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a,-NORADRENERGIC ANTAGONIST ADMINISTRATION INTO THE
CENTRAL NUCLEUS OF THE AMYGDALA BLOCKS STRESS-
INDUCED HYPOALGESIA IN AWAKE BEHAVING RATS
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Abstract

Stress-induced hypoalgesia (SIH) is an adaptive behavioral phenomenon mediated in part by the
amygdala. Acute stress increases amygdalar noradrenaline levels and focal application of oy-
adrenoceptor agonists in the central nucleus of the amygdala (CeA) is antinociceptive. We
hypothesized that ap-adrenoceptor antagonist administration into the CeA may block SIH.

Bilateral microinjections of drug or saline via chronically implanted CeA cannulae were followed
by either a period of restraint stress or rest. The nocifensive paw-withdrawal latency (PWL) to a
focused beam of light was measured. PWLs were longer in restrained rats, constituting SIH.
Microinjection of the a,-adrenoceptor antagonist idazoxan into the CeA prior to restraint blocked
SIH. Idazoxan administration in unrestrained rats had no effect. Microinjection of the ap-
adrenoceptor agonist clonidine in unrestrained rats caused dose dependent hypoalgesia, mimicking
the effects of environmental stress. ay-Adrenoceptor function in the CeA is necessary for restraint-
induced SIH.
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Hypoalgesia resulting from exposure to an acute stressor, or “stress-induced

hypoalgesia” (SIH), is a well-described phenomenon in both humans and experimental animals
(Hayes et al., 1978, Amit and Galina, 1986, Bodnar, 1986, van der Kolk et al., 1989, Rushen
and Ladewig, 1991). SIH can be evoked by a variety of acute stressors including footshock
and restraint, as well as more biologically relevant threat stimuli such as exposure to a predator
or to odors from stressed conspecifics (Watkins et al., 1982b, Fanselow, 1985, Lester and
Fanselow, 1985, Kavaliers, 1988, Rushen and Ladewig, 1991).

SIH may represent one component of a broader shift in attention towards salient environmental
cues under stressful contingencies (Selden et al., 1990b, Berridge and Waterhouse, 2003,
Morilak et al., 2005). This allows the organism to ignore distracting nociceptive stimuli, and

Corresponding Author: Nathan R. Selden, M.D., Ph.D., Department of Neurological Surgery, Oregon Health & Science University,
Mail code: CH8N, 3303 S.W. Bond Avenue, Portland, OR 97239 USA, Ph: 503-494-4314, Fx: 503-494-7161, E-mail: seldenn@ohsu.edu.
Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our customers
we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of the resulting
proof before it is published in its final citable form. Please note that during the production process errors may be discovered which could
affect the content, and all legal disclaimers that apply to the journal pertain.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Ortiz et al.

Page 2

attend to features of the environment important for escape or defense (Amit and Galina,
1988).

One neurotransmitter implicated in SIH is noradrenaline, and systemic treatment with the -
adrenoceptor antagonists yohimbine or idazoxan blocks the expression of SIH in rodents
(Coderre and Rollman, 1984, Oluyomi and Hart, 1990, Tokuyama et al., 1991). However, the
site or sites of action of noradrenaline in evoking SIH are unknown.

SIH can be blocked by lesions of the central nucleus of the amygdala (CeA) (Helmstetter and
Bellgowan, 1993). The CeA is densely populated by nociceptive responsive neurons, and
electrical or chemical stimulation of the CeA results in altered nociceptive responsiveness
(Mena et al., 1995, Manning et al., 2003). The CeA has reciprocal connections with the
periaqueductal gray, an important link in brainstem nociceptive modulatory systems (Beitz,
1982, Bernard and Besson, 1990, Rizvi et al., 1991, Bernard et al., 1992, Neugebauer et al.,
2003) and with the locus coeruleus (LC), the major source of forebrain noradrenaline. The LC
may provide the noradrenergic link between stress and CeA activation to produce SIH. The
LC is critical for the acute response to stressors such as electric shock, loud noise, tail-pinch,
and immobilization (U'Prichard et al., 1980, Aston-Jones et al., 1991, Passerin et al., 2000,
Pardon et al., 2002, Sved et al., 2002, Ma and Morilak, 2004). Lesions of the dorsal
noradrenergic bundle attenuate stress-induced increases in noradrenaline levels in the CeA
(Tanaka et al., 1991, Fendt et al., 1994, Quirarte et al., 1998, Khoshbouei et al., 2002).
Moreover, focal application of an ap-agonist in the CeA mimics the effect of stress in inducing
hypoalgesia (Ortiz et al., 2007).

