidin-
biotin complex (Vector Laboratories). �-OR was visualized using 22 mg
of 3,3�-diaminobenzidine (DAB; Sigma-Aldrich) dissolved in 0.1 M

phosphate buffer (PB). VGlut1 was visualized using silver intensification
of a goat anti-mouse IgG conjugated to 1 nm gold particles (1:50; GE
Healthcare Bio-Sciences) after the DAB reaction. To avoid any bias in
labeling, some sections were reversed labeled so that �-OR was visualized
using an immunogold reaction and VGlut was visualized using immu-
noperoxidase. For visualization of CRF and �-OR, CRF immunoreactiv-
ity was visualized using DAB, whereas �-OR was visualized using silver
intensification of a goat anti-rabbit IgG conjugated to 1 nm gold particles
(GE Healthcare Bio-Sciences). In some sections, the processing was re-
versed such that CRF was visualized using an immunogold reaction, and
�-OR was visualized using immunoperoxidase. Control sections for each
experiment were run in parallel with the primary antibody omitted. No
detectable immunoreactivity was observed in the absence of the primary
antibody. After intensification, tissue sections were rinsed and incubated
in 2% osmium tetroxide (Electron Microscopy Sciences) in 0.1 M PB for
1 h, washed in 0.1 M PB, dehydrated in an ascending series of ethanol
followed by propylene oxide, and flat embedded in Epon 812 (Electron
Microscopy Sciences). Thin sections (50 – 80 nm) were cut with a dia-
mond knife (Diatome), collected on copper mesh grids, and examined
with an electron microscope (Morgagni; FEI). Digital images were cap-
tured using the Advance Microscopy Techniques advantage HR/HR-B
CCD camera system. Figures were assembled and adjusted for brightness
and contrast in Adobe Photoshop.

The classification of identified cellular elements was based on the ul-
trastructural descriptions of Peters et al. (1991). Dendrites usually con-
tained endoplasmic reticulum and were postsynaptic to axon terminals.
Axon terminals were differentiated from preterminal axons by the pres-
ence of abundant synaptic vesicles and were at least 0.3 �m in diameter.

Synaptic specializations were defined as Gray’s type I or asymmetric
(Gray, 1959) if the axon terminal showed a restricted zone of parallel
membranes with slight enlargement of the intercellular space and an
associated thick postsynaptic density. In contrast, symmetric synapses
had thin densities (Gray’s type II) (Gray, 1959) both presynaptically and
postsynaptically. If a classification into type I or type II synapse could not
be unequivocally established, the morphological differentiation was con-
sidered as “undefined.” Such an association consisted of an axon termi-
nal being in direct contact with the plasma membrane of a dendrite or
soma with no intervening glial processes. Undefined associations do not
imply that a synaptic specialization does not exist, but rather that, in the
plane of section analyzed, the classification of the synapse was not possi-
ble unless identified in serial sections. In sections dually labeled for �-OR
and VGlut, at least four randomly selected sections with optimal preser-
vation of ultrastructural morphology were examined per animal (n � 5).
The criteria for defining an axon terminal as immunolabeled was by
using detection of at least two to three silver grains in a cellular profile.
From the surface of the individual Epon block containing the tissue
section, at least 20 grids containing four to eight ultrathin sections were
collected. Fields of at least 11,000� magnification showing random pro-
files containing immunogold-silver labeling for VGlut and peroxidase
labeling for �-OR at the plastic-Epon interface were tallied and evaluated
for both labels in common axon terminals. This approach resulted in 195
�-OR-labeled profiles. Similarly, sections dually labeled for �-OR and
CRF were analyzed following the same protocol. Briefly, �-OR and CRF
axons and axon terminals were tallied from fields of at least 11,000�
magnification found in at least 20 grids containing four to eight ultrathin
sections taken from four sections from each animal (n � 4). Fields show-
ing immunogold-silver labeling for �-OR and peroxidase labeling for
CRF were tallied and evaluated for both labels in common axon termi-
nals. This approach resulted in 261 �-OR-labeled profiles.

Electrophysiological recordings in anesthetized rats. Rats were anesthe-
tized in 2% isoflurane-air mixture and prepared for recording LC neu-
ronal activity from glass micropipettes as previously described (Curtis et
al., 1997). For some studies, a catheter was inserted into the jugular vein
for administration of sodium nitroprusside to produce hypotensive
stress. Double-barrel micropipettes were used to record neuronal activity
and simultaneously microinfuse agents. LC spontaneous activity was re-
corded for at least 3 min. In some experiments, this was followed by a trial
of sciatic nerve stimulation (60 stimuli, 5.0 mA, 0.5 ms duration, 0.2 Hz)
(Valentino and Foote, 1987). Agents were microinfused into the LC
(30 – 60 nl) by applying small pulses of pressure (15–25 psi, 10 –30 ms in
duration) at a frequency of 0.2–1.0 Hz using a controlled source of pres-
sure (Picospritzer; General Valve). LC activity was recorded for at least 3
min after the infusion and this was followed by either a trial of sciatic
nerve stimulation or intravenous infusion of sodium nitroprusside. For
hypotensive challenge, sodium nitroprusside (Sigma-Aldrich) was in-
fused (0.66 mg in 1 ml; 40 �l/min) through the jugular catheter for at
least 9 min.

