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Noradrenaline and �-adrenoceptors have been implicated in the modulation of pain in various behavioral conditions. Noradrenergic
neurons and synaptic inputs are present in neuronal circuits critical for pain modulation, but their actions on neurons in those circuits
and consequently the mechanisms underlying noradrenergic modulation of pain remain unclear. In this study, both recordings in vitro
and behavioral analyses in vivo were used to examine cellular and behavioral actions mediated by �1- and �2-adrenoceptors on neurons
in the nucleus raphe magnus. We found that �1- and �2-receptors were colocalized in the majority of a class of neurons (primary cells)
that inhibit spinal pain transmission and are excited during opioid analgesia. Activation of the �1-receptor depolarized whereas �2-
receptor activation hyperpolarized these neurons through a decrease and an increase, respectively, in potassium conductance. Blockade
of the excitatory �1-receptor or activation of the inhibitory �2-receptor significantly attenuated the analgesia induced by local opioid
application, suggesting that �1-receptor-mediated synaptic inputs in these primary cells contribute to their excitation during opioid
analgesia. In the other cell class (secondary cells) that is thought to facilitate spinal nociception and is inhibited by analgesic opioids, only
�1-receptors were present. Blocking the �1-receptor in these cells significantly reduced the hyperalgesia (increased pain) induced by
opioid abstinence. Thus, state-dependent activation of �1-mediated synaptic inputs onto functionally distinct populations of medullary
pain-modulating neurons contributes to opioid-induced analgesia and opioid withdrawal-induced hyperalgesia.
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Introduction
Noradrenaline (NA), a principal neurotransmitter in the CNS, is
involved in various CNS functions, including modulation of pain
in both acute and chronic conditions, such as opioid withdrawal
and inflammatory pain states (Raja, 1995; Maldonado, 1997). Its
central pain-modulating actions are mediated primarily by a well
studied brain circuit that involves NA synaptic connections in the
rostral ventromedial medulla (RVM) and A5 and A7 catechol-
amine cell groups in the pontine tegmentum. Neurons in the
RVM, a critical supraspinal component of the CNS pain-
modulating network, project directly to the spinal dorsal horn
and control spinal pain transmission (Fields and Basbaum,
1999). Noradrenergic neurons in the A5 and A7 cell groups also
modulate spinal pain transmission through their direct spinal
projections (Burnett and Gebhart, 1991; Nuseir and Proudfit,
2000). The RVM does not contain noradrenergic cells (Basbaum,
1992) but receives a dense noradrenergic projection from the A5

and A7 neurons (Tanaka et al., 1996; Meng et al., 1997). These
noradrenergic inputs have been demonstrated to affect pain
modulation by RVM neurons (Haws et al., 1990; Nuseir et al.,
1999).

Previous studies on the effect of NA inputs on RVM cell ac-
tivity used either iontophoretic application or local microinjec-
tion of �-receptor agonists or antagonists in animals in vivo.
These studies examined the ��adrenergic effect on spontaneous
activity of RVM cells, and inconsistent results were reported
(Proudfit, 1988; Haws et al., 1990). One potential confound is
that the RVM has functionally distinct cell groups (Pan et al.,
1997; Fields and Basbaum, 1999); however, the cellular distribu-
tion of �-receptor subtypes and their synaptic actions in the dif-
ferent cell groups are unknown.

We have characterized the cell types and neuronal circuit in
the nucleus raphe magnus (NRM), a main component of the
RVM, and have demonstrated how � opioids produce antinoci-
ception by acting on two distinct NRM cell types, primary cells
and secondary cells (Pan et al., 1990, 1997). � opioid agonists in
the NRM inhibit GABA synaptic inputs to primary cells and thus
indirectly excite these cells, leading to inhibition of spinal pain
transmission. In addition, � agonists hyperpolarize secondary
cells, reducing their facilitating action on spinal nociception.
These behaviorally relevant cellular mechanisms mediating the
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pain-modulating actions of the two NRM cell types provide a
unique target system to investigate the role of ��adrenoceptors
in pain modulation. In the present study, we characterized the
cellular actions of �1- and �2-receptors in the two types of NRM
cells in vitro. We then examined the contribution of these actions
to opioid-induced different pain states in rats in vivo.

