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Overexpression of Proenkephalin in the
Amygdala Potentiates the Anxiolytic Effects

of Benzodiazepines

Wen Kang, Ph.D., Steven P. Wilson, Ph.D., and Marlene A. Wilson, Ph.D.

To elucidate the role of opioid peptides in control of the
anxiety-like behavior and anxiety-reducing actions of
benzodiazepines, a recombinant, replication-defective herpes
virus (SHPE) carrying human preproenkephalin cDNA
was delivered to rat amygdala. Viral infection resulted in a
strong, localized transgene expression after 2—4 days which
diminished after one week. Anxiety-like behavior and the
anxiolytic effect of diazepam were assessed three days after
gene delivery using the elevated plus maze test. While
SHPE infection alone did not reduce anxiety-like behavior,
rats infected with SHPE exhibited a greater response to the
anxiolytic effect of diazepam when compared to rats infected

with a control virus (SHZ.1) containing the lacZ gene. The
enhancement of diazepam action by SHPE was naloxone
reversible, region-specific, and correlated with the time
course of preproenkephalin expression. The findings
implicate amygdalar opioid peptides in requlating the
anxiolytic effects of benzodiazepines. This study also
demonstrates the usefulness of recombinant herpes virus in
evaluating the role of single gene products within specific
brain sites in pharmacological responses and complex
behaviors.  [Neuropsychopharmacology 22:77-88, 2000]
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In addition to its well known role in mediating fear and
anxiety responses (Davis et al. 1994), the amygdala may
also be a key neural substrate for the anxiolytic actions
of benzodiazepines. Benzodiazepines (BZs) are be-
lieved to induce their anxiolytic properties by binding
to GABA/benzodiazepine receptors in the brain
(Haefely 1990). In addition, the amygdala has a high
density of GABA/benzodiazepine receptors (Young
and Kuhar 1980; Richards and Mohler 1984). Local infu-
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sion of benzodiazepine agonists into the amygdala pro-
duces anxiolytic effects which can be blocked by co-ad-
ministration of GABA, or benzodiazepine antagonists
(Scheel-Kruger and Petersen 1982; Petersen et al. 1985;
Pesold and Treit 1994, 1995). Furthermore, the anxiety-
reducing actions of systemic benzodiazepines can be
blocked by intra-amygdala injection of GABA /benzo-
diazepine antagonists (Sanders and Shekhar 1995).

The amygdala also has high levels of endogenous
opioid peptides and opioid receptors (Loughlin et al.
1995), and opioid mechanisms have been implicated in
many biological functions, including nociception, mem-
ory, and fear conditioning (Good and Westbrook 1995;
McGaugh et al. 1996; Valverde et al. 1996). A partial anx-
iolytic action has been reported following microinjection
of morphine into amygdala (File and Rodgers 1979).

Although opioid agonists are not used as anxiolytics
in general, recent evidence strongly indicates a role for
endogenous opioid peptides in the control of stress and
anxiety (Olson et al. 1996). Preproenkephalin knockout
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mice have elevated level of anxiety-like behavior and
aggression (Konig et al. 1996), and some novel k-opioid
agonists show anxiolytic properties (Privette and Ter-
rian 1995). Several lines of evidence also indicate the in-
volvement of endogenous opioid peptides in various
aspects of benzodiazepine action, including their influ-
ences on food intake, locomotor activity, conflict, and
anxiety-like behaviors (Millan and Duka 1981; Cooper
1983; Nowakowska and Chodera 1990). Interestingly,
clinical studies suggest interactions between responses
to benzodiazepines and opioids in humans (Darke et al.
1993). The anxiolytic effects of benzodiazepines can be
blocked by opioid antagonists in both humans and lab-
oratory animals (Billingsley and Kubena 1978; Koob et
al. 1980; Duka et al. 1981, 1982; Agmo et al 1995; Tsuda
et al. 1996).

Prior studies using herpes virus-mediated gene
transfer demonstrated that overexpression of proen-
kephalin in amygdala produced antinociceptive effects,
and illustrated the usefulness of this methodology for
examining the role of neuropeptides in behavioral re-
sponses (Kang et al. 1998). To investigate if modifying
opioid peptides in the amygdala altered anxiety-like be-
havior or the anxiolytic effects of benzodiazepines, a
herpes virus vector (SHPE) expressing human pre-
proenkephalin was delivered to the rat amygdala. Ef-
fects on anxiety-like behavior as well as the anxiolytic
effect of diazepam were examined using the elevated
plus maze test after the gene delivery.

