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The Role of Amygdalar Mu-Opioid Receptors in Anxiety-

Related Responses in Two Rat Models

Marlene A Wilson*' and Lorain junor'I

'Department of Pharmacology, Physiology and Neuroscience, University of South Carolina School of Medicine, Columbia, SC, USA

Amygdala opioids such as enkephalin appear to play some role in the control of anxiety and the anxiolytic effects of benzodiazepines,
although the opioid receptor subtypes mediating such effects are unclear. This study compared the influences of mu-opioid receptor
(MOR) activation in the central nucleus of the amygdala (CEA) on unconditioned fear or anxiety-like responses in two models, the
elevated plus maze, and the defensive burying test. The role of MORs in the anxiolytic actions of the benzodiazepine agonist diazepam
was also examined using both models. Either the MOR agonist [D-Ala?, NMe-Phe®, Gly-ol°]-enkephalin (DAMGO), or the MOR
antagonists Cys-Tyr-D-Trp-Arg-Thr-Pen-Thr-NH, (CTAP) or f-funaltrexamine (FNA) were bilaterally infused into the CEA of rats
before testing. The results show that microinjection of DAMGO in the CEA decreased open-arm time in the plus maze, whereas CTAP
increased open-arm behaviors. In contrast, DAMGO injections in the CEA reduced burying behaviors and increased rearing following
exposure to a predator odor, suggesting a shift in the behavioral response in this context. Amygdala injections of the MOR agonist
DAMGO or the MOR antagonist CTAP failed to change the anxiolytic effects of diazepam in either test. Our results demonstrate that
MOR activation in the central amygdala exerts distinctive effects in two different models of unconditioned fear or anxiety-like responses,
and suggest that opioids may exert context-specific regulation of amygdalar output circuits and behavioral responses during exposure to

INTRODUCTION

The amygdala plays a key role in mood behaviors and
emotional memory processes (Charney et al, 1998; Davis
et al, 1994; Davis, 1992; Panksepp, 1990) in addition to
being a key structure in mediating the anxiolytic effects of
drugs such as benzodiazepines (BZs) (Pesold and Treit,
1995, 1994; Burghardt and Wilson, 2006; Petersen et al,
1985; Scheel-Kruger and Petersen, 1982; Senders and
Shekhar, 1995; Menard and Treit, 1999; Kang et al, 2000).
The endogenous opioid system also helps to mediate many
responses associated with stress or anxiety (Panksepp, 1990;
Drolet et al, 2001), and opioid processes in amygdala appear
to play some role in the control of anxiety and the anxiolytic
effects of BZs, although the opioid peptides and opioid
receptor subtypes mediating such effects are unclear. A role
for amygdalar enkephalinergic processes in anxiety
responses is suggested by several lines of evidence. Large
numbers of enkephalin-immunoreactive neurons are
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observed in the amygdala (Roberts, 1992; Veinante et al,
1997; Fallon and Leslie, 1986; Gray et al, 1984; Harlan et al,
1987), and the central nucleus of the amygdala (CEA)
receives enkephalin afferents from the bed nucleus of the
stria terminalis (BNST) as well as other amygdalar nuclei
(Poulin et al, 2006). The number of enkephalin neurons and
enkephalin mRNA expression show differences between
high-anxiety and low-anxiety mice, enkephalin mRNA
expression in the amygdala is altered by exposure to
predator odor, and pre-proenkephalin-knockout mice show
increased levels of anxiety-like behaviors (Konig et al, 1996;
Hebb et al, 2004; Filliol et al, 2000). Enkephalins interact
with both mu-opioid receptors (MORs) and delta-opioid
receptors (DORs), both of which are seen in the amygdala
(Mansour et al, 1993, 1994a, b, 1987, 1995; Poulin et al, 2006;
Wilson et al, 2002; Goodman et al, 1980) and could mediate
the effects of amygdalar enkephalin in anxiety or fear
responses.

Imaging studies have demonstrated changes in MOR
binding states during periods of negative affect in human
volunteers (Zubieta et al, 2003), and MOR-knockout mice
show reduced anxiety-like behaviors in the elevated plus
maze and light-dark box compared with wild-type controls
(Sasaki et al, 2002; Filliol et al, 2000). The local infusion of
the MOR agonist morphine into the central amygdala has
partial anxiolytic effects in the social interaction test
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(Rogers and File, 1979), whereas administration of an MOR
antagonist into the basolateral region decreased time in the
lit compartment of a light-dark transition test in mice
(Narita et al, 2006). The effects of MOR ligands in central or
basolateral amygdala are supported by the distribution of
MOR mRNA and immunoreactivity, and MORs are highly
expressed in the intercalated nuclei (IC) and basolateral
regions of amygdala, with some expression in the CEA
(Poulin et al, 2006; Wilson et al, 2002; Jacobsen et al, 2006).
Since the IC are clusters of densely packed GABAergic
neurons interspersed between CEA and basolateral regions
that receive projections from the prefrontal cortex, the
dense localization of MORs in the IC also provides a
mechanism for opioids to modulate the gating of informa-
tion flow between the basolateral and central amygdala
(Delaney and Sah, 2001; Royer et al, 1999, 2000b; Royer and
Pare, 2002), or the prefrontal inputs to CEA that help
regulate fear processes (Berretta et al, 2005; Marowsky et al,
2005; Freedman et al, 2000; McDonald et al, 1996; Royer and
Pare, 2002; Quirk et al, 2003).