These anatomical and functional data suggest that SIH may require stress-induced
noradrenergic stimulation of ap-adrenoceptors in the CeA. To test this, we blocked o;-
noradrenergic receptors in the CeA interfering with the expression of restraint-induced SIH in
awake, behaving rats.

EXPERIMENTAL PROCEDURES

Animals and surgical preparation

Experimental protocols were approved by the Institutional Animal Care and Use Committee
of Oregon Health & Science University. All experiments conformed to the guidelines of the
International Association for the Study of Pain (IASP, 1983). Efforts were made throughout
experiments to minimize animal discomfort and to reduce the number of animals used. Male
Sprague-Dawley rats (Taconic, Indianapolis, IN, USA; 250-300 g) were anesthetized with
pentobarbital (60 mg/kg, i.p.), given a single dose of cefazolin (25 mg/kg, i.p.), and placed in
a stereotactic head frame. Body temperature was maintained at approximately 37 °C by a
circulating water pad. After incision of the scalp and retraction of the periosteum, craniotomies
were drilled into the skull overlying the amygdala bilaterally. Two burr holes were also drilled
for retaining screw placement. Bilateral guide cannulae (26 gauge, Plastics One, Roanoke, VA)
were then placed under stereotactic guidance to overlie the CeA (relative to bregma: A/P —
2.8mm, M/L = 4.2mm. relative to skull surface: D/V —6.3mm) and two retaining screws were
placed. Polycarboxylate dental cement (Dentonics, Monroe, NC) was used to secure the
cannulae to the skull. Once the dental cement was dry, dummy cannulae (Plastics One,
Roanoke, VA) were placed into the guide cannulae to occlude the lumen. Animals were
recovered and placed in fresh cages to be kept singly throughout the remainder of the
experiment.
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Nociceptive Testing Apparatus

Protocols

A Hargreaves’ Box (IITC Life Science Inc., CA) was used for measurement of the PWL. This
consists of a clear Plexiglas two-chamber ventilated box mounted atop a heated clear glass
plate that can be maintained at constant temperature. The animal to be tested is placed in one
of the two chambers and allowed to acclimate. A heat projector lamp below the glass floor
plate is focused on the mid-plantar surface of the hind paw of the animal and a timer is started.
When the animal withdraws its paw from the focused heat beam, the timer is stopped. The time
from initial heat beam contact with the hind paw until the removal of the paw is the withdrawal
latency, which provides a measure of nociceptive responsiveness. The projector beam was
programmed to 75% maximal intensity, 15 sec cut-off time.

Habituation Protocol for Post-surgical Animals—After one week of recovery from
surgery, all animals were exposed to a habituation protocol designed to familiarize them with
the nociceptive testing environment and procedures. Habituation was carried out between 1300
and 1600 hrs. Each animal was placed in the Hargreaves’ Box (H-box) for 15min, once per
day, for six days. The projector lamp was switched on three times at random intervals during
the habituation. The projector lamp was focused on a point away from the animal. Beginning
on the fourth day of habituation, a sham injection procedure was performed for each animal
prior to placement in the H-box. For this procedure, the animal was held firmly and a dummy
cannula was removed from the guide cannula and then replaced. The animal was placed back
in its home cage and allowed to move freely for 1 min. The procedure was then repeated for
the contralateral dummy cannula.

Habituation Protocol for Surgically Naive nimals—Each animal was habituated to the
H-box for 15 min, once per day, for three days. The projector lamp was switched on three times
at random intervals during the habituation. The projector lamp was focused on a point away
from the animal.

