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Abstract

The anxiolytic effects of benzodiazepines appear to involve opioid processes in the amygdala. In previous experiments, overexpression of
enkephalin in the amygdala enhanced the anxiolytic actions of the benzodiazepine agonist diazepam in the elevated plus maze. The effects of
systemically administered diazepam are also blocked by injections of naltrexone into the central nucleus of the amygdala. The current studies
investigated the role of delta opioid receptors in the anxiety-related effects of diazepam. Three days following bilateral stereotaxic injections of
viral vectors containing cDNA encoding proenkephalin or β-galactosidase (control vector), the delta opioid receptor antagonist naltrindole
(10 mg/kg, s.c.) attenuated the enhanced anxiolytic effects of 1–2 mg/kg diazepam in rats overexpressing preproenkephalin in the amygdala.
Despite this effect, naltrindole failed to attenuate the anxiolytic action of higher diazepam doses (3 mg/kg) in animals with normal amygdalar
enkephalin expression. Similarly, the mu opioid receptor antagonist, β-funaltrexamine (20 mg/kg, s.c.), had no effect on the anxiolytic effect of
diazepam alone. These data support a role for delta opioid receptors in the opioid-enhanced anxiolytic effects of diazepam.
© 2006 Elsevier Inc. All rights reserved.
Keywords: Delta opioid receptors; Enkephalin; Benzodiazepines; Amygdala; Anxiety; Herpes viral vectors
1. Introduction

The anxiolytic effects of benzodiazepines may in part be
mediated through modulating the endogenous opioid system,
although the exact nature of this interaction and opioid receptor
subtype(s) involved remain unclear. The systemic administra-
tion of nonselective opioid antagonists can block the anticonflict
and anxiety-reducing effects of benzodiazepines in several
animal models (Billingsley and Kubena, 1978; Koob et al.,
1980; Soubrie et al., 1980; Duka et al., 1982; Agmo et al., 1995;
Tsuda et al., 1996), as well as in humans (Duka et al., 1982),
although some studies failed to show such effects of naloxone
(Britton et al., 1981). These behavioral studies show that opioid
antagonists are able to block the anxiolytic effect of benzodia-
zepines in the elevated plus maze task or anticonflict tests
(Billingsley and Kubena, 1978; Koob et al., 1980; Soubrie et al.,
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1980; Agmo et al., 1995; Tsuda et al., 1996) and can increase
shock-induced freezing in rats (Fanselow and Bolles, 1979). In
contrast, some studies indicate that the systemic administration
of nonselective opioid antagonists actually enhance the an-
xiolytic actions of low doses of benzodiazepine agonists
(diazepam, chlordiazepoxide), but not partial agonists (Belzung
and Agmo, 1997b; Frussa-Filho et al., 1999; Belzung et al.,
2000). These prior studies suggest that both doses of opioids and
benzodiazepines used in these studies (Agmo et al., 1995;
Belzung and Agmo, 1997a), as well as the novelty of the testing
situation (File and Rodgers, 1979a; Frussa-Filho et al., 1999)
influence the ability of opioids agonists and antagonists to
modify the anxiolytic influences of benzodiazepines.

The role of specific opioid receptors in mediating the anxio-
lytic actions of benzodiazepines is also unclear. Although
systemic administration of selective mu and kappa opioid re-
ceptor antagonists can block the anticonflict effects of diazepam
in mice (Tsuda et al., 1996), mu opioid receptor (MOR) knock-
out mice showed unaltered anxiolytic effects of diazepam in the
elevated plus maze compared to control strains (LaBuda and
Fuchs, 2001). Delta opioid receptor (DOR) knockout mice
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show increased anxiety in several tests (Filliol et al., 2000), and
administration of the delta receptor antagonist naltrindole
intracerebroventricularly (i.c.v.) increased anxiety in the light:
dark test (Narita et al., 2006a). Administration of the delta
opioid receptor antagonist naltrindole, however, failed to block
the anticonflict effects of diazepam (Tsuda et al., 1996). The
systemic administration of kappa opioid receptor agonists can
produce anxiolytic effects in the plus maze (Privette and
Terrian, 1995), but the administration of dynorphin i.c.v. in mice
decreased time in the lit compartment in a light:dark test (Narita
et al., 2006a).

These previous studies have further suggested a role of
amygdalar opioids in the anxiolytic effects of benzodiazepines,
although the opioid peptides and opioid receptor subtypes
mediating such effects is unclear. The amygdala has both mu and
delta opioid receptor sites (Mansour et al., 1995a; Wilson et al.,
2002; Poulin et al., 2006), and met-enkephalin colocalizes with
the GABA synthetic enzyme glutamate decarboxylase (GAD) in
the central nucleus of the amygdala (Veinante et al., 1997).
Morphine injections into the amygdala also produce partial
anxiolytic effects in the social interaction test (File and Rodgers,
1979a). The administration of an MOR antagonist, a DOR
antagonist and dynorphin in to the amygdala all decreased time
in the lit compartment of a light: dark transition test (Narita et al.,
2006a). In addition to these influences on basal anxiety state, we
have previously shown that herpes virus-mediated overexpres-
sion of enkephalin (ENK) in the amygdala potentiates the
anxiolytic effects of the benzodiazepine agonist diazepam in the
elevated plus maze test (Kang et al., 2000). These effects are
reversed by systemic administration of the non-selective opioid
receptor antagonist naloxone. Localized injections of the non-
selective antagonist naltrexone in the central nucleus of the
amygdala, but not the basolateral amygdala, attenuate the
anxiolytic influences of diazepam in the elevated plus maze
(Kang et al., 2000; Burghardt and Wilson, 2006).