In addition to these influences on basal anxiety state,
endogenous opioid processes appear to be involved in
the anxiolytic actions of BZs. Several studies support the
possibility that anxiolytic effects of BZs in conflict-based
procedures, including the plus maze, might be inhibited by
opioid antagonists (Soubrie et al, 1980; Billingsley and
Kubena, 1978; Agmo et al, 1995; Tsuda et al, 1996; Koob
et al, 1980). The situation is less clear for defensive prod
burying, although shock-induced freezing is disrupted by
naloxone (Fanselow and Bolles, 1979; Treit et al, 1993; Treit,
1985; de Boer and Koolhaas, 2003). BZs can modulate
enkephalin release (Harsing et al, 1982) and we have shown
that herpes virus-mediated overexpression of enkephalin in
the amygdala potentiates the anxiolytic effects of the BZ
agonist diazepam in the plus maze test (Kang et al, 2000;
Primeaux et al, 2006). The effects of enkephalin over-
expression are reversed by systemic administration of the
non-selective opioid receptor antagonist naloxone (Kang
et al, 2000) and the DOR antagonist naltrindole (Primeaux
et al, 2006). We have also shown that localized injections of
the non-selective antagonist naltrexone in the CEA, but not
the basolateral nucleus, attenuate the anxiolytic influences
of diazepam in the elevated plus maze (Burghardt and
Wilson, 2006).

The present study compared the influences of MOR
activation in the CEA on unconditioned fear and anxiety-
related responses in two models, the elevated plus maze and
the defensive burying test. The role of MORs in the
anxiolytic actions of the BZ agonist diazepam was also
examined in these models. It has been suggested that these
models assess differing aspects of fear or anxiety responses
(Green, 1991). The elevated plus maze takes advantage of
the animal’s natural tendencies to avoid brightly lit, open,
elevated spaces, but relies on a passive avoidance response
to detect anxiety behavior (e.g., avoidance of open arms),
and can be confounded by changes in activity levels. In
contrast, the defensive prod-burying model is less affected
by locomotor changes and (more importantly) the index of
anxiety involves an active behavioral response, specifically
burying of a discrete object. These tests were selected
since they appear to be differentially influenced by both
amygdalar processes and opioid drugs (Soubrie et al, 1980;
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Grijalva et al, 1990; Fanselow and Bolles, 1979; Kopchia
et al, 1992; Treit et al, 1993; de Boer and Koolhaas, 2003;
Treit, 1985; Billingsley and Kubena, 1978; Agmo et al, 1995;
Tsuda et al, 1996; Koob et al, 1980).

METHODS

To examine the role of MOR activation in these models,
either the MOR agonist [D-Ala®, NMe-Phe?, Gly-ols]-
enkephalin (DAMGO), or the MOR antagonists Cys-Tyr-
D-Trp-Arg-Thr-Pen-Thr-NH, (CTAP) or f-funaltrexamine
(FNA) were bilaterally infused into the CEA of rats before
testing in the plus maze or defensive burying test. In
addition, we examined the role of MOR activation on
responses seen with a moderate dose of the BZ agonist
diazepam. The diazepam dose was selected based on prior
studies (Wilson et al, 2004) to permit detection of potential
increases or decreases in diazepam-induced effects in these
tests.

Subjects

For all experiments, male Long Evans rats (Harlan,
Indianapolis, IN), weighing approximately 175g upon
arrival, were housed singly in an environmentally controlled
animal facility on a 12:12 light/dark cycle, with lights on at
0700 hours. Purina rat chow and water were available
ad libitum. Animals were housed in an animal facility
approved by the Association for Assessment and Accredi-
tation of Laboratory Animal Care (AAALAC), and all
procedures were approved by the University of South
Carolina Animal Care and Use Committee. Behavioral
testing was initiated and completed during the light cycle
between 0800 and 1200 hours.

Surgery

One week before testing, bilateral cannula aimed at the CEA
were implanted using stereotaxic procedures. Animals were
anesthetized with sodium pentobarbital (75 mg/kg, i.p.) and
given injections of local anesthetic (1.5% carbocaine,
subcutaneous) at pressure points for the earbars and the
incision site. The rat was placed in a Kopf stereotaxic unit
with the skull flat, the incision site was scrubbed with
betadine wash, and a mid-saggital incision was used to
expose the skull. The coordinates for CEA were A/P —2.3,
M/L +4.0, D/V -6.3 from skull as determined from Bregma
based on the atlas of Paxinos and Watson (1997). The tips of
the 26-gauge guide cannula (ID, 0.433 inches; Plastics One,
Roanoke, VA) were positioned 2mm above the CEA.
Cannulas were anchored to three skull screws (Plastics
One) using Ortho-Jet cold-setting dental acrylic (Lang
Dental, Wheeling, IL). Nalbuphine (1 mg/kg, subcutaneous)
was given postoperatively for pain management and the diet
supplemented with bacon softies (Bio-serve, Frenchtown,
NJ) was given post-surgically in order to maintain post-
operative weight. We allowed a week before testing for post-
surgical recovery, and to insure that this single injection of
the weak partial agonist nalbuphine would not influence our
results with MOR agonists or antagonists. Studies have
shown that nalbuphine is a relatively weak partial agonist at
MORs (Traynor et al, 2002), and that there is little change in



MOR binding even after continuous 7-day exposure to more
potent agonists in vivo (Pawar et al, 2007).