Materials and Methods
All procedures involving the use of animals conformed to guidelines set
by the University of Texas–M. D. Anderson Cancer Center Animal Care
and Use Committee.

Brain slice preparations. Both adult (200 –300 gm) and neonatal (9 –14
d) male Wistar rats were used in this study. Neonatal rats were used to
better visualize individual neurons in a slice with a Nomarski microscope
for patch-clamp recording. The physiological and pharmacological
properties of neurons from these young rats are indistinguishable from
those of adult rats (Pan et al., 1997). Rats were anesthetized with halo-
thane and then killed by decapitation. The brain was removed, and coro-
nal brainstem slices (200 or 300 �m thick) containing the NRM were cut
in a vibratome in cold (4°C) physiological saline. A single slice was sub-
merged in a shallow recording chamber and perfused with preheated
(35°C) physiological saline. The content of the physiological saline solu-
tion was (in mM): 126 NaCl, 2.5 KCl, 1.2 NaH2PO4, 1.2 MgCl2, 2.4 CaCl2,
11 glucose, 25 NaHCO3, saturated with 95% O2 and 5% CO2.

Recordings. Both intracellular recording and whole-cell patch-clamp
recording techniques were used to complement the advantages and lim-
itations of the two recording configurations. No significant difference in
results was observed between the two recording methods. For intracellu-
lar recordings, NRM neurons were penetrated with glass microelectrodes
filled with potassium chloride (2 M) having a resistance of 40 – 80 M�.
Membrane potentials or currents were recorded with a single-electrode
voltage-clamp amplifier using switching frequencies between 3 and 6
kHz. The setting time of the clamp after a 10 mV step was typically 3–5
msec. Visualized whole-cell patch-clamp recordings were made from
NRM neurons with a glass pipette (resistance 3–5 M�) filled with a
solution containing (in mM): 126 potassium gluconate, 10 NaCl, 1
MgCl2, 11 EGTA, 10 HEPES, 2 ATP, 0.25 GTP, pH adjusted to 7.3 with
KOH. A seal resistance of 2 G� or above and an access resistance of 15
M� or less were considered acceptable. Series resistance was optimally
compensated.

Cell classification. All NRM cells recorded were classified into either a
primary or secondary cell type according to the criteria described in our
previous study (Pan et al., 1990). Briefly, primary cells have a wider
action potential (�1 msec width at threshold), have a more negative
resting membrane potential (�58 to �72 mV), and are insensitive to �
agonists. Secondary cells have a narrower action potential (�1 msec),
often display spontaneous firing, and are hyperpolarized by � agonists.
Cells that could not be clearly classified into either type were not included
in this study.

Behavioral experiments and microinjection. Adult male Wistar rats were
maintained lightly anesthetized in a stereotaxic apparatus with a constant
infusion of methohexital (10 mg/ml, i.v., at 0.8 ml/hr). A 26 gauge single
guide cannula was aimed at the ventrolateral periaqueductal gray (PAG)
[anteroposterior (AP): �7.8; lateral (L): �0.8; ventral (V): �6.0] and a
second, double-guide cannula was aimed at the NRM (AP: �11.0; L: 0; V:
�10.7). Tail-flick latency to a radiant heat stimulus was measured every
2 min. The heat intensity was set to elicit stable baseline latencies between
2.5 and 3.5 sec (for analgesia tests) or 5 and 6 sec (for withdrawal tests).
The cutoff time was 12 sec. After at least six baseline trials, drugs were
delivered through a 33 gauge injector cannula with an infusion pump at
a rate of 0.5 �l/min. NRM placement controls were accomplished by
aiming the NRM guide cannula 1.5 mm above the target site. All cannula
placements for both the PAG and the NRM were histologically verified
afterward, and only those located within the designated area were in-
cluded in the results. Morphine and naloxone were injected intrave-
nously through an intravenous catheter.