Amygdalar lesions, administration of peptides, and anxio-
lytic drugs can show divergent results in differing animal tests
of anxiety or fear, and 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 animals
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 (the shock
probe). Therefore, we also examined the ability of systemic
administration of delta and mu opioid receptor antagonists to
attenuate the anxiolytic actions of diazepam in these two distinct
models, since these tests appear to be differentially influenced
by opioid drugs and amygdala processes (Billingsley and
Kubena, 1978; Fanselow and Bolles, 1979; Koob et al., 1980;
Soubrie et al., 1980; Treit, 1985; Grijalva et al., 1990; Kopchia
et al., 1992; Treit et al., 1993; Agmo et al., 1995; Tsuda et al.,
1996; de Boer and Koolhaas, 2003). Several studies support the
possibility that anxiolytic effects of benzodiazepines in conflict-
based procedures, including the plus maze, might be inhibited by
opioid antagonists (Billingsley and Kubena, 1978; Koob et al.,
1980; Soubrie et al., 1980; Agmo et al., 1995; Tsuda et al., 1996).
The situation is less clear for prod burying, although shock-
induced freezing is disrupted by naloxone (Fanselow and Bolles,
1979; Treit, 1985; Treit et al., 1993; de Boer and Koolhaas,
2003).

The present experiments were designed to 1) confirm the role
of the delta opioid receptor in mediating the influences of
amygdalar ENK-overexpression on the anxiolytic effects of
diazepam, and 2) assess the ability of both selective delta
(naltrindole, NTI) and mu (β-funaltrexamine, FNA) opioid
receptor antagonists to attenuate the anxiolytic effects of diaze-
pam in rats. These studies utilized a new viral vector encoding rat
prepro-ENK, for comparison to our previous studies using viral
vectors encoding for human prepro-ENK (Kang et al., 2000). It
was predicted that virally mediated over-expression of amygdalar
ENK in the amygdala would potentiate the anxiolytic effects of
diazepam in the elevated plus maze test, and these effects would
be attenuated by the delta opioid receptor antagonist naltrindole
(NTI).

2. Methods

2.1. Subjects

Adult Long-Evans male rats (Harlan, Indianapolis, IN) weigh-
ing 175–200 g at time of arrival were used in this experiment. In
Experiment 1, rats were housed individually and in Experiment 2,
rats were housed 3/cage. All rats were on a 12/12 LD cycle (lights
on at 0700) with food/water available ad libitum. All procedures
were approved by the University of South Carolina Institutional
Animal Care and Use Committee and followed the National
Institutes of Health Guide for Care and Use of Laboratory
Animals.

2.2. Virus construction

Replication-defective, recombinant herpes viruses were
created using the KOS strain of HSV-1 with both copies of
ICP4 (IE3) deleted (DeLuca et al., 1985). A shuttle plasmid,
pEPVG, was created to insert an expression cassette between the
open reading frames of UL36 and UL37 in the HSV genome.
First, an Xho I-Not I DNA fragment containing KOS DNA
corresponding to HSV nucleotides 80176–81324 (Gen-
BankX14112) was cloned into pNEB193 (New England
Biolabs) modified by removal of the Hind III site and replacing
the Sma I site with a second Pac I site. Next, an Ase I–Afl II
fragment of pIRES2-EGFP (Clontech) was cloned blunt into the
Hind III site of the HSV sequence. The latter fragment contained
the following elements: human cytomeglovirus immediate early
enhancer-promoter (hCMV), multiple cloning sites, internal
ribosome entry site (IRES), enhanced green fluorescent protein
cDNA (EGFP) and SV40 polyadenylation site. The rat prepro-
enkephalin cDNAwas cloned into the pEPVG multiple cloning
site at Eco47 III as a blunt EcoR I–Sma I fragment from pYSEC1
(Yoshikawa et al., 1984; Yoshikawa and Sabol, 1986) generating