Morphine was chronically administered as described previously (Val-
entino and Wehby, 1989). Rats were anesthetized with isoflurane and an
osmotic minipump (Alzet catalog #2001) filled with 0.2 ml of sterile
saline or morphine sulfate (50 mg/ml in sterile saline) was implanted
subcutaneously. Tubing connected the outflow of the pump to a combi-
nation osmotic pump/guide cannula (which contained an additional
cannula for acute i.c.v. injection during the experiment; C313G-330OP;
Plastics One). This was implanted with the tip in the lateral ventricle for
intracerebroventricular delivery (1 �l/hr). Rats were individually housed
after surgery. Electrophysiology experiments were performed in the
anesthetized state 7 d after implantation. For these studies, artificial CSF
(ACSF) or the �-OR agonist (trans)-3,4-dichloro-N-methyl-N-[2-1-
pyrrolidinyl)-cyclo-hexyl] benzeneacetamide (U50488) was microin-
fused into the LC 3 min before intracerebroventricular injection of the
selective �-opiate receptor antagonist, D-Phe-Cys-Tyr-D-Trp-Arg-Thr-
Pen-Thr-NH2 (CTAP). LC activity was recorded for an additional 9 min
after the injection.

After each experiment, the recording site was marked by the ionto-
phoresis of Pontamine sky blue from the recording electrode (�15 �A;
10 –15 min). The brains were dissected out and 30 �m frozen sections
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were cut and stained with neutral red for localization of the recording
site. Data were analyzed only from those neurons histologically identified
as being within the nucleus LC.

Each determination represents a single cell in an individual animal.
The effect of infusions on LC spontaneous discharge rate was determined
by the Student’s t test for matched-pair samples. LC activity during sciatic
nerve stimulation trials were recorded as peristimulus time histograms
(PSTHs) and analyzed as described previously (Valentino and Foote,
1987). Briefly, the histogram was divided into different time components
and the discharge rate for each component was determined. The first 500
ms represented the unstimulated or tonic activity. The evoked compo-
nent was defined as that period after the stimulus when LC discharge rate
exceeds the mean tonic discharge rate plus 1 SD. Rates during the differ-
ent components were compared for the same cells before and after ago-
nist administration by the Student’s t test for matched-pair samples. The
effect of the three doses of U50488 on evoked rate and signal-to-noise
ratio was analyzed using a two-way repeated-measures ANOVA with
time and treatment as factors. For all statistical analysis, values of p �
0.05 were considered statistically significant.

The effect of hypotensive challenge was determined by a repeated-
measures one-way ANOVA with time as the factor. A two-way ANOVA
with treatment and time as factors was used to compare the effect of
hypotensive challenge between ACSF and U50488. Post hoc analyses were
performed using Fisher’s PLSD test. Additionally, for each experiment,
the mean maximal activation produced by hypotensive challenge was
determined and compared between treatment groups using a Student’s t
test for independent samples. The effect of CTAP was determined using
one-way repeated-measures ANOVA with time as the factor. A two-way
ANOVA with treatment and time as factors was used to compare the
effect of CTAP on LC discharge rate between ACSF and U50488 pretreat-
ment groups. Post hoc analyses were performed using Fisher’s PLSD test.
Additionally, the mean maximal activation observed after CTAP admin-
istration to ACSF- or U50488-pretreated rats was determined and com-
pared using a Student’s t test for independent samples.

Electrophysiological recordings in unanesthetized rats. Rats were anes-
thetized with isofluorane, positioned in a stereotaxic instrument, and
surgically prepared for implantation of a microwire bundle consisting of
eight Teflon-insulated 50 �m stainless-steel wires (NB Labs) into the LC.
The wires were attached, along with ground wires to a Microstar head
stage and connected to a 16-channel data acquisition system (AlphaLab;
Alpha Omega). Accurate placement was aided by recording neuronal
activity during the implantation procedure. The head stage was affixed to
the skull with dental cement and postoperative recovery was at least 3 d
before recording. For the first 2 d after the postoperative period, rats were
habituated to a recording cage in which they had free movement. During
these sessions, cables were connected to the head stage for 1 h to assess
detection of LC waveforms. The recording protocol consisted of a base-
line period (15 min) including two segments of spontaneous activity (5
min each), one before and one after a segment of sensory evoked activity
elicited by auditory stimulation (3 kHz tone, 50 ms, 80 db intensity,
presented at 0.25 Hz, 50 presentations, total time 5 min). At the end of the
baseline period, saline (1 ml/kg, i.p.) or the � agonist U50488 (5.0 mg/kg,
i.p.) was administered and this was immediately followed by another
segment of spontaneous activity (5 min) and a final segment of sensory
evoked activity (5 min). Each subject received both saline (day 1) and
U50488 (day 2). At the end of the experiment, current was passed
through the electrode (10 �A, 15 s) and rats were perfused with 4%
paraformaldehyde containing 5% potassium ferrocyanide to form a
Prussian blue reaction product for identification of the electrode site.