Data analysis and materials. Membrane potentials and currents were
measured with the software Chart (AD Instruments) or AxoGraph

(Axon Instruments). Dose–response data were plotted and fitted with
the logistic equation using KaleidaGraph (Synergy Software). Numerical
data, presented as mean � SEM, were analyzed and compared by Stu-
dent’s t tests or by an ANOVA for repeated measures and the Tukey–
Kramer test of post hoc analysis with the software GB-Stat (Dynamic
Microsystems). All drugs were applied through the bath solution. The
following compounds were used: noradrenaline, phenylephrine, prazo-
sin, UK14304, clonidine, yohimbine and idazoxan. All materials were
purchased from Sigma (St. Louis, MO) or Research Biochemicals
(Natick, MA).

Results
NA produces distinct effects in the two cell types
NRM cells were classified as either a primary or a secondary cell
type according to the criteria described in Materials and Methods
and in our previous studies (Pan et al., 1990, 1997).

In the majority of primary cells tested (20 of 34, 59%), appli-
cation of NA (10 �M) produced a composite effect under current
clamp (Fig. 1Aa). It induced an initial depolarization that then
declined in amplitude in the continued presence of NA. Washout
of NA caused a rebound depolarization before the membrane
potential recovered to the pre-NA level. The average amplitude of
the initial depolarization produced by 10 �M NA was 5.5 � 0.7
mV from an average resting membrane potential of �62 mV with
no spontaneous action potential induced (n � 20). The amount

Figure 1. NA produces distinct effects in the two cell types of the NRM. A, NA-induced
composite effect on the membrane potential of a primary cell (a) and membrane depolarization
through �1-receptors in another primary cell (b) under current clamp. B, NA-induced mem-
brane depolarization accompanied by spontaneous firing of action potentials (truncated) and
blocked by the �1 antagonist prazosin in a secondary cell.

Bie at al • �1- and �2-Receptors in Opioid Modulation of Pain J. Neurosci., August 27, 2003 • 23(21):7950 –7957 • 7951



of depolarization decline varied from cell to cell, and in some cells
it lead to a net hyperpolarization before washout of NA. In these
cells, the membrane potential before wash ranged from 5.1 mV
(depolarization) to �3.7 mV (hyperpolarization) with an aver-
age of 1.7 � 0.6 mV (31% of initial depolarization; n � 20). The
variability in depolarization decline appeared independent of the
duration of NA application, because prolonged NA application
failed to produce further decline in a given cell. Interestingly, the
peak amplitude of the rebound depolarization after NA removal
was significantly larger than that of the initial depolarization in
the same cells (9.1 � 0.6 mV; 166%; measured from pre-NA
baseline potential; n � 20). TTX (1 �M) had no effect on the
NA-induced composite response (n � 4), excluding the involve-
ment of action potential-dependent, presynaptic effects by sur-
rounding cells.

In the other 14 primary cells (41%), NA (10 �M) produced a
membrane depolarization without significant decline in ampli-
tude and with no rebound depolarization after wash (Fig. 1Ab).
The average amplitude of depolarization in these primary cells
was 10.4 � 1.1 mV (n � 14), significantly larger than the initial
depolarization in the cells with a composite NA response (5.5 �
0.7 mV; p � 0.01). The �1-adrenoceptor antagonist prazosin (1
�M) completely blocked the NA effect in these cells (control,
11.3 � 1.9 mV; in prazosin, 0.1 � 0.1 mV; n � 6) (Fig. 1Ab). It
suggests that the NA-induced depolarization in these primary
cells is mediated by the �1-receptor.

In secondary cells, by contrast, NA (10 �M) caused a mem-
brane depolarization in all cells tested (7.7 � 1.0 mV; n � 14)
(Fig. 1B). In every cell, the depolarization was accompanied by
spontaneous firing of action potentials and was completely
blocked by the �1 antagonist prazosin (1 �M; n � 3) (Fig. 1B).