Drugs and Microinjections

Rats were habituated to injection procedures on days
4 through 6 after surgery, and dummy cannula were
checked and cleaned during these handling sessions. One
week after surgery, animals were lightly restrained in a
towel in order to remove dummy cannula and insert the
injector cannula. Bilateral intra-amygdalar injections were
administered by two 2-pul Hamilton microsyringes (Hamil-
ton Co., Reno, NV) controlled by a Harvard Apparatus PHD
2000 microinfusion pump (Harvard, Holliston, MA).
Microsyringes were connected to 33-gauge injector cannula
(ID, 0.004 inches; Plastics One Inc.) by polyethylene tubing
(ID, 0.023 inches). Displacement of an air bubble in the
polyethylene tubing was used to confirm injection. Injec-
tions were given over a 2-minute period (0.3 pl at the rate of
0.15 ul/min), with 60 s allowed after the injection to permit
drug spread. Immediately following the intra-amygdalar
injection, dummy cannulas were replaced and animals were
given systemic injections of either diazepam (1 mg/kg, i.p.)
or vehicle (40% propylene glycol, 10% ethanol).

The MOR agonist DAMGO (0.5 nug/0.3 pl; Ragnauth et al,
2000; Hurley et al, 2003; Gonzalez-Nicolini et al, 2003) and
the MOR antagonist CTAP (1 ng/0.3 pl; Gonzalez-Nicolini
et al, 2003; Tang et al, 2005; Tershner and Helmstetter,
2000) were obtained from Sigma-Aldrich (St Louis, MO)
and prepared in 0.9% sterile saline. The non-competitive
MOR antagonist FNA (4 pg/0.3 ul; Ward et al, 1982, 1985;
Negus et al, 1993; Primeaux et al, 2006) was prepared in
15% cyclodextran-0.9% saline and was injected at least 24 h
(plus maze) or 7 days (burying) before testing. Cyclodextrin
is a cyclic sucrose array that increases drug solubility but is
inert and secreted rapidly (see Wall and Messier, 2000), and
injection of this vehicle had no effect (compared with other
control groups) on anxiety or activity measures. Meilandt
et al (2004) demonstrated that injections of FNA could
depress MOR binding in the hippocampus after such
injections by as much as 49% at 24h, and decreases
persisted for up to 11 days (Meilandt et al, 2004). This dose
of FNA in the nucleus accumbens can also block the effects
of DAMGO-induced feeding at 24h (Ragnauth et al, 2000).
Control rats received similar injections of the appropriate
vehicle with each compound. Since no differences were seen
between groups of vehicle-treated rats, these were combined
for statistical analysis. Doses of agonists and antagonists
were selected based on review of the literature, and were
doses that had previously demonstrated MOR-selective
effects in multiple systems (see references above). Although
dose response analysis would be advantageous, repeatedly
testing animals in the plus maze and other novelty-based
fear models is problematic (Fernandes and File, 1996; File
and Zangrossi, 1993), and the use of distinct groups in dose
response analysis was deemed an excessive use of rats
before the analysis of effective doses in these tests.

Behavioral Testing

Elevated plus maze. One week after cannula implantation,
animals were injected bilaterally with vehicle, DAMGO,
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CTAP, or FNA (24h earlier) into the amygdala, given a
systemic injection of vehicle or diazepam, and tested in the
elevated plus maze 30 min later. Each rat was only tested
once in the plus maze. The elevated plus maze has been
successfully used as a test for anxiolytic agents (Lister, 1987;
Pellow et al, 1985), and diazepam (Wilson et al, 2004; Pellow
et al, 1985) increases open-arm behavior in the maze.
Animals were placed on the elevated plus maze 30 min after
the systemic injection of diazepam to allow for the peak
anxiolytic effects of each drug without substantial sedation
(Wilson et al, 2004). This test was conducted as described in
Burghardt and Wilson (2006), as modified from Pellow et al
(1985). The black Plexiglas elevated plus maze consisted of
two opposing open (56 x 10 x 1 cm), and two closed arms
(56 x 10 x 40 cm) elevated 50 cm above the floor, and had a
0.5-cm edge on the open arms. The floor was a gray
Plexiglas to accommodate the automated scoring using
contrast analysis with Ethovision. Animals were placed in
the center square facing an open arm and allowed to explore
the maze for 5 min while their behavior was videotaped for
later analysis. The animals were tested under high-light
conditions (200 lux) with a white noise generator (Sleepmate;
Marpac Corp.) to mask extraneous noise. The maze was
cleaned with a 5% ammonium hydroxide solution
between rats. Behaviors known to be responsive to
anxiolytic drugs were scored and included percent open-
arm time (open-arm time/(open-arm time + closed-arm
time)) and percent open-arm entries (open-arm entries/
(open-arm entries + closed-arm entries)). Activity was
determined by total distance moved by the rat in the maze
(in centimeters) and closed-arm entries. All behaviors were
videotaped and scoring was performed with the behavioral
tracking system Ethovision (Noldus, the Netherlands).
A correlation of >95% between scoring by a trained
observer and the Ethovision tracking system was deter-
mined before this set of experiments.