Microinjection Protocol—Each animal underwent microinjection of drug or vehicle prior
to restraint and/or nociceptive testing. The animal was held firmly, the dummy cannula
removed, and the microinjector placed into the guide cannula. The microinjection apparatus
consisted of a microinjector (33 gauge, 8.1mm length, Plastics One, Roanoke, VA) connected
by a length of polyethylene tubing (PE-50) to a glass microsyringe (1 pL, Hamilton, Reno,
NV). The animal was then placed back in its home cage and allowed to move freely during the
microinjection. Injections (0.2puL volumes were used in all experiments) were performed over
1 min, and the injector was left in place an additional 30 sec to allow for diffusion away from
the tip. The animal was then held firmly while the injector was removed and the dummy cannula
reinserted. The microinjection procedure was then repeated on the contralateral side.

Restraint-Stress Protocol—Animals were restrained by placing them in a tube formed
from flexible plastic mesh (22.5 x 30 cm). The ends of the tube were clamped shut and this
prevented the animals from moving but did not impede respiration. Based on the results of
pilot experiments, surgically naive animals were restrained for 20 min and post-surgical
animals were restrained for 1 hr.

Nociceptive Testing Protocol—This procedure was identical for surgically naive and

post-surgical animals. The animal was placed in the nociceptive testing chamber and allowed
to acclimate for 5 min. The projector lamp was then focused on the mid-plantar surface of the
right hind paw and switched on. As the animal withdrew the hind paw, the projector lamp was
switched off and the time interval was recorded. An automatic cutoff time of 15 sec was used
to prevent tissue damage. This procedure was repeated at 5 min intervals, alternating the right
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and left hindpaws, for 6 consecutive trials. Each animal underwent nociceptive testing only
once, after a single injection of vehicle, idazoxan, or clonidine (low or high dose).

Open-field Testing Protocol—At least three days following nociceptive testing animals
were placed in an open-field arena to assess the sedative affects of clonidine by measuring
locomotor activity. The animal was placed in the center of the walled chamber (0.9m x 0.9m)
and allowed to explore. The number of squares (15cm x 15¢m) the forepaws entered in 30 sec
was counted. Three pre-infusion trials were performed at 5 min intervals to establish baseline
activity. Each animal then underwent microinjection of drug (1.25mg or 5.0mg clonidine) or
vehicle as described above. Following a 15 min interval, the animal was again placed in the
center of the open-field arena and its activity recorded. Six consecutive 30 sec post-infusion
trials were performed at 5 min intervals. The data for individual animals were summed across
testing intervals. Animals underwent testing in the open-field on two separate occasions with
at least two days between testing. Those receiving a microinjection of either dose of drug for
the first test received microinjection of vehicle on the second, and vice versa.

Drugs—All drugs used were commercially available (Sigma/Aldrich, St. Louis, MO) and
were dissolved in physiological saline. Drug solutions were prepared daily, and the pH adjusted
to 7.4. The dose of idazoxan used was 9 pg per injection site. The dose of clonidine used was
either 1.25 pg or 5 pg per injection site.

Histology—At the conclusion of the experiments, animals received an overdose of
barbiturate. Infusion sites were marked by injection of Pontamine Sky Blue dye. Animals were
then perfused intracardially with physiological saline followed by 10% formalin. Tissue was
counterstained with Cresyl Violet, and infusion sites were verified and plotted on standardized
sections (Paxinos and Watson, 1986).

Data Analysis—Student’s t-test for correlated means was used for comparing control and
treatment group paw-withdrawal latencies. ANOVA was used for within group and between
group comparisons. P < 0.05 was considered significant.

Restraint stress in surgically naive rats significantly increased the PWL (Fig. 1). Restraint stress
also increased the PWL in operated rats following microinjection of saline into the CeA (Fig.
2). These findings constitute the expression of SIH in the current behavioral model.
Microinjection of the ay-adrenoceptor antagonist idazoxan (9 pug) into the CeA prior to restraint
completely blocked the expected increase in PWL. Intra-CeA microinjection of idazoxan (9
Kg) without subsequent restraint had no effect.

Microinjection of the ap-adrenoceptor agonist clonidine (1.25 pg or 5 pg) into the CeA without
subsequent restraint resulted in a dose-dependent elevation of the PWL (Fig. 3). The 1.25 ug
dose of clonidine produced an elevation in PWL similar to that produced by restraint stress
alone.