Fig. 1. 1A: Schematic diagram of the herpes simplex virus-1 constructs used in this study. Viruses encoded either rat prepro-ENK or the lac Z reporter gene product,
β-galactosidase (control virus). See Methods for construction details and abbreviations. 1B: Co-localization of ENK and Green Fluorescent Protein (EGFP) in the
lateral capsular area of the central nucleus of the amygdala using immunofluorescence confocal laser scanning microscopy. “BL” indicates location of the basolateral
amygdala for reference. Panel a1 shows expression of GFP (green), panel a2 shows ENK staining (red), and panel a3 shows merging of red and green channels with
double-labeling seen as yellow. Amygdala was injected with viral construct DSGrPPE, which expresses both GFP and preproENK. Note the localized staining of GFP
(green) demonstrating extent of viral expression, and the heightened level of ENK immunoreactivity is localized with viral expression. Scale bar represents 50 μm.
1C. Photomicrograph of the amygdala (Bregma level-3.1 of the atlas by Paxinos and Watson, 1997) with a box indicating the area shown in Fig. 1B (lateral is left).
BLa, anterior subdivision of the basolateral nucleus; BLp, posterior subdivision of the basolateral nucleus; Lat, lateral nucleus; Ce, central nucleus; CP, caudate-
putamen. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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pEPGrPE. Similarly, a BamH I fragment from pCMVβ
(MacGregor and Caskey, 1989) containing lac Z was cloned
into pEPVG cut with BamH I and Bgl II, creating pEPGZ.

For virus generation, Spe I-cut ICP4− viral DNA was trans-
fected with Pac I-digested pEPGrPE or pEPGZ into the com-
plementing 7B cell line (Marconi et al., 1996). Recombinant
viruses were selected by 3 rounds of limiting dilution. Because
Spe I is a unique site in HSV, this method gives high rates of
recombination, similar to that reported when a unique Pac I site
is introduced into the viral DNA (Krisky et al., 1997).
Recombinant viruses were characterized by Southern blotting.
Virus stocks were prepared using 7B cells, concentrated by
centrifugation and were stored in MEM containing 10% cosmic
calf serum (HyClone), 5 mMHEPES, pH 7.4 and 10% glycerol.
A diagram of the final viral construct is illustrated in Fig. 1A.

2.3. Herpes simplex virus-1 mediated gene transfer surgery

Rats in Experiment 1 were anesthetized with a combination
of sodium pentobarbital (Nembutal, 25 mg/kg, i.p.) and
ketamine hydrochloride (40 mg/kg, i.p.). Rats were placed in
a stereotaxic apparatus (David Kopf, Tajunga, CA), a midline
incision was made and bregma was measured. Bilateral
injections of the replication deficient HSV-1 encoding either
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rat prepro-enkephalin (DSGrPPE, 2.0×106 pfu/μl) or lac Z
(DSGZ, 2.0×106 pfu/μl) were made through two holes drilled
into the rat's skull. Injections were made with a 26-gauge
Hamilton syringe and aimed at the central nucleus of the
amygdala (AP −2.1, LM ±4.6, DV −8.7; (Paxinos and Watson,
1997)). Injections were made at a rate of 0.2 μl/min using a
motorized injector (Micro 4, Microsyringe Pump Controller,
World Precision Instruments) followed by a 10 min period in
which the virus was allowed to diffuse prior to the needle being
withdrawn. Following surgery, an injection of nalbuphine
(Sigma, 1 mg/kg, s.c.) was given for postoperative analgesia.
Three days following viral injection, rats were tested in the
elevated plus maze test. This time point is based on Kang et al.
(2000) showing an increase in prepro-ENK mRNA levels three
days following injections of virus encoding human prepro-ENK
into the amygdala.

2.4. Localization of viral expression

Initial analysis of viral expression using these viral vectors
was assessed using dual-label immunofluorescence confocal
laser scanning microscopy (CLSM) as described in Mascagni
and McDonald (2003). Rats were injected with HSV-1 vectors
encoding prepro-enkephalin (DSGrPPE, 2.0×106 pfu/μl) into
the amygdala using stereotaxic techniques. Three days later
animals were anesthetized with chloral hydrate (580 mg/kg) and
perfused intracardially with phosphate-buffered saline (PBS;
pH 7.4 containing 1% sodium nitrite), followed by 4% para-
formaldehyde in phosphate buffer (PB, 7.4). Following per-
fusion, brains were removed, postfixed for 4 h and sectioned on
a vibratome at a thickness of 50 μm in the coronal plane.
Sections were processed for immunohistochemistry in wells of
tissue culture chamber slides. All antibodies were diluted in
PBS containing Triton X-100 (0.4%) and 1% normal goat
serum. Sections were incubated overnight at 4 °C with primary
antisera to met-ENK (1:2000; ImmunoStar, Inc) and EGFP
(1:2000; Sigma-Aldrich Chemical Co, monoclonal antisera to
Clone GFP-20). After rinses (3×10 min) in PBS, sections were
incubated in secondary antisera conjugated with Alexa488
labeled goat anti-mouse IgG (1:400, Molecular Probes) and
Alexa 568-labeled goat anti-rabbit IgG (1:400, Molecular
probes) for 3–4 h at room temperature. Following incubation
in secondary antisera, sections were rinsed in PBS (3×10 min),
mounted on glass slides, and coverslipped with Vectashield
mounting medium (Vector Laboratories). Sections were exam-
ined with a BioRad MRC 1024 confocal laser scaning micro-
scope equipped with an argon–krypton laser attached to a
Nikon Optiphot fluorescence microscope. Fluorescence of
Alexa488 (green) and Alexa568 (red) dyes was analyzed
using filter configurations for sequential excitation/imaging
using 488 and 568 nm channels. Merged images produced by
the image analysis system represent double-labeled cells as
yellow. Immunofluorescent analysis was used for qualitative
assessment of the extent of virus-mediated transgene expres-
sion, and in combination with our prior studies (Kang et al.,
2000), to confirm expression of enkephalin with these vectors
(see Fig. 1B).
2.5. Drug treatments