Putative LC multiunit activity was recorded as continuous analog
waveforms by the Alpha Omega system linked to a host computer. Ex-
tracellular unit waveforms were amplified at a gain up to 25,000� with a
bandwidth of 400 Hz to 2.0 kHz. Multiunit activity on all eight wires
(channels) was monitored in real time simultaneously during experi-
ments, but sorting of multiunit activity was done off-line only. The Wave
Mark template matching algorithm in Spike2 was used to discriminate
putative LC single-unit waveforms. A set of waveforms identified by the
Wave Mark template is verified as events from a single unit by analyses of
principal component clusters and associated autocorrelograms. For

principal component clusters, Spike2 generates a cluster of dots repre-
senting waveform events from a putative single unit in three-
dimensional space. An ellipsoid representing 1 SD (in three-dimensional
space) from the cluster centrality is generated with the cluster of wave-
form events. The lack of overlap of any two ellipsoids was considered
verification that the clusters were events from separate single units. An
autocorrelogram of a set of waveform events in which no spikes occurred
during a refractory period of 3 ms was considered verification that those
events were from a single unit. For each channel with LC activity, two to
five single units were usually discriminated.

Tonic and evoked activity were calculated from PSTHs as described
above for studies in anesthetized rats. The effect of saline or U50488
injection was determined by a preinjection and postinjection compari-
son within subjects and the effect of U50488 versus saline was compared
between subjects using a Student’s t test for independent samples. Com-
parisons for which p � 0.05 were considered significant.

Drugs. Dynorphin-A was obtained from Sigma-Aldrich. Desiccated
aliquots were diluted in ACSF on the day of the experiment and admin-
istered locally as 1 ng in 30 nl. The synthetic �-OR agonist U50488
(Sigma-Aldrich) was administered as 10, 30, or 100 ng in 30 nl ACSF. The
synthetic �-OR antagonist nor-binaltorphamine (nor-BNI; Sigma-
Aldrich) was administered as 100 ng in 30 nl ACSF (based on pilot
dose–response studies). CTAP (Tocris Bioscience) was administered at a
dose of 3 �g in 3 �l intracerebroventricularly.

Results
Colocalization of �-OR with VGlut and CRF in axon
terminals in the LC
Axon terminals containing �-OR were localized in the same field
as VGlut1-labeled axon terminals and CRF-labeled axon termi-
nals. A substantial portion of �-OR-immunolabeled terminals
colocalized either VGlut1 (Fig. 1A,B) or CRF (Fig. 1C,D). In
sections that were double labeled to visualize �-OR and VGlut,
44% of a total of 195 �-OR-labeled axon terminals were colabeled
for VGlut1. In these same sections, the double-labeled axon ter-
minals represented 63% of a total of 137 VGlut-labeled axon
terminals. Of these �-OR-VGlut terminals, 53% formed identi-
fiable synapses (41% asymmetric, 12% symmetric), 38% had un-
defined associations, and 9% were separated from dendrites in
the plane of the section by astrocytes. In sections that were double
labeled for �-OR and CRF, 41% of a total of 261 �-OR-labeled
axon terminals colocalized CRF. In these same sections, the
double-labeled axon terminals represented 50% of CRF termi-
nals. Of the �-OR-CRF terminals 48% formed identifiable syn-
apses (37% asymmetric, 11% symmetric), 45% had undefined
associations, and 7% were separated from dendrites in the plane
of the section by astrocytes. This localization of �-OR is consis-
tent with presynaptic modulation of glutamatergic and CRF af-
ferents to the LC.

�-OR activation inhibits glutamatergic inputs to the LC
engaged by sciatic nerve stimulation
To assess the functional significance of the anatomic localization
of �-OR in the LC, the effects of �-OR activation on LC sponta-
neous and sensory-evoked activity were quantified. Microinfu-
sion of the endogenous �-OR agonist dynorphin (1 ng in 30 nl)
into the LC did not affect LC spontaneous activity. Mean LC
discharge rates before and after dynorphin were 2.7 � 0.7 Hz and
2.8 � 0.8 Hz, respectively. During trials of sciatic nerve stimula-
tion, dynorphin significantly decreased evoked but not tonic (un-
stimulated) discharge, resulting in a net decrease in the signal-to-
noise ratio (Fig. 2). The effect of dynorphin was relatively
transient, as the evoked response returned to preinjection values
by the second stimulation trial 8 min later. Therefore, subsequent
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experiments used the nonpeptide �-OR agonist U50488 to exam-
ine the impact of �-OR activation in the LC.