�1- and �2-adrenoceptors are colocalized in the primary cells
To determine the adrenoceptor subtypes that mediate the com-
posite NA effect in those primary cells, we first examined the
actions of selective �-adrenoceptor agonists. In primary cells that
displayed a composite response to NA (Fig. 2A), the selective �1

agonist phenylephrine (PE) (10 �M) produced a membrane de-

polarization without significant amplitude decline or rebound
depolarization seen in the NA effect (8.3 � 1.3 mV; n � 9) (Fig.
2B). Furthermore, in these primary cells, application of the �2

agonist UK14304 (300 nM) produced a membrane hyperpolar-
ization with an average amplitude of 6.2 � 0.7 mV (n � 7) (Fig.
2C). The UK14304-induced hyperpolarization was completely
blocked by the �2-receptor antagonist idazoxan (1 �M; n � 3)
(Fig. 2C). Another �2-adrenoceptor agonist, clonidine (1 �M),
also caused a membrane hyperpolarization in these cells (5.8 �
0.9 mV; n � 4). When PE and UK14304 were tested in the same
primary cells with a composite NA response (n � 5), both the
�1-induced depolarization and the �2-induced hyperpolariza-
tion were observed (Fig. 2). These results suggest that most of the
primary cells express both excitatory �1- and inhibitory �2-
adrenoceptors, the activation of which causes membrane depo-
larization and hyperpolarization, respectively.

Because both �1- and �2-receptors were present in the pri-
mary cells, it is possible that the composite NA effect in these cells
results from the complex interactions of the �1-mediated depo-
larization and the �2-mediated hyperpolarization when NA is
applied. We then examined the NA effect after blocking either �1-
or �2-receptors with selective antagonists. After addition of idax-
ozan (1 �M) to block �2-receptors in primary cells with the com-
posite NA response, NA induced a membrane depolarization
without significant amplitude decline or rebound depolarization
(Fig. 3A). The initial depolarization was 5.6 � 1.2 mV in control
and 7.6 � 1.3 mV in idaxozan (n � 6). On the other hand, when
the �1-receptors were blocked by prazosin (1 �M), NA caused a
membrane hyperpolarization instead of a composite depolariza-
tion (control, 7.0 � 1.1 mV initial depolarization; in prazosin,

Figure 2. �1-mediated depolarization and �2-mediated hyperpolarization coexist in a pri-
mary cell. A, The composite effect induced by NA in a primary cell. B, Membrane depolarization
induced by the �1-receptor agonist PE in the same cell as in A. C, Membrane hyperpolarization
induced by the �2-receptor agonist UK14304 and its blockade by the �2-receptor antagonist
idazoxan in the same cell as in A and B.

Figure 3. The composite NA effect is related to the coactivation of �1- and �2-receptors in
the primary cell. A, NA effects on the membrane potential of a primary cell in control and in the
presence of idazoxan to block the �2-receptor. B, NA effects on the membrane potential of
another primary cell in control and in the presence of prazosin to block the �1-receptor. Note
the hyperpolarization induced by NA in the presence of prazosin.
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�5.8 � 0.6 mV hyperpolarization; n � 9) (Fig. 3B). These find-
ings demonstrate that bath-applied NA simultaneously activates
both of the colocalized �1- and �2-receptors, causing concomi-
tant �1-induced depolarization and �2-induced hyperpolariza-
tion. The peak time for the NA-induced hyperpolarization was
generally later than that for the initial depolarization (Fig. 3B).
This supports the notion that the onset of �2 hyperpolarization
contributes to the decline in depolarization amplitude during NA
application. It is also likely that the rebound depolarization is
related to the washout of �2-mediated hyperpolarization.

To further characterize and compare NA activation of the two
adrenoceptors, dose–response curves were constructed sepa-
rately for NA-induced depolarization (�1) and hyperpolarization
(�2) in the presence of the corresponding antagonist. As shown in
Figure 4A, NA effects on the two receptors had a similar dose
range with a small difference in EC50 values. The NA-induced
depolarization in idaxozan had an EC50 of 4.2 �M, whereas the
EC50 for the NA-induced hyperpolarization in prazosin was 4.5
�M, suggesting that NA has a slightly higher affinity for the �1-
receptor over the �2-receptor.

In cells without the composite NA response, the �1 agonist PE
caused a membrane depolarization that was similar in primary
(n � 3) and secondary (n � 5) cells, with an average amplitude of
8.5 � 1.6 mV (n � 8); however, the �2 agonist UK14304 or
clonidine had no effect on these cells (n � 7). This is consistent

with the hypothesis that concomitant �2-mediated hyperpolar-
ization contributes to the composite NA effect in the majority of
primary cells as described above. For comparison, Figure 4B
shows the dose–response curves for NA and PE in those cells
without the composite NA response. The EC50 estimated for the
NA and PE effects was 5.4 and 3.6 �M, respectively.