In Experiment 1, three days following viral injections, each
rat was injected with diazepam (DZ; either 1 or 2 mg/kg, i.p.) or
vehicle (VEH, 10% ethanol, 40% propylene glycol). In addition,
each animal also received either naltrindole (NTI, 10mg/kg, s.c.)
or vehicle (VEH, sterile saline). This dose of NTI was based on
Ossipov et al. (1994). For each viral construct (DSGZ,
DSGrPPE) there were six groups: VEH+VEH, DZ-1 mg/kg+
VEH, DZ-2 mg/kg+VEH, VEH+NTI, DZ-1 mg/kg+NTI,
DZ-2 mg/kg+NTI, (n=5–13/group). Injections were given
30 min prior to behavioral testing. No statistically significant
differences were seen between effects of 1 and 2 mg/kg diaze-
pam (also see Wilson et al., 2004), and the results from both
doses have been combined for analysis.

In Experiment 2, the ability of both the delta (naltrindole,
NTI) and mu (β-funaltrexamine, FNA) opioid receptor antago-
nists to attenuate the anxiolytic effects of a higher diazepam dose
(3 mg/kg) in the absence of overexpression of ENK was tested.
Since these animals had normal enkephalin tone, and we anti-
cipated that these antagonists would attenuate benzodiazepine
actions in these tasks, we used a dose of diazepam that produced
robust anxiolysis in our previous studies (e.g., 3 mg/kg, i.p.;
(Wilson et al., 2004)). The effects of opioid receptor antagonists
in conjunction with diazepam were examined in two animal
models, the elevated plus maze and the defensive prod burying
tests. Injections of β-funaltrexamine (FNA, 20 mg/kg, s.c.) or
vehicle (VEH, sterile saline) were given 24 h prior to behavioral
testing, and animals received diazepam (DZ-3, 3 mg/kg, i.p.) or
vehicle (VEH, 10% ethanol, 40% propylene glycol) 30 min
before testing. This FNA injection paradigm was based on Paul
et al. (1990), Pick et al. (1991), and Negus et al. (1993) (Paul
et al., 1990; Pick et al., 1991; Negus et al., 1993). For NTI
studies, 30 min prior to behavioral testing each rat was injected
with diazepam (DZ-3, 3 mg/kg, i.p.) or vehicle (VEH, 10%
ethanol, 40% propylene glycol) and an injection of either nal-
trindole (NTI, 10 mg/kg, s.c.) or vehicle (VEH, sterile saline).
There were a total of six groups: VEH/VEH, VEH/NTI,
VEH/FNA, DZ-3/VEH, DZ-3/NTI, DZ-3/FNA, (n=7–11 rats/
group).

2.6. Elevated plus maze test

All behavioral testing took place between 0900 and 1300 h in
a room separated from the colony room. Awhite noise generator
was used to mask extraneous noises. The plus maze apparatus
had two open (56×10×1 cm) and two closed arms (56×
10×40 cm) and was elevated 50 cm above the floor. Rats were
placed in the center of the plus maze and videotaped for 5 min.
Rats were then removed and returned to their home cage. The
maze was cleaned with a 10% chlorine bleach solution between
subjects. An experimenter blind to group assignment measured
time spent in open and closed arms, entries into open and closed
arms and center time. Percent time spent in open arms ((time in
open arm/time in open+closed arm)×100) was used as a
measure of anxiety, and the number of closed arm entries was
used as a measure of spontaneous locomotor activity. Rats that



Fig. 2. The effects of diazepam and naltrindole (NTI) administration on anxiety
measures in the elevated plus maze. Rats received amygdalar injections of a
control virus (DSGZ; upper panel) or a virus encoding for rat preproenkephalin
(DSGrPPE; lower panel) prior to testing. Lower doses of diazepam (1–2 mg/kg)
increased percent time spent in the open arms in rats overexpressing amygdalar
ENK (DSGrPPE; pb0.05)), but not in control rats (DSGZ). Naltrindole
attenuated these effects in rats overexpressing amygdalar ENK. Data are shown
as means+SEM, n=7–15/group.
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failed to make at least four arm entries were removed from data
analysis.