Figure 3 shows representative examples of the effect of differ-
ent doses of U50488 on LC sensory-evoked responses and illus-
trates a selective decrease in evoked LC activity. Quantitative

analyses confirmed that local microinfu-
sion of U50488 into LC did not alter LC
spontaneous discharge rate during the tri-
als. In contrast, there was a dose-
dependent decrease in evoked discharge
and in the signal-to-noise ratio (Fig.
3D,E). Evoked activity recovered to base-
line levels by 15 min after injection. Note
that although the mean predrug evoked
discharge rate appears variable between
the different dose groups, these are not sta-
tistically different between groups.

Microinfusion of the �-OR antagonist
nor-BNI (100 ng in 30 nl) into the LC did not
alter spontaneous LC discharge rate, as the
mean rates were 2.6 � 0.4 Hz and 2.5 � 0.5
Hz before and after nor-BNI, respectively
(n � 10). Likewise, neither tonic nor evoked
activity during trials of sciatic nerve stimula-
tion were affected by nor-BNI (Fig. 4A).
Mean tonic LC discharge was 2.7 � 0.4 Hz
and 2.6 � 0.5 Hz before and after nor-BNI,
respectively (n � 9). Mean evoked discharge
rate was 16.7 � 3.4 Hz and 18.4 � 4.1 Hz
before and after nor-BNI, respectively (n �
9). However, intra-LC microinfusion of nor-
BNI prevented the inhibitory effects of
U50488 on LC evoked activity (Fig. 4B). The
mean evoked discharge rate before and after
U50488 in subjects pretreated with nor-BNI
was 16.4 � 3.3 Hz and 18.6 � 6.9 Hz (n � 6).

�-OR activation inhibits glutamatergic
inputs to the LC engaged by
morphine withdrawal
Precipitation of withdrawal by adminis-
tration of naloxone to morphine-
dependent animals activates LC neurons,
in part via glutamatergic afferents from the
nucleus paragigantocellularis (Rasmus-
sen, 1995). Like naloxone, administration
of the selective �-opiate receptor antago-
nist CTAP to morphine-dependent rats
increased LC discharge rate (Fig. 5A). Pre-
treatment with U50488, but not ACSF, at-
tenuated CTAP-induced LC activation
(Fig. 5A). A two-way ANOVA comparing
groups treated with ACSF versus U50488
revealed an effect of treatment during the
initial 9 min after CTAP infusion (F(1,29) �
10.3; p � 0.007) (Fig. 5B). Additionally,
comparison of the maximum increase of
LC discharge rate above baseline during 12
min after CTAP administration revealed a
significant difference between rats pre-
treated with ACSF (185 � 17% increase;
n � 9) versus U50488 (107 � 11% in-
crease; n � 7; p � 0.05).

�-OR activation inhibits auditory-evoked LC activation in
unanesthetized rats
In unanesthetized rats, brief auditory stimuli evoke LC discharge
and this response is attenuated by central administration of glu-

Figure 1. Electron photomicrographs showing coexistence of �-OR and VGlut or CRF in axon terminals in the LC. A, Two axon
terminals contain gold-silver labeling for VGlut and peroxidase labeling for �-OR (�-OR�VGlut-t). The dually labeled axon
terminals form asymmetric synapses (arrows) with unlabeled dendrites. B, An axon terminal containing gold-silver labeling
(arrowheads) for �-OR and peroxidase labeling for VGlut (�-OR�VGlut-t) forms an asymmetric synapse (arrows) with a dendrite.
C, D, Axon terminals exhibiting gold-silver labeling (arrowheads) for �-OR and immunoperoxidase labeling for CRF (�-
OR�CRF-t) form asymmetric synapses (arrows) with unlabeled dendrites. m, Mitochondria. Scale bars, 0.50 �m.