Potassium conductance is involved in both �1-mediated
depolarization and �2-mediated hyperpolarization
In both cell types under whole-cell voltage clamp with a holding
potential of �60 mV, PE induced an inward current of 40 � 6 pA
with a decrease in membrane conductance (n � 17). In seven of
these cells (7 of 17, 41%), the PE-induced inward current re-
versed its polarity near the potassium equilibrium potential
(�100.5 � 4.8 mV; n � 7) (Fig. 5A). The reversal potential was
shifted to �59.6 � 2.3 mV when the extracellular potassium
concentration was increased to 10.5 mM (n � 3). These results
suggest that the �1 depolarization is mediated, at least partially,
by a decease in potassium conductance. In the remaining 10 cells,
the PE-induced inward current did not reverse polarity at poten-
tials as negative as �130 mV, indicating that other membrane
conductances or intracellular factors are involved in the �1 effect.
These observations are in agreement with our previous report on
the ionic mechanism for the �1-receptor-induced depolarization
in dorsal raphe neurons (Pan et al., 1994) and with those in other
brain sites (Larkman and Kelly, 1992; McCormick, 1992).

The �2 agonist UK14304 or clonidine (1 �M) caused an out-
ward current of 7 � 1 pA and an increase in membrane conduc-
tance in primary cells (n � 7) (Fig. 5B). The reversal potential of

Figure 4. NA has similar potency at the �1- and �2-receptors. A, Dose–response curves for
the NA-induced depolarization in idaxozan (�1-mediated effect, open circles) and for the NA-
induced hyperpolarization in prazosin (�2-mediated effect, filled circles) in primary cells. B,
Dose–response curves for the �1-receptor-mediated depolarization by NA (filled circles) and by
PE (filled squares) in NRM cells without the composite NA response.

Figure 5. Potassium conductance is involved in both the �1-mediated depolarization and
the �2-mediated hyperpolarization. A, Graph showing current–voltage relationship in control
(open circles) and in the presence of phenylephrine (10 �M) in a primary cell under voltage
clamp. B, Graph of current–voltage relationship in control (open circles) and in the presence of
UK14304 (300 nM) in another primary cell.
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the current was �101.5 � 6.1 mV, suggesting that the �2 hyper-
polarization is caused by an increase in potassium conductance.
This �2 effect has been well characterized in many types of neu-
rons (Grudt et al., 1995; Pralong and Magistretti, 1995; Arima et
al., 1998; Bai and Renaud, 1998).

Activation of �1- but not �2-adrenoceptors mediates �
opioid-induced analgesia
Considering the distinct pain-modulating actions of NRM
primary cells and secondary cells (Pan et al., 1997; Fields and
Basbaum, 1999), we next investigated the functional role of
�-adrenoceptors in opioid analgesia using a microinjection tech-
nique in rats in vivo. In a lightly anesthetized rat, microinjection
of the � opioid receptor agonist [D-Ala2, N-Me-Phe4,-Gly-ol5]-
enkephalin (DAMGO) (0.05 �g in 0.25 �l) into the PAG and
saline into the NRM increased the tail-flick latency quickly to the
cutoff time of 12 sec, indicating a potent analgesic effect (Fig. 6A,
open circles) (n � 5 rats). When the �1 antagonist prazosin
(0.105 �g in 1 �l) was microinjected into the NRM, this PAG
DAMGO-induced analgesia was significantly attenuated (Fig.
6A, filled circles) (n � 5 rats). Prazosin itself in NRM did not
change the pain threshold (Fig. 6A, open squares) (n � 5 rats).
NRM microinjection of PE (up to 1 �g in 1 �l), which would
excite all �1-expressing cells nonselectively, also had no effect on
the tail-flick latency (Fig. 6A, filled squares) (n � 5 rats). These
findings suggest that activation of �1-receptors in the NRM is
required for the analgesia induced by PAG DAMGO.