Defensive burying test. Since opioid systems in the
amygdala modulate nociceptive responses (Kang et al,
1999), this test was modified from that described in
Wilson et al (2004) by substituting a noxious (predator)
odor rather than a shock probe. Predator odor can induce
a similar burying behavior as that seen after shock probe
exposure (see Hebb et al, 2004). A Plexiglas chamber
(45 x 30 x 44 cm) filled up to a depth of 5cm with fresh
pine bedding, with a piece of ferret-scented towel (5cm?)
placed 2cm above bedding, was used for this analysis.
One week after plus maze testing, animals were randomized
with respect to plus maze treatment, injected with
pharmacological agents into the amygdala, and received
systemic injections of vehicle or diazepam 30min before
testing. Latency to bury, duration of burying (defined as
spraying bedding toward the towel), and rears (defined as
number of times animal lifted both forelimbs) were
measured by an observer blind to the treatment conditions
from videotapes for the duration of the 30 min test. In the
absence of burying, animals were assigned a latency to bury
of 30min and duration of burying of zero. These animals
are included in the analysis, since this is the effect
of anxiolytic drugs in this task. Therefore, the number of
animals that showed burying behavior is also reported in
the results.
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Verification of Cannula Placement

After behavioral testing, rats were deeply anesthetized with
sodium pentobarbital (100 mg/kg, i.p.) and bilateral injec-
tions of 0.1% thionine were administered with the same
injection parameters used for drug injection (see above). A
total of 10-20min following the injection, animals were
perfused by intracardiac delivery of 0.9% saline, followed by
10% formalin in 0.05M phosphate-buffered saline. Brains
were removed, blocked, and placed in a sucrose solution
(3.5% sucrose in 0.1 M sodium phosphate buffer) for at least
48h. Brains were sectioned using a sliding microtome at
60 um, mounted on gelatin-coated slides, and stained using
an acetylcholinesterase staining protocol modified from
Hedreen et al (1985). Briefly, sections were brought to room
temperature and placed in a staining solution of 0.2 M Tris
maleate, pH 7.5, 0.1 M sodium citrate, 0.03 M cupric sulfate,
5mM potassium ferricyanide, and 25mg acetylthio-
choline iodide for 75min. Following incubation, sections
were dipped in deionized H,0 followed by 70% ethanol, and
coverslipped with Permount (Fisher Scientific, St Louis,
MO). Placement of the guide cannula and injector tip
(dye injection) were determined and transcribed to
corresponding (Paxinos and Watson, 1997) brain atlas
plates. Rats injected with MOR agonists and antagonists
that did not have accurate bilateral cannula placement were
excluded from analysis, although there were sufficient rats
with DAMGO administration just outside the CEA during
plus maze testing, to allow comparison of their results
directly with animals receiving a correctly placed DAMGO
injection into the nucleus.

Statistics

The effects of MOR agonist and antagonist injections on
behavioral endpoints in the plus maze and defensive
burying tests were examined using a one-way analysis of
variance (ANOVA), with post hoc Newman-Keuls analysis
to discern specific differences between groups. The effects
of MOR agonists and antagonists in vehicle-injected and
diazepam-injected groups were analyzed independently.
Significance level was set at P<<0.05. After combining some
of the vehicle groups, the unequal N values and a significant
Levene statistic indicated a violation of the homogeneity of
variance assumption for ANOVA for some measures. In
these instances, the Welch’s correction for ANOVA and the
Dunnett T3 post hoc tests were used to assess main
treatment effects and specific group differences, respec-
tively. Differences in the number of subjects showing
burying behavior in response to ferret-towel exposure was
assessed using y’-analysis.

RESULTS
Elevated Plus Maze

No differences in percent open-arm times between various
amygdalar vehicle-treated groups were seen, and these
values did not differ from animals receiving vehicle with
placements just outside the CEA (F(,s5y=0.4, P=0.7).
Therefore, the data from all animals receiving intracerebral
vehicle injections have been combined for analysis.
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Figure | Anxiety (top) and activity (bottom) measures in the elevated

plus maze after injection of the MOR agonist DAMGO or MOR antagonists
CTAP and FNA into the central amygdala. Animals received a systemic
vehicle injection before testing. DAMGO decreased percent open-arm
time in the plus maze, whereas DAMGO injections outside the CEA failed
to alter open-arm time in the plus maze. The competitive MOR antagonist
CTAP had the opposite effect and increased open-arm time in the plus
maze (P<0.05). Bars represent mean + SEM for N=26 for amygdalar
vehicle-injected control groups and N = é—13 for drug-treated groups.

Injections of the MOR agonist DAMGO and the MOR
antagonist CTAP altered basal anxiety measures in the
elevated plus maze, but not the anxiety-reducing effects of
diazepam. As seen in the upper panel of Figure 1, injections
of MOR-selective compounds injected into the CEA altered
basal percent open-arm time in the elevated plus maze
(Fa,62)=6.76, P =0.0002) following systemic vehicle injec-
tions. Placements for drug injections in the amygdala
are seen in Figure 2. As seen in the top graph of Figure 1,
the MOR agonist DAMGO (0.5ug/0.3pl) significantly
decreased open-arm behavior, whereas the MOR antagonist
CTAP (1pg/0.3pl) increased percent open-arm time in
the elevated plus maze (P<0.05 vs control). The non-
competitive antagonist FNA injected 24 h earlier increased
open-arm time slightly in the plus maze, but these values
did not differ significantly from control levels. This might
have been related to the relatively small number of subjects
tested with the non-competitive antagonist (N=6), which
may have yielded a type II error. Similar results were seen
with open-arm entries (percent open entries were as follows:
33.6 £ 2.8 (vehicle), 14.6 £ 5.7 (DAMGO), 39.2 + 3.2 (CTAP),
36.3+5.2 (FNA), and 32.3 £ 6.8 (DAMGO outside of CEA);
F(4,;58y =4.07, P=10.006). The selectively of DAMGO’s effects
in the CEA are further suggested by the lack of changes in
open-arm time when placement of the injection site was
outside the CEA (see Figure 1, P>0.5 vs control, N=38).
These off-target sites of DAMGO are generally medial,
anterior, and ventral to the CEA, and include the globus
pallidus/caudate, lateral hypothalamus, endopeduncular
nucleus, anterior cortical amygdaloid nucleus, and ventral
basolateral amygdala. Other drug-injected (CTAP, FNA)
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Figure 2 Panel (a) shows typical dye injection in the central amygdala. Blue staining (thionin) is seen in the CEA, which is lightly stained by
acetylcholinesterase (OT represents optic tract). Panel (b) shows placement of injection sites in the central amygdala for animals used in analysis of DAMGO,
CTAP, and FNA in the elevated plus maze (with systemic vehicle injections). Plates are adapted from (Paxinos and Watson, 1997) for representing —2.12 to