Figure 2. Dynorphin attenuates sensory-evoked LC discharge but does not alter tonic discharge. A1–A3, Representative PSTHs
generated from trials of sciatic nerve stimulation before (Pre-Dynorphin), immediately after dynorphin (1 ng in 30 nl) microinfu-
sion into the LC (Post-Dynorphin, 0 –5 min), and 8 min after dynorphin infusion (Post-Dynorphin, 8 –13 min). The abscissas
indicate the time in seconds before and after stimulus, which occurred at 0.5 s. The ordinates indicate the cumulative number of
discharges (spikes) in each 8 ms bin. B, Quantification of sensory-evoked discharge (Evoked), signal-to-noise ratio (Evoked:Tonic),
and tonic discharge (Tonic). White, black, and gray bars represent determinations before and immediately after dynorphin
administration, and 8 min after dynorphin administration, respectively. *p � 0.05, significantly different from predynorphin,
Student’s t test for matched pair samples (n � 4). Error bars indicate SEM.
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tamate antagonists (Aston-Jones and
Bloom, 1981a; Chiang et al., 1991). A total
of 41 discriminated LC units were recorded
from three subjects during trials of audi-
tory stimulation. Figure 6A1 shows exam-
ples of the discriminated waveforms re-
corded simultaneously from the same wire.
Autocorrelograms and the separation of
clusters generated from principal compo-
nent analysis provided evidence that these
were individual units (Fig. 6A2,A3). Addi-
tionally, the observation that tonic activity
before administration of either saline
(1.8 � 0.2 Hz; n � 12) or U50488 (2.0 �
0.2 Hz; n � 29) was comparable with that
determined for well discriminated LC
units recorded with glass micropipettes in
anesthetized rats was consistent with
single-unit recordings in these unanesthe-
tized subjects. Repeated auditory stimuli
evoked LC discharge as shown in the rep-
resentative PSTHs (Fig. 6C,D). Injection of
either saline or U50488 produced a small,
but statistically significant decrease in
tonic activity. Thus, mean tonic activity be-
fore and after saline was 1.8 � 0.2 Hz and
1.2 � 0.3 Hz, respectively ( p � 0.05), and
before and after U50488 was 2.0 � 0.2 Hz
and 1.4 � 0.2 Hz, respectively ( p � 0.005).
There was no difference in tonic discharge
rate between the treatments. The magni-
tude of evoked activity was comparable be-
fore U50488 (18.1 � 1.1 Hz) and saline
(21.7 � 2.3 Hz). Similar to its effects on LC
activity evoked by sciatic nerve stimula-
tion, U50488 attenuated the magnitude of
auditory-evoked LC discharge ( p �
0.0005, Student’s t test for matched pairs),
whereas saline was without effect. More-
over, the evoked rate determined after
U50488 (11.4 � 0.9 Hz) was significantly
less than that determined after saline
(18.0 � 2.0 Hz) administration ( p �
0.005, Student’s t test for independent
samples). Finally, the signal-to-noise ratio
of the auditory response (evoked/tonic
rate) was significantly less after U50488
(9.9 � 0.9) compared with that deter-
mined after saline (22.6 � 5.3; p � 0.05,
Student’s t test for independent samples).
Data from one unit in the saline group that
had an unusually high signal-to-noise ratio
(254) because of a very low tonic rate (0.06
Hz) was omitted from this analysis. How-
ever, even with inclusion of this point in the analysis, the signal-
to-noise ratios were significantly different between groups (9.9 �
0.9 vs 41.9 � 20.7 for U50488 vs saline, respectively; p � 0.05,
Student’s t test for independent samples).

�-OR activation inhibits CRF inputs to the LC engaged by
hypotensive challenge
Unlike its activation by sciatic nerve stimulation or opiate with-
drawal, LC activation by hypotensive challenge is completely me-

diated by CRF release in the LC (Valentino et al., 1991; Curtis et
al., 2001). To determine whether �-OR could modulate this ma-
jor afferent to LC, the effects of U50488 on LC activation elicited
by hypotensive stress were examined. Administration of nitro-
prusside after ACSF microinfusion increased LC discharge rate
and in recordings that remained stable throughout the infusion,
LC discharge decreased with termination of the infusion, as re-
ported previously (Fig. 7) (Curtis et al., 2001). In contrast, pre-
treatment with U50488 (100 ng) prevented LC activation by hy-

Figure 3. The synthetic �-OR agonist U50488 attenuates LC sensory-evoked discharge in a dose-dependent manner. A–C,
Representative PSTHs generated from trials of sciatic nerve stimulation before (Pre-U50488) and immediately after (Post-
U50488) intra-LC microinfusion of U50488 at 10, 30, or 100 ng. The abscissas indicate the time in seconds before and after
stimulus, which occurred at 0.5 s. The ordinates indicate the cumulative number of discharges (spikes) in each 8 ms bin. D, E,
Quantification of sensory evoked discharge (Evoked rate) and of signal-to-noise ratio (Evoked:Tonic rate) before (white bar) and
after (black bar) U50488. The abscissas indicate the dose (nanograms) and ordinates indicate the discharge rate (Hertz) in
different components of the PSTH (D) or the ratio of evoked-to-tonic rate (E). The number of cells for 10, 30, and 100 ng was 9, 9,
and 14, respectively. A two-way repeated-measures ANOVA for evoked rate revealed a significant main effect of treatment (F(1,29)

� 21.36; p � 0.05) and interaction between treatment and dose (F(2,29) � 4.03; p � 0.05). Likewise, a two-way repeated-
measures ANOVA for signal-to-noise revealed a significant main effect of treatment (F(1,29) � 7.22; p � 0.05). *p � 0.05,
significantly different from pre-U50488. Error bars indicate SEM.
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potensive challenge (Fig. 7A,B).
Additionally, comparison of the maxi-
mum increase of LC discharge rate above
baseline during hypotensive challenge re-
vealed a significant difference between rats
pretreated with ACSF (38 � 8% increase;
n � 8) versus U50488 (13 � 6% increase;
n � 9; p � 0.02). Finally, there was a ten-
dency for poststress inhibition to be atten-
uated in rats administered U50488 (Fig.
7A). However, this effect was not statisti-
cally significant and it was difficult to
maintain cellular stability for the required
period of time in a sufficient number of
subjects to achieve the necessary power for
this comparison.