To determine the role of �2-receptors in PAG-elicited opioid
analgesia, similar microinjection experiments were conducted
with the �2 agonist and antagonist. Similar to the effect of the �1

antagonist, the �2 agonist (not antagonist) clonidine (0.267 �g in
1 �l) microinjected into the NRM significantly antagonized the
analgesia (Fig. 6B, filled circles) (n � 5 rats). The clonidine effect
was completely reversed by NRM coinjection of the �2 antagonist
yohimbine (0.391 �g in 1 �l) (Fig. 6B, filled squares) (n � 5 rats),
suggesting a specific, �2-mediated effect. Clonidine or yohimbine
alone in the NRM did not affect the animal’s pain behavior (Fig.
6B, clonidine, filled triangles; yohimbine, open squares) (n � 5
rats in each group). Yohimbine in the NRM had no effect on PAG
DAMGO-induced analgesia (n � 2 rats; data not shown). These
results indicate that inhibition of the majority of NRM primary
cells by activating their �2-receptors opposes the antinociception
induced by PAG DAMGO.

Activation of �1-adrenoceptors mediates opioid
abstinence-induced hyperalgesia
Our previous work demonstrated that during opioid abstinence-
induced hyperalgesia, a state of increased pain sensitivity,
�-sensitive secondary cells in the NRM are predominantly active,
indicative of their facilitating action on spinal nociception (Bed-
erson et al., 1990; Kaplan and Fields, 1991; Pan et al., 2000). To
determine whether �1-receptors are involve in this activation of
secondary cells, the following experiments were performed in rats
during the behavioral state of hyperalgesia induced by opioid
abstinence.

Systemic application of morphine (2 mg/kg, i.v.) increased the
tail-flick latency quickly to the cutoff time of 12 sec (Fig. 7).
Subsequent application of naloxone (1 mg/kg, i.v.) immediately
reversed the morphine-induced antinociception and further de-
creased the animal’s pain threshold to levels below pre-morphine
baseline, indicating a hyperalgesic state (Fig. 7, open circles). Mi-
croinjection of the �1 antagonist prazosin at the same dose as
before (0.105 �g in 1 �l), into the NRM immediately after nal-

oxone injection, significantly reduced the hyperalgesia (Fig. 7,
filled circles). In contrast, the �2 agonist clonidine (0.267 �g in 1
�l) in the NRM was without effect (Fig. 7, filled squares), indicat-
ing that the �2-expressing primary cells are not activated in this
hyperalgesic state. Figure 8 illustrates the proposed mechanisms by
which �-adrenoceptors regulate NRM cell activity during opioid
analgesia and opioid withdrawal-induced hyperalgesia.

Discussion
In the present study, we have demonstrated that the excitatory
�1-adrenoceptor is present in both primary and secondary cell
types in the NRM, but the inhibitory �2-adrenoceptor is only

Figure 6. Activation of NRM �1- but not �2-receptors is required for the antinociceptive
effect of opioids applied into the PAG. Tail-flick latencies were measured every 2 min before
[baseline (BL), average of 6 trials] and after drug microinjections into the NRM and then into the
PAG (arrow; time � 0). The cutoff time was 12 sec. A, Actions of �1-receptors. B, Actions of
�2-receptors. Symbol labels represent drugs and their microinjection sites of PAG/NRM. DAM,
DAMGO; sal, saline; praz, prazosin; PE, phenylephrine; clon, clonidine; yoh, yohimbine. n � 5
rats in each group. *p � 0.05; **p � 0.01 (ANOVA for repeated measure and the Tukey–
Kramer test of post hoc analysis).
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found in the majority of primary cells and is colocalized with the
�1-receptor in these cells. Thus, simultaneous activation by NA of
the colocalized �1- and �2-receptors in these primary cells causes
a composite effect through their opposing modulation of potas-
sium conductance. In addition, our behavioral results suggest
that primary cells are activated, at least partially, by noradrener-
gic inputs through �1-receptors and that this �1-receptor-
mediated activation of primary cells contributes to PAG
DAMGO-induced analgesia. Our behavioral data also indicate
that �1-mediated activation of secondary cells, but not the �2-

expressing primary cells, contributes to the increased pain sensi-
tivity during opioid withdrawal.