—3.30 from Bregma.

groups did not have sufficient numbers placed outside the
CEA for analysis (n<3 rats). The injection of MOR agonists
and antagonists into the CEA did not alter activity measures
during plus maze exposure. There were no differences in
distance traveled on the maze between groups (F(4,15.28)=
0.71, P=0.59; Figure 1, bottom graph) or in closed-arm
entries (F(41746)=1.41, P=0.27). Closed-arm entries
(mean + SEM) were as follows: 14.7 + 0.7 (vehicle), 18.9 £+ 3.5
(DAMGO), 12.3+1.0 (CTAP), 18.0+4.4 (FNA), and
14.4 £ 1.53 (DAMGO outside of CEA).

Although DAMGO and CTAP injections modified basal
open-arm behaviors in the plus maze, they failed to
modulate the anxiolytic actions of diazepam. A moderate
dose of diazepam (1 mg/kg, i.p.) was used in these studies to
permit observation of either enhancement or attenuation in
the anxiety-reducing properties in this test. Systemic
injections of diazepam increased open-arm time above
levels seen after vehicle injections, consistent with its
anxiolytic properties (24.8+3.2% open-arm time in
vehicle (in CEA)-vehicle group compared with 42.4 £ 3.1%

open-arm time in vehicle (CEA)-diazepam groups). As seen
in the top graph of Figure 3, injections of diazepam
increased open-arm time to a similar degree following CEA
injections of the MOR agonist DAMGO or the MOR
antagonist CTAP or FNA (F;s3 =0.3, P=0.9 for main
effect of drug). No differences were seen between amygdalar
treatment groups for open-arm entries (data not shown,
F=0.3, P=0.8). This suggests that MOR activation in the
CEA does not modulate diazepam’s actions in the plus
maze. There were no differences in distance traveled on
the maze between CEA treatment groups after a systemic
injection of diazepam (F 465y = 1.5, P=0.2; Figure 3, bottom
graph).

Defensive Burying

Different groups receiving vehicle into the CEA showed
similar behaviors in defensive burying, and these values
were not different from animals receiving vehicle injections
placed outside the CEA (F(;45 =0.6, P=0.5 for latency;
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Figure 3 Modulation of MOR in the central amygdala failed to affect the
anxiolytic effects of diazepam in the elevated plus maze. Anxiety (top) and
activity (bottom) measures in the elevated plus maze after injection of the
MOR agonist DAMGO or MOR antagonists CTAP and FNA into the CEA,
plus a systemic diazepam (| mg/kg, ip.) injection before testing. Bars
represent mean = SEM for N = 32 for control group receiving intracerebral
vehicle, and N =6-8 for DAMGO, CTAP, or FNA-treated groups.

F(2,45 =0.4, P=0.7 for burying). Therefore, the data from
all animals receiving intracerebral vehicle injections have
been combined for analysis.

Injection of the MOR agonist and antagonists into the
CEA also shifted behaviors in the defensive burying task, as
seen by significant effects of drug on Dburying
(F3,30.88) = 12.13, P<0.0001), latency to bury (F(40.79) =
12.67, P<0.0001) and rearing (F3s¢7)=6.26, P=0.003).
The MOR agonist DAMGO injected into the CEA decreased
the amount of burying, increased the latency to bury, and
enhanced rearing compared with control (vehicle) levels, as
well as levels seen following antagonist administration (see
Figure 4). The non-competitive antagonist FNA (injected
7 days earlier) and CTAP had the opposite effects on burying
and rearing behaviors when compared with the agonist
DAMGO, but post hoc analyses revealed that CTAP only
significantly modulated rearing in this task, compared with
vehicle (P<0.05; Dunnett T3 post hoc test; see Figure 4).
The influences of DAMGO in this test are further illustrated
by the shift in the number of rats per group showing any
burying behavior during the 30-min test period. After
intracerebral injections of vehicle, only 3 of the 46 rats failed
to bury during the 30-min period of exposure to a predator
(ferret)-scented towel. In contrast, 11 of 18 rats injected
with DAMGO in the CEA showed no burying behaviors in
the test. y>-Analysis of frequencies of animals showing
burying vs no burying behavior revealed a significant
difference in expected frequencies with, »°(2, N=
95) =34.46, P<0.0001. For the antagonists, we pooled the
frequencies both antagonist groups (CTAP and FNA), since
otherwise the expected frequency of no burying was <5,
which violates an assumption of the test.
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Figure 4 Anxiety measures in the defensive burying task after injection
of the MOR agonist DAMGO or MOR antagonists CTAP and FNA into
the central amygdala. DAMGO decreased burying (top), increased the
latency to bury (middle), and increased rearing (bottom) in this test,
compared with control (vehicle injected) levels of behavior. The
competitive MOR antagonist CTAP had little effect on burying and latency
to bury, although the non-competitive antagonist i-FNA (injected 7 days
earlier) increased burying and CTAP decreased rearing in this test. Bars
represent meant SEM for N=46 for the amygdalar vehicle-injected
control groups, and N = 12—19 for drug-treated groups.