MATERIALS AND METHODS
Recombinant Viruses

Initial stocks of replication-defective, ICP4-herpes vi-
ruses encoding either lacZ (SHZ.1; formerly named DZ)
(Mester et al. 1995) or human preproenkephalin (SHPE)
(Kang et al. 1998) under control of human cytomegalov-
irus immediate-early promoter/enhancer and the com-
plementing 7B cell line were generously provided by
J. C. Glorioso and M. A. Bender at the University of
Pittsburgh.

Subjects, Surgery, and Infection

This study was approved by the Institutional Animal
Care and Use Committee of the University of South
Carolina; the Principles for Care and Use of Laboratory
Animals of NIH were followed in all experimental pro-
cedures. Adult male Long-Evans rats (Harlan) weigh-
ing 225-280 g were individually housed and main-
tained on a 12:12 h light/dark cycle with food and
water available ad libitum.

Animals were handled daily and surgery was per-
formed under phenobarbital anesthesia (65 mg/kg
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Nembutal, i.p.). Rats were placed on the stereotaxic ap-
paratus (David Kopf, Tajunga, CA) , and the virus sus-
pension was injected bilaterally into amygdala using a
10 nl Hamilton syringe with a 26-gauge needle (Hamil-
ton # 80427) using the coordinates of AP —2.4, LM *4.6,
DV —8.5 from bregma (Paxinos and Watson 1997). Vi-
ruses were suspended in cell culture medium with 10%
glycerol. One microliter viral stock of SHPE or SHZ,
containing about 2 X 10° plaque forming units (pfu),
was injected by hand at a speed of 0.2 wl/min followed
by 10 min diffusion period before needle withdrawal.
Additional control groups received either bilateral vi-
rus injection in the caudate (coordinates: AP +0.5, LM
+3.5, DV—6.0 from Bregma) (Paxinos and Watson
1997) or vehicle-injection (10% glycerol in cell culture
medium) in the amygdala. Animals were allowed to re-
cover after the surgery and monitored daily for general
health (body weight, food and water intake, grooming
behaviors).

For microinjection studies, bilateral 26-gauge guide
cannulae precut to 9 mm below the pedestal (C315G;
Plastics One, Roanoke VA) were aimed at the central
amygdala using the same AP and LM coordinates as
above, but lowered —7.7 mm from the top of skull (Pax-
inos and Watson 1997). Guide cannulae were attached
to the skull using skull screws and cranioplastic cement
(Plastics One, Roanoke, VA), and guides were protected
using dummy cannulae (C315DC; Plastics One, Roanoke,
VA). Animals were habituated to removal of the
dummy cannulae after surgery.

Elevated Plus Maze Test

The elevated plus maze apparatus consisted of two op-
posing open arms (50 X 10 cm) and two closed arms (50 X
10 X 40 cm high walls) connected with a center plat-
form (10 X 10 cm) and elevated 50 cm above the floor
(Pellow et al. 1985). Each arm was marked into three
equal divisions for better analysis of activity (entries
into each of the three divisions). Tests were conducted
either three or nine days after surgery. Thirty minutes
before testing rats received an intraperitoneal injection
of either vehicle (10% ethanol, 40% propylene glycol,
ip.) or diazepam (1 mg/kg; a generous gift of F. Hoff-
mann-LaRoche LTD, Basel Switzerland). This dose of
diazepam produces sub-maximum increases in open
arm measures in the plus maze (in our laboratory), thus
allowing the observation of potentiation in these mea-
sures.

In some rats naloxone hydrochloride (5mg/kg, i.p.;
Sigma Chemical Co., St. Louis, MO) was given simulta-
neously with diazepam. The elevated plus maze tests
were conducted between 10:00 to 12:00 am during the
early light part of the 12:12 light: dark cycle. At the be-
ginning of each test session rats were placed in the center
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platform with the head facing a closed arm, and allowed
to freely explore for 10 min. The behavior was recorded
by a videocamera mounted above the field, to allow the
number of arm entries and time spent in each arm to be
scored at a later time by an observer blind to the treat-
ment condition. A reduced anxiety state was indicated
by increased open arm activities, which were quantified
as the amount of time that rat spent in the open arm rela-
tive to the total amount of time spent in any arm, as well
as the number of entries into open arms relative to the to-
tal number of entries into any arm. The number of closed
arm entries (all three divisions on both arms) was used a
measure of locomotor activity. Each animal was tested
only once and those that showed less than 12 total entries
(12 divisions on four arms) were excluded from data
analysis. Rats were tested in several groups of eight to in-
sure the reproducibility of the results.