2.7. Defensive prod burying test

Rats were habituated to the defensive prod chamber for three
days prior to receiving shock. Rats were placed in the chamber in
groups of 3 (with cagemates) for 30min between 1400 and 1500 h
in a room separated from the colony room. The defensive prod
chamber is a Plexiglas chamber (45×30×44 cm) filled up to
5.5 cm with pine bedding. On testing day, the prod (5.6×.6 cm)
was placed into the chamber at a height of 7.5 cm (approx 2 cm
above the pine bedding). The rats were individually placed into
the chamber, facing away from the prod. Each rat received a single
shock (5 mA, Coulbourn Precision Regulated Animal Shocker)
when they placed at least one paw on the prod. Failure to touch the
prod within 5 min resulted in removal from the study. Following
the prod shock, animals remained in the chamber for an additional
15 min and were videotaped for subsequent analysis of prod-
burying behaviors. Latency to touch the prod, latency to bury
following shock, duration of burying following shock and the
number of rears following shock were measured by an observer
blind to the treatment conditions.

2.8. Histological procedures

In Experiment 1, one day following behavioral testing, rats
were anesthetized with 400 mg/kg chloral hydrate and killed by
transcardial perfusion of 4% paraformaldehyde/0.1 M sodium
phosphate buffer (pH 7.6). Brains were removed and stored in
15% sucrose/0.1 M sodium phosphate buffer (pH 7.6) at 4 °C
until cutting. Brains were sliced in 60 μm sections through the
amygdala. All brain sections were mounted on slides and then
stained with 0.3% neutral red (Sigma-Aldrich). Correct
placement of viral injections was determined by evaluation of
needle track placement in comparison with the Rat Brain Atlas
of Paxinos and Watson (1997). Animals with incorrect injection
placement were removed from data analysis. A total of 5 rats
were removed from Experiment 1. Histology was not conducted
on rats from Experiment 2 since surgeries were not performed.

2.9. Data analysis

In Experiment 1, planned comparisons (two-way ANOVAs)
were conducted to assess the effects of NTI administration on
diazepam-related anxiety effects in rats overexpressing amyg-
dalar ENK (DSGrPPE) and control rats (DSGZ). Bonferonni
post-hoc analyses for dose of diazepam were conducted.
Significance levels for all measures were set at pb0.05.

In Experiment 2, two-way ANOVAs were performed for all
measures. Diazepam treatment was one variable and opioid
receptor antagonist was the other variable. Since there were
three levels of opioid receptor antagonist (VEH, NTI, FNA),
Bonferroni post-hoc analyses were conducted when a main
effect of opioid receptor antagonist was found. Data from rats
receiving each opioid receptor antagonist was statistically
compared with data from rats receiving vehicle injections.
3. Results

3.1. Experiment 1: effect of a delta opioid antagonist on
enkephalin-mediated enhancement of diazepam in the elevated
plus maze

This experiment examined the effects of herpes virus-
mediated overexpression of amygdalar proenkephalin on
responses to diazepam (1–2 mg/kg) in the elevated plus maze
and the ability of the DOR antagonist, naltrindole, to block these
responses. Fig. 1B demonstrates the localized expression of
ENK induced by viral gene transfer of the rat proenkephalin
cDNA in the amygdala and that of EGFP expressed from the
same viral vector. While the figure shows significant co-
localization of ENK and EGFP (yellow) induced by gene
transfer in the CEA region, there is also ENK immunoreactivity
outside the region of viral expression (see red immunofluores-
cence in panel 1B surrounding EGFP). These qualitative studies
are similar to previous results demonstrating the ability of these
vectors to enhance ENK expression in the amygdala (Kang et al.,
2000).

As in our previous studies in male rats tested under these
conditions, there was little distinction and no statistical difference
between the effects of doses of 1 and 2 mg/kg diazepam and the



Fig. 3. Activity measures in the elevated plus maze test following diazepam and
naltrindole (NTI) administration in rats. Upper panel shows rats with injections
of a control virus (DSGZ) into the amygdala and lower panel shows results with
rats injected with a virus encoding for rat preproenkephalin (DSGrPPE).
Diazepam increased activity (number of closed arm entries) in control rats
(DSGZ) and rats overexpressing amygdalar ENK (DSGrPPE), but naltrindole
did not attenuate these effects. Data are shown as means+SEM, n=7–15/group.