Only the effects of DAMGO and CTAP were tested with
systemic diazepam administration in the defensive burying
test. The same dose of diazepam (1 mg/kg, i.p.) was used as
in the plus maze. Although this dose of diazepam is
marginally effective in this test, higher doses (e.g., 2 mg/kg,
i.p.) generally eliminate burying in this test, and so we
used a lower dose to permit the observation of potential
attenuation or augmentation in diazepam effects
(see Wilson et al, 2004). Like the plus maze, as seen in
Figure 5, neither DAMGO nor CTAP injections into the CEA
significantly affected the actions of diazepam in the
defensive burying test (F(;34)=1.0, P=0.4 for burying;



200

-

Burying (seconds)
g

ol T %

DAMGO  Vehicle CTAP
Amygdala Injection

1500

1000

T

500

Latency to bury
(seconds)

DAMGO Vehicle CTAP
Amygdala Injection

300 - P<0.05
T 1
1
0 200 4
[+
[
o -1
100
0 .
DAMGO Vehicle CTAP

Amygdala Injection

Figure 5 Modulation of MOR in the central amygdala failed to affect the
anxiolytic effects of diazepam in the defensive burying task. Injections of the
MOR agonist DAMGO or MOR antagonists CTAP into the CEA did not
significantly effect the latency to bury or burying duration produced by a
systemic diazepam (| mg/kg, i.p.) injection before testing. DAMGO did
increase rearing behaviors over that seen in rats receiving CTAP or
vehicle intracerebrally. Bars represent mean + SEM for N=19 for the
diazepam-treated group receiving intracerebral vehicle, and N =8 for the
DAMGO- and CTAP-treated groups.

F234y=0.8, P=0.45 for latency). The exception was
rearing, and DAMGO significantly elevated rearing over
levels in vehicle- and CTAP-injected groups (F(,34)=5.8,
P<0.007).

DISCUSSION
Overview of Results

These studies examined the role of the amygdalar MORs in
two behavioral models of untrained anxiety-like responses,
namely the elevated plus maze and defensive burying test.
The results show that activation of MORs in the CEA
decreased open-arm time in the plus maze. The response
was selective for MORs in the CEA region, since DAMGO
injections from placements just outside the CEA failed to
change plus maze behaviors. Moreover, microinjections of
the antagonist CTAP had the opposite effect and produced
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an increase in open-arm behaviors in the plus maze.
Interestingly, DAMGO injections in the CEA also shifted
behaviors in the defensive burying test, including a marked
reduction in burying behaviors and increases in rearing
behaviors in the test. The effects of DAMGO in this model
suggest that MOR activation in CEA shifts the behavioral
response during exposure to this discrete predator-odor
threat. Amygdala injections of the MOR agonist DAMGO or
the MOR antagonist CTAP failed to shift the anxiolytic
effects of diazepam in either test. These results demonstrate
that opioid neurotransmission via MORs in the CEA can
modulate unconditioned anxiety or fear responses, and
suggest that opioids may regulate amygdalar output circuits
to modulate behavioral responses to both potential (open
arms of the maze) and discrete threats (predator odor).

Effects of MORs in the Elevated Plus Maze

In the plus maze, DAMGO decreased open-arm time and the
antagonist CTAP produced the opposite effects on open-
arm behavior. Previous studies have shown that the local
infusion of the MOR agonist morphine into the central
amygdala has anxiolytic effects (Rogers and File, 1979).
These previous studies, however, demonstrated only partial
anxiolytic effects in the social interaction test, but not the
open-field test. As with other anxiolytics, morphine’s effects
were dependent on the light level and familiarity of the
testing situation during the social interaction task (Rogers
and File, 1979). More consistent with our results,
MOR-knockout mice show reduced anxiety-like behaviors
in the elevated plus maze and light-dark box compared with
wild-type controls (Sasaki et al, 2002; Filliol et al, 2000),
although this knockout approach did not target changes in
gene expression selectively to the CEA.