Roles of NR� �1- and �2-adrenoceptors in opioid
modulation of pain
Unlike previous studies investigating tonic noradrenergic activity
in the NRM and pain modulation in animals, the current study
was designed to identify the role of �1- and �2-receptors in dis-
tinct pain-modulating cell types that are activated during opioid
analgesia or during opioid withdrawal.

Our previous studies have shown that excitation of RVM Off-
cells, or primary cells identified in vitro, mediates the analgesia
induced by PAG DAMGO, consistent with their proposed inhib-
itory action on spinal pain transmission (Pan et al., 1997; Fields
and Basbaum, 1999). Furthermore, we have demonstrated ana-
tomically that Off-cells receive a dense noradrenergic input
(Meng et al., 1997). The current finding that blockade of �1-
receptors by prazosin considerably attenuates PAG DAMGO-
induced analgesia indicates that activation of noradrenergic syn-
aptic inputs acting on �1-receptors directly excites NRM primary
cells (Off-cells) and is required for the antinociceptive effect of
PAG opioids (Fig. 8). Further confirming this, selective inhibi-
tion of �2-expressing primary cells by clonidine significantly an-
tagonizes this PAG opioid-elicited analgesia.

On the other hand, RVM On-cells, or secondary cells express-
ing �-opioid receptors, have a pain-facilitating action and are
inhibited by � opioids during opioid analgesia (Pan et al., 1997;
Fields and Basbaum, 1999). Increasing evidence suggests that ac-
tivation of these �-expressing medullary cells accounts at least
partially for the increased pain sensitivity, or hyperalgesia, during
opioid withdrawal and in other chronic pain states (Bederson et
al., 1990; Kaplan and Fields, 1991; Pan et al., 2000; Porreca et al.,
2001, 2002). These cells also receive a dense NA input (Meng et
al., 1997). Our observation that �1-receptor blockade attenuates
opioid withdrawal-induced hyperalgesia indicates that norad-
renergic inputs excite NRM secondary cells through �1-receptors
and that this excitation of secondary cells is required for the hy-
peralgesia during opioid withdrawal (Fig. 8). Selective inhibition
of �2-expressing primary cells by clonidine, which antagonized
the DAMGO analgesia, did not affect the hyperalgesia, suggesting
that these primary cells do not play a significant role in the sen-
sitized pain state. This is consistent with previous work indicating
that RVM Off-cells (primary cells) are silent during acute opioid
withdrawal (Bederson et al., 1990). Although �2-adrenoceptors
in the NRM do not seem to be involved in the opioid withdrawal-
induced hyperalgesia, �2-adrenoceptors in other brain areas have
been implicated in the mediation or expression of other somatic
symptoms during opioid withdrawal in animals and humans
(Christie et al., 1997; Maldonado, 1997). For example, activation
of �2-adrenoceptors in the bed nucleus of the stria terminalis
inhibits opioid withdrawal-induced aversion (Delfs et al., 2000).

The mechanisms underlying the activation of NRM norad-
renergic inputs by PAG DAMGO and during opioid withdrawal
are unclear. It is proposed that opioids in the PAG inhibit
GABAergic neurons and thereby disinhibit PAG output neurons
that project to and activate pain-inhibiting neurons in the RVM
(Bellchambers et al., 1998; Fields and Basbaum, 1999). RVM-
elicited antinociception is mediated partially by the subsequent
activation, through direct projections, of spinally projecting nor-
adrenergic neurons in the pontine A7 cell group, which also in-
hibit spinal nociception (Nuseir et al., 1999). Given that the RVM
receives a dense noradrenergic innervation from the A7 cells
(Tanaka et al., 1996) and that no such innervation has been re-

Figure 7. Activation of NRM �1-receptors is required for the hyperalgesia during opioid
withdrawal. After measurements of baseline tail-flick latencies, rats were injected with mor-
phine (2 mg/kg, i.p.) followed by naloxone (1 mg/kg, i.p.) 26 min later to induce opioid absti-
nence (withdrawal)-induced hyperalgesia. NRM microinjections were made immediately after
the naloxone injection. Symbol labels represent drugs microinjected into the NRM. sal, Saline;
praz, prazosin; clon, clonidine. n � 5 rats in each group. *p � 0.05; **p � 0.01 (ANOVA for
repeated measure and the Tukey–Kramer test of post hoc analysis).