Discussion
Through widespread forebrain projec-
tions, the LC–norepinephrine system reg-
ulates states of arousal and facilitates deci-
sions on behavioral strategies in dynamic
environmental situations (Berridge and
Waterhouse, 2003; Aston-Jones and Co-
hen, 2005). Information about the internal
and external environment is relayed
through afferents that converge in the LC
and affect neuronal activity. Therefore,
modulation of LC afferents can be a pow-
erful means of influencing cognitive and
behavioral responses to diverse stimuli.
This study provided evidence for �-OR
modulation of diverse LC afferents. �-OR
was prominently colocalized with VGlut
and with CRF in axon terminals in the LC.
Electrophysiological studies were consis-
tent with presynaptic effects, as �-OR ago-
nists did not alter spontaneous LC activity.
Rather, activation of �-OR in the LC had
the unique consequence of consistently at-
tenuating neuronal discharge evoked by
engaging either excitatory amino acid or
CRF inputs. Through the ability to inhibit
neurochemically distinct afferents that are
engaged by diverse stimuli, �-ORs can ex-
ert a powerful influence over the LC–NE
system. This represents a new dimension
of regulation of LC activity that may be
targeted to treat multiple psychiatric
disorders.

Technical considerations
The interpretation of �-OR labeling in
axon terminals is based on specific struc-
tural features (Peters et al., 1991). Al-
though many of these formed synapses in
the plane of the section, the ultrathin sec-
tioning made it impossible to determine
whether all labeled terminals formed syn-
apses. This would require serial recon-
struction, which was out of the scope of
this study.

The electrophysiological effects ob-

Figure 4. The �-OR antagonist nor-BNI blocks the actions of U50488 in LC, but does not alter evoked or tonic discharge. A,
Representative PSTHs generated from trials of sciatic nerve stimulation before (Pre-norBNI) and immediately after (Post-norBNI)
microinfusion of nor-BNI (100 ng) into the LC. The abscissas indicate the time in seconds before and after stimulus, which occurred
at 0.5 s. The ordinates indicate the cumulative number of discharges (spikes) in each 8 ms bin. B, Representative PSTHs generated
from trials of sciatic nerve stimulation before (Pre-U50488) and immediately after (Post-U50488) LC microinfusion of U50488 (100
ng) after local pretreatment with nor-BNI.

Figure 5. The �-OR agonist U50488 attenuates LC activation during opiate withdrawal. A, Representative traces showing LC
spontaneous discharge rates after intracerebroventricular administration of CTAP (arrow) in morphine-dependent rats that were
pretreated with ACSF (left) or U50488 (right) microinfusion into LC. The abscissas indicate the time in seconds. The ordinates
indicate discharge rate (Hertz). Note that ACSF was administered before the start of the trace, but the original cell was lost and a
second cell was recorded immediately after. B, Mean time course of LC discharge rate after CTAP administration after ACSF (open
squares; n � 9) or U50488 (filled squares; n � 7). The abscissa indicates time in minutes after CTAP, whereas the ordinate
indicates percentage increase in LC discharge. A one-way repeated-measures ANOVA revealed a significant effect of CTAP admin-
istration in ACSF-pretreated rats (F(3,35) � 4.35; p � 0.01), whereas there was no significant effect of CTAP administration after
U50488 pretreatment (F(3,27) � 0.25; p � 0.05). A two-way repeated-measures ANOVA revealed a significant main effect of
pretreatment (F(1,39) � 10.276; p � 0.007; *p � 0.05; statistically different from ACSF; Fisher’s PLSD post hoc test). Error bars
indicate SEM.
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served were considered to be �-OR-
mediated based on high pharmacological
selectivity of the agents used (Stevens et al.,
2000; Wang et al., 2005). It is noteworthy
that �-OR-mediated effects on LC sensory
responses are opposite to those produced
by �-opiate receptor activation and unlike
effects produced by �-opiate receptor acti-
vation, arguing against an involvement of
those receptors (North et al., 1987; Val-
entino and Wehby, 1988; Pan et al., 2002).

Presynaptic actions of � opiate receptors
in brain
Presynaptic effects of �-OR activation in
the LC are reminiscent of its function
in other brain regions. �-ORs are localized
in axon terminals in the rostral ventrome-
dial medulla (Drake et al., 2007), nucleus
accumbens shell (Svingos et al., 1999), and
medial prefrontal cortex (Svingos and Co-
lago, 2002). �-OR-mediated presynaptic
inhibition has been reported in hippocam-
pus (Weisskopf et al., 1993; Simmons and
Chavkin, 1996), globus pallidus (Ogura
and Kita, 2000), rostral ventral medulla
(Ackley et al., 2001), nucleus ambiguus
(Wang et al., 2004), nucleus raphe magnus
(Bie and Pan, 2003), and nucleus accum-
bens shell (Hjelmstad and Fields, 2001). In
these regions, glutamate, glycine, and
GABA neurotransmission were targets of
�-OR-mediated presynaptic effects. Thus,
�-ORs can have a broad impact through
presynaptic modulation of diverse
neurotransmitters.