Only microinjections found on histological examination to have entered the target nucleus were
included in the behavioral analysis (Fig. 4 and Fig. 5).

Microinjection of 1.25 pg clonidine did not alter spontaneous locomotor activity in an open
field test as compared with saline-injected controls (1.25 ug clonidine: 14.5 squares entered +
3.26 s.e.m.; saline: 13.81 squares entered £ 1.49 s.e.m.; P = NS, Student’s t-test).
Microinjection of 5 ug clonidine significantly reduced spontaneous motor activity during open-
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field testing (5 pg clonidine: 9.48 squares entered + 0.88 s.e.m.; saline: 13.81 squares entered
+ 1.49 s.e.m.; P < 0.05, Student’s t-test).

DISCUSSION

The CeA participates in the elaboration of SIH (Helmstetter and Bellgowan, 1993). We show
here that the CeA requires ay-adrenergic transmission for SIH expression. Microinjection of
the ap-adrenoceptor antagonist idazoxan into the CeA prior to restraint stress effectively
blocked SIH. Intra-CeA idazoxan did not alter baseline nociceptive responsiveness in animals
not exposed to restraint stress, arguing against a direct effect on nociceptive responsiveness or
general activity, per se, as opposed to SIH.

Conversely, intra-CeA microinjection of the ay-adrenoceptor agonist clonidine produced
hypoalgesia. A dose of clonidine with no effect on locomotor activity mimicked the hypoalgeric
effects of restraint stress. Thus sedation is unlikely to account for the analgesic effects of
clonidine under these conditions.

Alterations in baseline skin temperature may affect measurement of nociception using
withdrawal latency from radiant heat (Hole and Tjolsen, 1993). However, restraint stress in
rats also induces hypoalgesia measured by decreased licking and paw flexing after formalin
injection (Aloisi et al., 1998). Furthermore, idazoxan injection into the CeA had no effect on
baseline withdrawal latencies in unstressed animals in our study. Thus, the effects of local
microinjection of adrenergic agents observed here appear most likely to result from an effect
on nociceptive modulation.

We have previously demonstrated that the antinociceptive actions of clonidine microinjected
into the CeA are blocked by ay- but not by a;-receptor antagonists and are seen only after
injection into the CeA and not into the basolateral nucleus of the amygdala, suggesting the
presence of both pharmacological and anatomical specificity (Ortiz et al., 2007).

The amygdala participates in the elaboration of SIH (Fox and Sorenson, 1994, Pavlovic et al.,
1996). Lesions of the CeA block SIH but do not affect baseline nociception (Werka and Marek,
1990, Werka, 1994). Similarly, in the present experiments, blockade of ay-adrenoceptors in
the CeA eliminated SIH but had no effect on nociception, per se. These results emphasize the
modulatory nature of amygdalar influence on nociceptive responsiveness, particularly during
challenging environmental conditions.

Recently, Delaney and colleagues have observed that noradrenaline acting at op-presynaptic
receptors potently inhibits single fiber inputs to the lateral division of the CeA from the
nociceptive pontine parabrachial nucleus (Delaney et al., 2007). This circuit may allow for the
interaction of nociceptive sensory information and noradrenergic, nociceptive modulatory
influence within the CeA. Our results indicate that function of this circuit is also required for
the behavioral expression of SIH.

Central Noradrenaline and Adaptive Responses to Environmental Stress

SIH is an important adaptive behavioral response that is conserved among diverse species,
including humans. Stress may be defined as any stimulus that disturbs the physiological
equilibrium of the organism or threatens to do so. By this definition, many stressors, including
fear, pain, temperature extremes, novel environments, restraint, and the odor of stressed
conspecifics, also trigger hypoalgesia (Watkins et al., 1982a, Fanselow, 1985, Lester and
Fanselow, 1985, Kavaliers, 1988, Rushen and Ladewig, 1991). There is extensive anecdotal
evidence regarding profound, albeit temporary, hypoalgesia resulting from battlefield and other
severe stressors in humans (Wall, 1979).