Figure 8. Diagram depicting the proposed roles of �-adrenoceptors in the NRM in opioid
modulation of pain. During opioid analgesia, activation of noradrenergic inputs and �1-
receptors contributes to excitation of primary cells, which inhibit spinal pain transmission,
whereas secondary cells are inhibited by opioids through �-receptors. Activation of �2-
receptors inhibits the majority of primary cells expressing �2-receptors, reducing opioid anal-
gesia. During opioid withdrawal, however, secondary cells are dominantly activated partly
through �1-receptors and their activity increases spinal pain sensitivity, causing hyperalgesia.
Most of the primary cells are inactive, as suggested by the observation that activation of �2-
receptors by clonidine has no effect on the increased pain during opioid withdrawal.
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ported from the PAG, it is possible that PAG opioids indirectly
cause the activation of �1-adrenoceptors in the NRM by activat-
ing NRM-projecting A7 cells. During opioid withdrawal, how-
ever, RVM-projecting neurons in the PAG are not activated (Bell-
chambers et al., 1998). Noradrenergic neurons that are activated
during opioid withdrawal include those in the A1 cell group of
the caudal medulla and those in the locus coeruleus (LC) (Mal-
donado, 1997; Delfs et al., 2000). Both cell groups project to the
NRM (Tanaka et al., 1996). Thus, it is possible that during opioid
withdrawal, NRM �1-adrenoceptors are activated through acti-
vation of NRM-projecting A1 and LC noradrenergic cells.

Previous studies indicate that NRM microinjection of �1 ago-
nists increases and �2 agonists decreases nociceptive responses,
whereas microinjection of �1 and �2 antagonists has inconsistent
effects on pain threshold (Proudfit, 1988; Haws et al., 1990;
Galeotti et al., 1999; Holden et al., 1999). In the current study
with anesthetized rats, we did not observe significant changes in
baseline pain threshold by either agonists or antagonists of
�-adrenoceptors. Because our cellular data indicated that �1 ago-
nists in the NRM may have a hyperalgesic effect by causing more
secondary cells to fire action potential, the lack of the PE effect on
baseline pain threshold was unexpected; however, even when
higher doses were used (up to 1 �g), still no significant PE effect
was observed. The discrepancy with previous reports could be
caused primarily by the level of anesthesia, which profoundly
alters the tonic activity of NRM cells and associated baseline pain
threshold in different experiment conditions. Nonselective �1-
mediated activation of both primary and secondary cells also
could confound and reduce secondary cell-mediated hyperalge-
sia. Finally, longer baseline tail-flick latency may be required to
reveal a small hyperalgesic effect.

Functional significance of noradrenergic neurotransmission
in pain modulation
One of the most significant roles of noradrenergic neurons in
pain modulation is observed during opioid withdrawal. Abrupt
cessation of opioid administration or acute application of opioid
antagonists induces opioid withdrawal, which produces a series
of aversive responses and symptoms, including an abnormal in-
crease in pain sensitivity (hyperalgesia) in both humans and an-
imals (Heishman et al., 1989; Kaplan and Fields, 1991; McNally
and Akil, 2002; Raghavendra et al., 2002). Opioid withdrawal also
causes hyperactivity of central noradrenergic neurons and in-
creased noradrenaline levels in the brain (Maldonado, 1997). In-
creased noradrenergic activity has been implicated in various so-
matic symptoms of opioid withdrawal (Christie et al., 1997; Delfs
et al., 2000). Thus, an increase in the activity of noradrenergic
synaptic inputs to the NRM from neurons in the A1 cell
group and the LC could mediate the hyperalgesia observed dur-
ing opioid withdrawal. Our finding that an �1 antagonist admin-
istered in the NRM significantly attenuates opioid withdrawal-
associated hyperalgesia indicates that �1-adrenoceptors may
serve as a potential central target for the treatment of opioid
withdrawal-related pain problems.
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