Implications of presynaptic regulation of
EAA afferents to LC
LC neurons are spontaneously active and
discharge in both tonic and phasic modes
(Foote et al., 1980; Aston-Jones and Bloom,
1981a,b). Phasic LC activation by discrete
multimodal sensory stimuli is thought to
direct attention toward the stimuli and fa-
cilitate behavioral outcomes associated
with the stimuli (Berridge and Waterhouse,
2003; Aston-Jones and Cohen, 2005). The
brief synchronous burst of LC discharge
elicited by sensory stimuli is consistent with
EAA drive and the well described activation
of LC neurons by sciatic nerve stimulation is mediated by med-
ullary EAA inputs (Ennis et al., 1992). A selective decrease in the
magnitude of LC phasic sensory responses by �-OR activation
should translate to attenuated reactions to sensory stimuli and
decreased ability of these stimuli to direct or alter the course of
ongoing behavior. The lack of effect on tonic activity implies that
this would occur in the absence of alterations in arousal. Consis-
tent with reducing the impact of sensory stimuli, �-OR agonists
disrupt performance in an attention task, the five-choice serial
reaction-time task, by increasing number of omissions and la-
tency to respond (Paine et al., 2007; Shannon et al., 2007). These
effects could also be expressed as a blunting of affect that charac-

terizes depression. In this regard, previous studies have impli-
cated the dynorphin–�-OR system in depression and suggest that
�-OR antagonists may be useful antidepressants (Pliakas et al.,
2001; Mague et al., 2003; McLaughlin et al., 2003, 2006b;
Shirayama et al., 2004). Although these studies focused on �-OR
actions in forebrain, findings of increased �-OR gene expression
in the LC of the Wistar-Kyoto rat (a strain that exhibits a depres-
sive phenotype) support a role for �-OR in the LC in depression
(Pearson et al., 2006). In other clinical conditions that are char-
acterized by excessive responses to sensory stimuli, the ability of
�-OR agonists to blunt these responses without altering the state
of arousal might be therapeutically useful. Examples include at-

Figure 6. The �-OR agonist U50488 attenuates LC activation by auditory stimuli in the awake, freely moving rat. A1,
Representative multiunit waveforms from different putative LC neurons extracted from a multiunit analog record by template-
matching software. A2, Cluster plot of the principal component analysis for representative waveforms. Each waveform in the
template is represented by a color-coded event dot in the principal component space, thereby generating its respective PC
cluster. The ellipsoids around the clusters are three-dimensional representations of 1 SD from cluster centrality. The lack of
overlap of the ellipsoids suggests that the clusters represent single units. A3, Below each waveform is the color-coded autocor-
relogram generated by interspike intervals between events. The abscissas indicate time in milliseconds, whereas the ordinates
indicate number of intervals per bin. For LC neurons, onset of relative refractory period is 3 ms, suggesting that at least 2 ms to the
left of 0 and 2 ms to the right of 0 should be devoid of spike interval histograms in an autocorrelogram of a single LC unit. B,
Photomicrograph showing a coronal section stained with neutral red at the level of the LC. The arrowheads indicate the location
of the multiunit electrodes. The arrow points to the LC. The asterisks indicate the mesencephalic trigeminal nucleus. V, Ventricle.
Scale bar, 100 �m. C, Representative PSTHs generated from trials of auditory stimulus presentations before (Pre-vehicle) and
immediately after (Post-vehicle) saline administration (1 ml/kg, i.p.). The abscissas indicate time in seconds before and after an
auditory stimulus, which starts at 0 s, and the ordinates indicate cumulative number of discharges (spikes) in each 8 ms bin. D,
Representative PSTHs generated from a trial of auditory stimulus presentations before (Pre-U50488) and immediately after
(Post-U50488) �-OR agonist administration (5 mg/kg, i.p.). The abscissas indicate time in seconds before and after the auditory
stimulus, which starts at 0 s, and the ordinates indicate cumulative number of discharges (spikes) in each 8 ms bin.
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tentional disorders, where sensory stimuli are significant distract-
ers, or autism, which can present as unusually heightened sensory
responses (Gomot et al., 2002; Tomchek and Dunn, 2007). Inter-
estingly, antagonizing �-OR in the LC did not alter sensory
evoked responses, implying a lack of endogenous �-OR tone in
LC. This may occur only in certain conditions such as chronic
stress, which upregulates prodynorphin mRNA in the central
nucleus of the amygdala, an afferent to the LC (Chen et al., 2004;
Shirayama et al., 2004).