Fig. 4. The elevated plus maze test was used to investigate the effects of MOR
and DOR opioid receptor antagonists on the anxiety-related and activity-related
effects of diazepam. Diazepam (3 mg/kg) administration increased the amount
of time spent in the open arms and the number of entries into the closed arms of
the elevated plus maze test, suggesting an anxiolytic and activity-inducing effect
of diazepam. Neither the MOR nor the DOR opioid receptor antagonist
attenuated these effects. Data are shown as means+SEM, n=9–11/group.
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results from both doses have been combined for analysis (Wilson
et al., 2004). In rats receiving the control virus (DSGZ), diazepam
administration did not significantly alter anxiety measures in
the elevated plus maze (percent time spent in open arms,
Fig. 2; F(1,40)=0.3, p=0.6 for diazepam effect), however,
diazepam increased locomotor activity (number of closed arm
entries, Fig. 3), (F(1,40)=6.9, pb0.02). These results are
similar to those reported earlier (Stock et al., 2000; Kang et al.,
2000; Wilson et al., 2004), in that these doses of diazepam
produce marginal anxiolytic effects in male rats, with or without a
lac Z (control) virus injection, under these test conditions. Nal-
trindole administration did not affect anxiety (F(1,40)=0.3), or
activity (F(1,40)=0.01) measures in vehicle or diazepam-treated
control (DSGZ) rats (pN0.05).

As reported for over-expression of human pro-enkephalin the
rat amygdala (Kang et al., 2000), in animals over-expressing rat
pro-ENK (DSGrPPE) in the amygdala DZ administration
increased percent time spent in the open arms of the elevated
plus maze as compared to vehicle administration (F(1,49)=13.1,
pb0.001; Fig. 2). Amygdalar ENK over-expression potentiated
the anxiolytic effects of diazepam in this test, as seen by an
increase in percent open arm time from 35+5% in DSGZ rats
after 1–2 mg/kg diazepam up to 48+4% in DSGrPPE-treated
rats receiving diazepam (Fig. 2). It is important to note that
baseline anxiety levels are not altered between control (DSGZ)
rats and rats overexpressing amygdalar ENK (DSGrPPE)
(percent open arm time (means+SEM): 23+4% and 25+4%,
respectively). At the doses given in this experiment, diazepam
shows locomotor enhancing effects (rather than sedation), as
indicated by slight enhancement in closed arm entries (F(1,49)=
6.08, p=0.02; Fig. 3). This effect of DZ on activity was not
potentiated by amygdalar ENK overexpression (compare upper
and lower panels).

Administration of NTI attenuated the anxiolytic effects of
diazepam in the elevated plus maze in rats over-expressing
amygdalar ENK (DSGrPPE) (F(1,49)=6.17, pb0.02; Fig. 2).
Percent open arm time was decreased from 48+4% after
diazepam in DSGrPPE rats to 30+5% in groups receiving
diazepam and NTI. Naltrindole administration did not attenuate
the activity-inducing effects of diazepam in either the DSGZ
(F(1,40)=0.1 p=0.9)or DSGrPPE rats (F(1,49)=2.4 p=0.13),
suggesting that a separate mechanism mediates the locomotor
effects of DZ.

3.2. Experiment 2: effects of opioid antagonists on diazepam-
mediated anxiolysis

This experiment investigated the effects of the selective
delta and mu opioid receptor antagonists, naltrindole and β-



Fig. 5. Anxiety measures in the defensive prod burying test. MOR opioid
receptor antagonist (FNA) administration significantly increased the latency to
bury the prod following shock. Diazepam (3 mg/kg) administration decreased
the duration of burying following shock, suggesting an anxiolytic effect of
diazepam. The anxiolytic influences of diazepam were not modified by either
naltrindole (NTI) or FNA. Data are shown as means+SEM, n=7–11/group.
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funaltrexamine, respectively, on the anxiolytic effects of DZ in
the elevated plus maze test and defensive prod burying test. A
dose of 3 mg/kg was used to produce a more robust anxiolytic
effect in these tests, since animals had normal expression levels
of amygdalar enkephalin. In the elevated plus maze test, DZ
administration increased the percent time spent in the open
arms, F(1,57)=9.82, pb .01, (see Fig. 4) and increased the
percent entries into the open arms, F(1,57)=9.31, pb .01 (data
not shown), compared to rats receiving vehicle. However, no
main effect of opioid receptor antagonist was found for either
anxiety-related measure in the plus maze. Diazepam (3 mg/kg)
administration also increased activity in the elevated plus maze
test as measured by increased closed arm entries, F(1,57)=
4.14, pb .05 (see Fig. 4). Again, opioid receptor antagonists did
not have a significant effect on activity measures in this test.

In the defensive prod burying test, neither DZ nor the opioid
receptor antagonists altered the latency to touch the prod.
However, the number of rats removed from the experiment due
to failure to touch the prod was higher in rats receiving DZ
injections as opposed to VEH injections (21.9% and 3.4%,
respectively). Opioid receptor antagonists significantly in-
creased the latency to bury following shock, F(2,49)=4.88,
pb .02. Specifically, post-hoc tests revealed a significant
difference between rats receiving VEH and FNA, pb .01 (see
Fig. 5); rats receiving VEH began burying sooner than rats
receiving FNA. This difference may have been due to a
difference in shock sensitivity between rats receiving VEH and
FNA, however, this was not directly tested. The shock level was
intentionally set at a high level to avoid this potential confound,
although it cannot be completely discounted. There was no
main effect of DZ on latency to bury and no interaction effect
was found. On duration of burying, rats receiving VEH buried
longer than rats receiving DZ, suggesting an anxiolytic effect of
DZ F(1,48)=5.86, pb .02 (see Fig. 5). No effects were found
for opioid receptor antagonists and no interactions were found.
There were no differences between groups on the number of
rears made following shock.