Effects of MORs in Defensive Burying

There are few studies examining the role of amygdalar
opioid peptides in the defensive burying tests, although in
the defensive prod (shock probe) test, systemic adminis-
tration of the MOR antagonist FNA slightly increased the
latency to bury (but not burying duration) and a DOR
agonist decreased burying (Primeaux et al, 2006; Perrine
et al, 2006). Our results demonstrate that DAMGO
injections into the CEA reduced burying behavior,
increased latency to bury, reduced the number of animals
showing burying behavior, and increased rearing during the
test. Although DAMGO reduced burying behavior in the
defensive burying task in a manner similar to anxiolytics,
this interpretation fails to encompass a potential shift in the
full behavioral profile elicited during this test, including
the increases in rearing observed with DAMGO injections in
the CEA. A previous study demonstrated that both the
anxiolytic BZ ligand diazepam and the anxiogenic ligand
FG7142 produced decreased burying behavior in the
defensive prod-burying test (Rohmer et al, 1990). When
Rohmer et al (1990) examined the full behavioral profiles
with these two ligands, however, distinct patterns emerged
and that included more escape movements, rearing, and
reduced prod exploration with FG7142 compared with
diazepam. Treit et al (1986) also suggested very early that
there was a competitive relationship between burying
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behavior and avoidance behavior in this test (Treit et al,
1986). Thus, one potential explanation of the result in the
defensive burying test is direct MOR activation in the CEA,
perhaps via interactions with a distinct set of output
neurons in the CEA, induced a shift toward more escape-
like or avoidance behaviors rather than burying. This would
be supported by the increase in rearing seen with DAMGO
administration. This might also explain the decrease in
open-arm time in the plus maze with DAMGO, since a shift
in behavioral response toward avoidance might not only
activate escape-type behavior to a predator (discrete) threat,
but also avoidance of an unpredictable threatening environ-
ment (open arms of the maze). The antagonists FNA and
CTAP generally produced the opposite effects on behaviors
in the defensive burying task compared with DAMGO, but
these differences failed to demonstrate post hoc statistical
significance when compared with control groups, with the
exception of rearing behaviors. Since the antagonists did
not produce significant changes in behavior, this might
suggest that direct activation of MORs in the CEA region
may induce a shift in the behavioral output during the
defensive burying test, but that MOR processes in the CEA
are not involved in the normal behavioral responses during
the test. Alternatively, perhaps MORs more directly regulate
(activate) rearing or escape-type behavioral outputs, rather
than burying responses. More refined behavioral analyses
will be required to demonstrate whether responses to MOR
activation in CEA involve a shift in behavioral outputs that
serve to compete with burying behaviors.

An additional caveat to the interpretation of these studies
is that we used a modified defensive burying test that
involved a predator (ferret) odor rather than a shock probe
as the noxious stimulus. This paradigm was selected,
however, to avoid the confound that opioid expression in
the CEA influences nociceptive processes (Kang et al, 1999).
Although this predator-scented stimulus clearly evokes
burying behaviors in a manner similar to that seen with a
shock (Wilson et al, 2004; Hebb et al, 2004), the behavioral
responses and the neural circuits activated by this stimulus
might be distinct from that seen with a shock. In fact,
studies suggest that predator odors, particularly in a
confined environment, activate regions associated with
pheromonal responses, including the medial amygdala
(Staples et al, 2005), and there are suggestions that inputs
from amygdalar nuclei help to regulate the medial
hypothalamic defense system activated during predator
exposure (Blanchard et al, 2005). Although not seen in all
studies, analysis of neuronal activation using cfos has
indicated that predator odors can activate the CEA region
(Day et al, 2004; Fendt et al, 2005; Dielenberg et al, 2001).

Lack of Evidence for MOR Regulation in the Anxiolytic
Actions of Diazepam

These results suggest that MOR activation in the CEA is not
involved in the anxiolytic actions of the BZ agonist
diazepam in either the plus maze or defensive burying test.
Although we have seen that non-selective opioid antagonists
injected into the CEA attenuate the anxiolytic actions of
diazepam (Burghardt and Wilson, 2006), this may be due to
block of DORs or kappa opioid receptors, rather than the
MOR, in this area. In fact, the ability of enkephalin
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overexpression in the CEA to enhance diazepam effects
was blocked by systemic administration of the DOR
antagonist naltrindole (Primeaux et al, 2006). Although
systemic administration of selective MOR antagonists can
block the anticonflict effects of diazepam in mice (Tsuda
et al, 1996), transgenic MOR-knockout mice also show
unaltered anxiolytic effects of diazepam in the elevated plus
maze compared with control strains (LaBuda and Fuchs,
2001), and similar anxiety-related effects in response to
increases in enkephalin via inhibition of catabolic enzymes
(Nieto et al, 2005). Electrophysiological responses to
ethanol are also modulated by opioid interactions at the
DORs in the CEA (Kang-Park et al, 2007). Several lines of
evidence, therefore, suggest that opioids modulate the
activity of BZs and perhaps ethanol in the CEA, but these
effects appear to involve the DORs, rather than MOR.

Comparison with Enkephalin Overexpression in the
Amygdala

Our previous studies using virus-mediated gene transfer to
overexpress enkephalin in the amygdalar CEA region did
not demonstrate changes in basal anxiety-like behaviors in
the plus maze, but rather an enhancement in the anxiolytic
actions of diazepam (Primeaux et al, 2006; Kang et al, 2000).
Similarly, injections of non-selective antagonists failed to
significantly modulate basal anxiety state in this test
(Burghardt and Wilson, 2006). Since enkephalin can act
on both MORs and DORs, the lack of basal changes in
anxiety in the plus maze after pre-proenkephalin over-
expression could have been related to offsetting actions on
both receptor types in this area. Nieto et al (2005) have
demonstrated that MOR-knockout mice respond similarly
to increases in endogenous enkephalins as wild-type mice,
suggesting a role for DOR in the anxiety-related effects of
increases in endogenous enkephalins induced with systemic
administration of catabolic inhibitors (Nieto et al, 2005).
Similarly, our previous studies have indicated that the
effects of enkephalin overexpression on diazepam-induced
anxiolysis were blocked by systemic administration of the
DOR antagonist naltrindole (Primeaux et al, 2006).
Additionally, anatomical studies have demonstrated mis-
matches between the localization of MOR and enkephalin
terminals in the amygdala (Jacobsen et al, 2006), further
supporting the likelihood that endogenous enkephalin
effects may involve both MOR and DOR interactions in a
potentially very complex manner. Such divergent results
also highlight the usefulness of combining approaches
that directly activate receptors using pharmacological
manipulations, with techniques aimed at modifying the
endogenous release of neuropeptides during situation-
appropriate conditions. It is, however, also likely that
approaches that enhance or diminish receptor function for
long periods of time (transgenic knockouts or prolonged
overexpression) lead to compensatory changes that mask or
alter the normal responses to receptor activation.