LC neuronal excitation produced by antagonist-precipitated
opiate withdrawal has been implicated in certain aspects of the
withdrawal syndrome (Redmond and Huang, 1982; Rasmussen
et al., 1990; Maldonado et al., 1992; Han et al., 2006). EAA affer-
ents mediate a component of this neural correlate of opiate with-
drawal. Thus, intra-LC infusion of EAA antagonists LC reduces,
but does not abolish, this response (Rasmussen and Aghajanian,
1989; Akaoka and Aston-Jones, 1991; Rasmussen et al., 1991).
The present demonstration that �-OR activation in the LC also
attenuates the excitation of LC neurons by opiate withdrawal is
consistent with presynaptic inhibition of glutamate afferents that
mediate the effect and suggests that �-OR agonists might be use-
ful in alleviating symptoms of opiate withdrawal.

Implications of presynaptic regulation of CRF afferents to LC
U50488 decreased LC activation by a stimulus that engages CRF
afferents, underscoring the general nature of �-OR presynaptic
inhibition in the LC. CRF is thought to serve as a neuromodulator
in the LC that increases its activity in response to many stressors
(Lehnert et al., 1998; Koob, 1999; Valentino and Van Bockstaele,
2005). CRF is also released to impact on LC neurons during swim

stress as demonstrated by receptor inter-
nalization (Reyes et al., 2008) and handling
stress, as demonstrated by norepinephrine
efflux (Kawahara et al., 2000). Attenuation
of stress-induced LC activation might
seem counter to recent studies linking the
dynorphin–�-OR system with stress-
related pathology such as depression (see
above). However, this may be explained by
considering that acute stress-elicited LC
activation by CRF is adaptive (see below).
By blunting that response, �-OR agonists
may set up conditions that favor maladap-
tive responses. For example, CRF activa-
tion of the LC is associated with increased
activity in the swim test (Butler et al., 1990;
Xu et al., 2004), whereas �-OR agonists are
associated with immobility, which is gen-
erally considered to be a depression-like
response.

Relevance of �-OR-mediated
presynaptic inhibition for LC function
A salient attribute of the LC is its ability
to change discharge rate and pattern in
tune with dynamic environments.
Aston-Jones and Cohen (2005) propose
a model whereby tonic and phasic modes
of LC discharge facilitate distinct pro-
cesses. In this model, phasic activity fa-
cilitates ongoing behavior and optimizes
performance in tasks requiring selective
attention, whereas tonic activity pro-

motes attention to irrelevant stimuli, disengagement from on-
going tasks and searching for alternate tasks when present
behavior is not optimal. By biasing LC activity toward a par-
ticular discharge mode, EAA, opioid, and CRF afferents can
shape predominant behavioral strategies in these environ-
ments. EAA afferents would facilitate selective attention and
optimal performance of ongoing tasks through enhancement
of phasic discharge. CRF shifts LC activity toward a high tonic
and lower phasic mode, an effect associated with hyper-
arousal, disengagement from ongoing behavior, and scanning
of environmental stimuli (Valentino and Foote, 1987, 1988).
In contrast, endogenous opioids acting at �-OR receptors bias
activity toward the phasic mode, by selectively decreasing
tonic activity (Valentino and Wehby, 1988). In opposition to
CRF, engaging �-OR should promote focused attention and
maintenance of ongoing behavior. Consequences of �-OR
presynaptic inhibition contrast all of these. By decreasing the
ability of stimuli to phasically activate LC neurons, ongoing
behavior and performance in tasks requiring focused atten-
tion will be disrupted (as is seen in five-choice serial reaction
task). At the same time, by decreasing tonic activation, the
impetus to seek alternate strategies will not be promoted. Be-
cause spontaneous activity is unaffected, this unresponsive
state should be present in the absence of sedation. The passive
and indecisive nature of the WKY rat, which has increased
�-OR gene expression in the LC, is compatible with this model
(Pare, 1992a,b, 1993). In summary, �-OR-mediated presyn-
aptic inhibition of LC afferents represents a novel level of
regulation that takes the LC “off-line” and this may be impor-
tant in its link to depression.

Figure 7. The �-OR agonist U50488 attenuates LC activation by hypotensive stress. A, Representative traces showing LC
spontaneous discharge rates during sodium nitroprusside infusion (bar) in rats pretreated with ACSF or U50488 (100 ng). The
abscissa indicates the time in seconds. The ordinate indicates the discharge rate (Hertz). B, Mean time course of LC spontaneous
discharge rates during sodium nitroprusside administration in rats pretreated with ACSF (open squares; n � 8) or U50488 (closed
squares; n � 9). The abscissa indicates time in minutes, whereas the ordinate indicates percentage increase in LC discharge. A
one-way repeated-measures ANOVA revealed a significant effect of sodium nitroprusside administration (F(3,27) � 9.738; p �
0.0005), whereas there was no significant effect after U50488 pretreatment (F(3,35) � 1.544; p � 0.05). A two-way repeated-
measures ANOVA revealed a main effect of pretreatment (F(1,42) �5.87; p �0.03). *p �0.05, statistically significant from ACSF,
Fisher’s PLSD post hoc analysis). Error bars indicate SEM.
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