4. Discussion

The purpose of the present experiments was to further
explain the role of amygdalar opioids in the anxiolytic effects of
the benzodiazepine receptor agonist, diazepam. Previous
studies from this laboratory have shown that virally mediated
increases in amygdalar ENK potentiate the effects of a low dose
of diazepam (1 mg/kg) on anxiety-related measures in the
elevated plus maze (Kang et al., 2000). In the first experiment,
over-expression of amygdalar ENK was found to similarly
potentiate the effects of lower DZ doses (1–2 mg/kg) compared
to effects seen in control groups injected with a viral vector
encoding β-galactosidase. This potentiation was seen as an
increase in percent open arm time from 35+5% (mean+SEM)
in control rats and to 48+4% (mean+SEM) in rats over-
expressing amygdalar ENK after diazepam. Importantly, the use
of a new viral construct, encoding rat prepro-ENK (the current
experiment) produced similar behavioral effects when com-
bined with diazepam as did the viral construct which encodes
human prepro-ENK (Kang et al., 2000), thereby further
validating the use of viral vectors as important tools to alter
behaviors in mammalian systems. As reported previously (Kang
et al., 2000), ENK overexpression enhanced the anxiolytic
effects of diazepam without modifying the influences on
activity in the plus maze.

Notably, naltrindole was able to attenuate the enhanced
anxiolytic effects of diazepam induced by overexpression of
ENK in this animal model of anxiety, suggesting that the
anxiolytic effects of diazepam are mediated through DOR.
Naltrindole administration did not alter baseline anxiety
(percent open arm time) in control (DSGZ) rats or ENK over-
expressing (DSGrPPE) rats when compared to vehicle injected
(non-diazepam treated) groups. Likewise, baseline locomotor
activity was not altered following NTI administration or
amygdalar ENK overexpression. Naltrindole failed to attenuate
the locomotor effects of diazepam, suggesting a separate neural
mechanism for the activity-inducing and anxiety-reducing
effects of diazepam. This is supported by studies de-
monstrating opioid agonists or antagonists influence the
anxiety or anti-conflict effects of benzodiazepines (Billingsley
and Kubena, 1978; Koob et al., 1980; Soubrie et al., 1980;
Agmo et al., 1995; Tsuda et al., 1996), but not the open field
or ataxic effects of these drugs (Billingsley and Kubena, 1978;
File and Rodgers, 1979b). Non-selective antagonists (nalox-
one), however, can block the decreases in locomotor activity
in mice after high but not low doses of chlordiazepoxide
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(Rodgers et al., 1985). Further, we consistently observe that
various treatments (benzodiazepine administration, opioid
antagonists, chronic running) have distinct effects on the anxiety
and activity measures in the elevated plus maze, suggesting that
separate neural substrates underlie changes in these behavioral
endpoints (Kang et al., 2000; Burghardt et al., 2004; Burghardt
and Wilson, 2006). The present data suggest that DOR is an
integral component of the relationship between amygdalar ENK
and diazepam on anxiety-related behaviors, but not activity-
related behaviors.

The second experiment was conducted to further investigate
the relationship of diazepam and opioid receptors. Specifically,
this experiment investigated the effects of systemic administration
of the DOR antagonist, naltrindole, and the MOR antagonist,
β-funaltrexamine, on an anxiolytic dose of DZ (3 mg/kg) in the
elevated plus maze test and the defensive prod burying test. As
predicted (and as previously demonstrated), DZ (3 mg/kg) pro-
duced a robust anxiolytic-like effect in the elevated plus maze test
(Wilson et al., 2004). Diazepam administration also increased
activity-related behaviors in this test (closed arm entries). The
systemic administration of MOR and DOR receptor antagonists
failed to modify the behavioral effects of DZ in this test. These
results differ from previous findings demonstrating that the
anxiolytic effects of DZ in the elevated plus maze test were
attenuated by injections of the non-selective opioid receptor
antagonist naltrexone into the central, but not the basolateral,
amygdala (Kang et al., 2000; Burghardt andWilson, 2006). These
differences could be due to influences of systemically adminis-
tered opioid receptor antagonists on DOR and MOR in several
different brain areas that might be offsetting the amygdalar effects
of these drugs, and/or the use of receptor selective antagonists.
Future studies will be needed to clarify this issue.