Neuroscience. Author manuscript; available in PMC 2009 November 11.
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SIH may facilitate adaptive responses to stressful environmental circumstances by allowing
the organism to ignore distracting nociceptive input in order to attend to life or tissue preserving
escape and defense behaviors (Amit and Galina, 1986). Noradrenergic transmission in other
experimental contexts promotes various adaptive responses to stress, including focused
attention to salient environmental stimuli and the systemic release of cortisol (Selden et al.,
19904, Selden et al., 1990b, Selden et al., 19914, Selden et al., 1991b, Dalley et al., 2001).
While brainstem noradrenergic fibers arise from a limited number of small nuclei, their diffuse
forebrain projections allow them to coordinate numerous brain functions in various terminal
areas, such as the frontal cortex, amygdala, hippocampus, and hypothalamus (Selden et al.,
19914, Selden et al., 1991b). Noradrenergic transmission via a,-receptors in the CeA may also
participate in this coordinated response to stressful environmental contingencies, by promoting
the expression of SIH.

CONCLUSION

Microinfusion of an ap-adrenoceptor antagonist into the CeA prior to restraint stress blocks
SIH in awake behaving rats. Conversely, microinjection of an ap-adrenoceptor agonist into the
CeA results in dose-dependent hypoalgesia. SIH may be part of a coordinated set of adaptive
responses to stressful environmental contingencies that are mediated by noradrenergic
transmission in various forebrain regions. ay-Adrenergic transmission in the CeA is required
for the behavioral expression of SIH.

LIST OF ABBREVIATIONS

AJP, Anterior/posterior
ANOVA, Analysis of variance
CNS, Central nervous system
CeA, Central nucleus of the amygdala
D/V, Dorsal/ventral

i.p., Intra-peritoneal

i.v., Intravenous

LC, Locus coeruleus

M/L, Medial/lateral

NS, Not significant

PWL, Paw-withdrawal latency
SIH, Stress-induced hypoalgesia
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Fig. 1.
Surgically naive rats subjected to restraint had significantly elevated PWL’s (seconds)
compared to unrestrained animals. **p<0.01, Student’s t-test. n = 13-16 per group.
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Fig. 2.

Microinjection of the a-2 adrenergic antagonist idazoxan into the CeA blocks SIH. Restraint
significantly elevated PWL’s (seconds) in saline injected rats. Microinjection of a-2
adrenoceptor antagonist idazoxan (9 pg) in unrestrained animals had no effect. Microinjection
of idazoxan (9 pg) prior to restraint blocked the expected elevation of the PWL. There was no
significant difference among the — stress/saline, — stress/ida, and + stress/ida groups (ANOVA).
n = 8 per group, (* P <0.05, Student’s t-test, as compared to the — stress/saline group) — stress
= no restraint, + stress = restrained, ida = idazoxan.
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Fig. 3.

Microinjection of the a-2 agonist clonidine into the CeA resulted in a dose-dependent elevation
of the PWL. Unrestrained rats microinjected with clonidine (1.25 pg) had significantly elevated
PWL’s compared to saline injected unrestrained rats. Unrestrained rats microinjected with
clonidine (5ug) had significantly elevated PWL’s compared to the control and 1.25 pg
clonidine groups. The + stress/ saline group is shown to illustrate the comparable magnitude
of the effects of restraint and intra-CeA microinjection of 1.25 pg clonidine on PWL. n =8 —
10 per group, (* P <0.05, ** P < 0.01, Student’s t-test, compared to the — stress/saline group.
TP <0.05, Student’s t-test, compared to the — stress/1.25 g clon groups) — stress = no restraint,
+ stress = restrained, clon = clonidine.
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Fig. 4.
Representative section through the left amygdala showing the CeA (thin arrow) and BLA (open

arrow), the microinjector tip placement is seen within the CeA (bold arrow). Magnification =
4x,
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Fig. 5.

Serial coronal sections of the rat brain showing placement of microinjections (N = 50). Filled
ovals = CeA injections, open squares = placement controls. CeA = central nucleus of the
amygdala, numbers to the right of sections represent millimeters relative to bregma, adapted
from the atlas of Paxinos and Watson (Paxinos and Watson, 1986).
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