MOR Activation of Select Neuronal Populations of the
Amygdala

Several other studies using microinjection approaches have
seen the effects of drug administration on specific behaviors



in the plus maze and defensive burying tests (Treit and
Menard, 1997; Menard and Treit, 2000; Treit et al, 1993).
Lesion studies, including lesions of the amygdala, have
similarly suggested dissociations between specific beha-
vioral aspects of these distinct tests of anxiety (Treit and
Menard, 1997; Treit et al, 1993). For example, administra-
tion of midazolam into the CEA had little effect on open-
arm activity in the plus maze, but decreased passive
avoidance of the shock probe (Pesold and Treit, 1994,
1995). In the septum, the effects of excitatory amino-acid
receptor antagonists suppressed open-arm avoidance in
the plus maze and reduced shock-induced burying beha-
vior, without changes in shock-probe avoidance, whereas
other ligands shifted both shock-probe avoidance and
burying, without altering open-arm avoidance (Menard
and Treit, 2000).

The distinct behavioral effects in these two paradigms
may be related to the direct effects of MOR agonists on
different neuronal populations in the CEA. Electrophysio-
logical studies in amygdalar slices have suggested that the
effects of MOR agonists in CEA are dependent upon
characterization of the cell type in this area (Finnegan
et al, 2005; Zhu and Pan, 2004, 2005; Chieng et al, 2006).
In one study, DAMGO evoked an outward current in
approximately 60% of CEA neurons that included cells
projecting to several different nuclei, including BNST,
parabrachial nucleus, and thalamic nuclei (Chieng et al,
2006). In an analogous manner, Zhu and Pan (2004) found
that DAMGO evoked outward current in one type of CEA
neurons (the so-called Al cells), but that type B neurons
showed no effect of MOR agonists (Zhu and Pan, 2004).
Recordings from CEA neurons that selectively project to the
ventrolateral periaqueductal gray (vIPAG) demonstrated
that DAMGO decreased the frequency of inhibitory post-
synaptic currents (IPSCs) in approximately half of these
neurons, and also decreased IPSCs evoked by stimulation of
the basolateral amygdala (Finnegan et al, 2005). Taken
together, these studies demonstrate that distinct sets of
neurons appear to respond to MOR agonists (Zhu and Pan,
2004; Chieng et al, 2006); that MOR agonists can reduce the
activity of CEA projection neurons to the vIPAG, parabra-
chial nucleus, BNST, and thalamic reticular nucleus
(Finnegan et al, 2005; Chieng et al, 2006); and that MOR
agonists can also alter presynaptic release of GABA and
glutamate in the amygdala (Finnegan et al, 2005, 2006; Zhu
and Pan, 2005). Activation of MOR on these different
populations of CEA output neurons seen in electrophysio-
logical analyses may help shift specific aspects of behavioral
responses based on the environmental context during the
test, which may activate or inhibit distinct neural amygdalar
circuits or projections.

It is possible that the sites of injections within the CEA
were not identical for both tests and could have contributed
to the divergent results. The medial and lateral CEA, for
example, show differences in both afferent and efferent
projections, as well as divergent electrophysiological and
neurochemical profiles, but there were insufficient numbers
of subjects to subdivide the injection sites based on
sub-regions of the CEA. An additional possibility is that
MOR activation in the IC, which is difficult to completely
prevent with these microinjection approaches, given their
distribution through the amygdala, could serve to modulate
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the gating of information between the basolateral region
and the CEA, and/or the regulatory influences of inputs
from the prefrontal cortex (Royer et al, 1999). The IC shows
very dense labeling of MOR mRNA and immunoreactivity
(Poulin et al, 2006; Wilson et al, 2002; Jacobsen et al, 2006).
These IC clusters receive topographic glutamatergic inputs
from the basolateral region, and have been shown to
generate feed-forward inhibition of CeA neurons (Delaney
and Sah, 2001; Royer et al, 1999, 2000b; Royer and Pare,
2002). Moreover, IC neurons show neuronal plasticity in the
form of both long-term potentiation and depression (Royer
and Pare, 2002), and receive large projections from the
prefrontal cortices (McDonald et al, 1996; Freedman et al,
2000). Since stimulation of the prefrontal cortex induces
neuronal activation (cfos) in the IC, it has been suggested
that the IC may serve as an interface for prefrontal
regulation of CEA, which may contribute to learned fear
processes and particularly extinction (Berretta et al, 2005;
Royer and Pare, 2002; Quirk et al, 2003). In these situations
with unconditioned anxiogenic stimuli, perhaps MOR
activation regulates the impact of inputs from the prefrontal
cortex in a manner similar to dopamine, which is also dense
in the IC (Marowsky et al, 2005; Jacobsen et al, 2006).
Further, MOR may regulate the context-specific gating of
information flow provided by IC neurons between topo-
graphic inputs from different regions of the basolateral
amygdala into the CEA (Royer and Pare, 2002; Royer et al,
1999, 2000a,b; Pare et al, 2003). Additional studies,
however, will be needed to further elucidate how amygdalar
MOR activation shifts behavioral responses in other
unconditioned and conditioned behavioral paradigms, and
the role of other opioid receptor subtypes in these
responses.
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