The ability of NTI to attenuate the enhanced DZ effects
following virus-mediated gene transfer suggests the influences
of heightened ENK expression are being mediated through the
delta opioid receptor. This is in contrast to the lack of NTI
effects on the anxiolytic influences of DZ in non-virally injected
animals. This disparity might suggest that different doses of DZ
induce distinct neuronal changes, and that lower doses pre-
ferentially involve DOR mechanisms. Alternatively, the en-
hanced DZ effects in ENK over-expressing animals might be
specifically related to the use of virus-mediated gene transfer
procedures. This is supported by the slight (but non-significant)
effects of NTI in animals receiving the control vector, where
NTI appeared to also blunt DZ effects. This might suggest an
interactive effect between amygdala opioid processes mediating
DZ actions and nonspecific neural responses associated with the
viral injection procedures. Recent studies by Narita et al.
(2006a) suggest that DOR receptor activity modulates levels of
astrocytes in cingulate cortex, and that such alterations can
modify anxiety levels in the elevated plus maze and light:dark
transition tests (Narita et al., 2006b). Alternatively, virus-
mediated over-expression might result in ENK release from
populations of amygdalar neurons that do not normally produce
opioid peptides, leading to activation of delta opioid receptors,
modulation of amygdalar circuitry, and thus enhancement
diazepam's anxiolytic effects through pathways not normally
activated. Current studies are addressing this possibility through
the use of selected cell targeting using the prepro-enkephalin
promoter in newly devised viral constructs.

The effects of amygdalar ENK over-expression on the
anxiolytic effects of DZ may be mediated through various
mechanisms. The amygdala has a high density of GABAA and
benzodiazepine receptor sites as well as opioid receptor sites
(Shiosaka et al., 1983; Mansour et al., 1995a; Veinante et al.,
1997; Wilson et al., 2002; Poulin et al., 2006). The anxiolytic
actions of benzodiazepines are thought to be mediated by
neurons expressing the GABAA receptor containing the α2
subunit. This particular subunit is largely localized in limbic
structures, including the amygdala (Low et al., 2000; Rudolph
et al., 2001). PreproENK mRNA is seen in various nuclei of the
amygdala including the central, basolateral and posteroventral
portion of the medial nucleus, and most of the ENK afferents to
the centromedial amygdala arise from intra-amygdaloid sources
or the bed nucleus of the stria terminalis (BNST) (Poulin et al.,
2006). Combined with our previous data (Kang et al., 2000) and
the localization of reporter (GFP) expression (Fig. 1B), this
suggests that viral overexpression most likely changes intra-
amygdalar ENK projections that subsequently modulate diaze-
pam effects in the plus maze. One possibility is that DZ induces
ENK release in these intra-amygdalar circuits that subsequently
modulates GABAA receptor responses and/or GABA/BZ inter-
actions, producing anxiolysis. Colocalization of glutamatic acid
decarboxylase and met-ENK immunoreactivity has been found
in the central nucleus of the amygdala (Veinante et al., 1997)
providing for the possibility that viral overexpression increases
release of ENK from GABAergic neurons in this nucleus. It is
also possible that ENK overexpression could increase GABA
release (Veinante et al., 1997), thus enhancing the effectiveness
of DZ at GABAA/BZ receptor sites. Several physiological
studies in amygdala and periaqueductal gray, however, indicate
that opioid agonists, including met-ENK, inhibit GABAergic
neurotransmission via presynaptic effects although these effects
are induced via activation of MOR receptors (Sugita and North,
1993; Vaughan et al., 1997; Finnegan et al., 2005, 2006).
Although enkephalins interact with highest affinity at DOR,
these opioid peptides do not show a large degree of discri-
mination for the three opioid receptor subtypes (Schoffelmeer
et al., 1990; Mansour et al., 1995a,b; Clarke et al., 2003).
Similarly, met-ENK also affected presynaptic glutamate release
in the central amygdala, but these effects were mediated via
MOR-dependent mechanisms and were not seen with the DOR
selective agonist (Zhu and Pan, 2005). Chieng et al. (2006),
however, demonstrated that approximately 20% of the cells in
the medial portion of central nucleus showed responses to the
DOR agonist deltorphin II (Chieng et al., 2006), suggesting
some populations of neurons within the amygdala are
modulated by activation of DOR. Furthermore, these electro-
physiological studies demonstrate that the opioid effects in this
region are dependent upon characterization of the cell type in
this area (Zhu and Pan, 2004, 2005; Finnegan et al., 2005;
Chieng et al., 2006), suggesting that opioid effects in the
amygdalar circuitry might be very complex based on receptor-
specific interactions with selective cell types. Although the
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specific mechanisms remain to be elucidated, the current data
continue to suggest a critical interaction of amygdalar GABA/BZ
and opioid systems in the anxiolytic actions of benzodiazepines.

Overall, the present experiments support previous findings
that the anxiolytic effects of low doses of benzodiazepines
appear to be mediated through the opioid system (Billingsley
and Kubena, 1978; Agmo et al., 1995; Kang et al., 2000),
particularly the amygdalar enkephalinergic system. Our results
are consistent with others (LaBuda and Fuchs, 2001) indicating
the anxiolytic effects of DZ appear to be mediated by DOR.
However, future experiments will investigate the specific roles
of DOR and MOR in anxiety-related behaviors and the an-
xiolytic effects of DZ and other benzodiazepine agonists.
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