To examine opioid-benzodiazepine interactions using
alternate techniques, an additional study examined if lo-
cal administration of the opioid antagonist naltrexone
into the amygdala could attenuate the anxiolytic actions
of diazepam. A higher, more effective dose (2 mg/kg) of
diazepam was used in these experiments to allow assess-
ment of naltrexone-induced attenuation in benzodiaz-
epine effects. For microinjection studies, bilateral indwell-
ing cannulae were positioned stereotaxically (see above)
5-10 days before testing. Rats received bilateral injections
of sterile saline (1 pl) the day before testing to habituate
them to the injection procedure. The day of testing, rats
received bilateral injection of either sterile saline (1 pl) or
naltrexone (20 pg in 1 ul of sterile saline) using a 33-
gauge internal cannula extending 1 mm beyond the guide
cannula (C215I; Plastics One, Roanoke, VA). Injections
were done over 1.5 min, and the internal cannula was left
in place an additional 1.5 min while the animal was gently
restrained. Immediately after microinjection, animals re-
ceived 2.0 mg/kg diazepam (i.p.) and were tested for anx-
iolytic actions of diazepam on the elevated plus maze 30
min later as described above. Animals were perfused, and
cannula placement was verified histologically. Only ani-
mals with both cannulae placed for injection into the cen-
tral area of the amygdala were included in analysis.

Data Analysis

The behavioral measures were compared using analysis
of variance (ANOVA) or t-test (experiments with only
two groups). When overall ANOVAs reached statistical
significance (o = 0.05), Bonferroni’s multiple comparison
tests were performed to assess specific group differences.

Histochemical Procedures

Immediately after testing, rats were sacrificed with an
overdose of chloral hydrate and transcardially perfused
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with phosphate-buffered saline followed by 4%
paraformaldehyde in 0.1 M sodium phosphate (pH 7.6).
Brains were rapidly removed, post-fixed in the same so-
lution overnight, and soaked in 15% sucrose in 0.1 M
sodium phosphate (pH 7.6) for 24 hrs. Tissue sections
were cut on a freezing microtome and processed for
histological analysis. Brains infected with SHZ.1 virus
(50 pm sections) were reacted for B-galactosidase (Dob-
son et al. 1990) and counterstained with neutral red.
Brains infected with SHPE virus (25 um sections) were
mounted on silane-coated slides and processed for ex-
pression of human preproenkephalin mRNA by nonra-
dioactive in situ hybridization using a modification of
the procedure described in Paradies and Steward
(1997). Only animals with confirmed needle placements
were included in the data collection.

Synthesis of Digoxigenin-labeled hPPE mRNA probes.
A plasmid designated pGEMhPPE was constructed by
inserting human preproenkephalin cDNA obtained from
plasmid pUR292-BGal-hPPE(1-267) (generously sup-
plied by B.A. Spruce) (Spruce et al. 1988) into plasmid
pGEM-1 (Promega, Madison, WI) between BamHI-
HindlII sites. The plasmid was linearized with EcoRI or
HindlIII for transcription of sense and antisense mRNA,
respectively.

The transcription mixture included 1 pg of linear-
ized template cDNA, 1 mM ATP, 1 mM GTP and 1 mM
CTP, 0.65 mM UTP, 0.35 mM DIG-UTP, 10 mM DTT,
RNase Inhibitor (2 U/ pl of transcription mix), and SP6
or T7 polymerase (1 U/pl of transcription mix). Tran-
scriptions were carried out at 37°C for 2 hrs. The DNA
templates were then digested by adding 20 units of
RNase-free DNase and incubated at 37°C for 15 min.
The reaction volume was then adjusted to 100 pl with
H,O. The riboprobes were hydrolyzed at 60°C for 23
min by adding 100 .l carbonate buffer (40 mM sodium
bicarbonate/60 mM sodium carbonate). The probes
were precipitated with 200 ul of 200 mM sodium ace-
tate/1% acetic acid, 100 pg glycogen, plus 600 pl cold
100% ethanol, and centrifuged at 4°C for 30 min. The
pellets were washed once with 80% ethanol, dried, and
suspended in H,O.

In Situ Hybridization. Twenty-five micron brain sec-
tions were mounted on silane-coated slides (Sigma
Chemical Co., St. Louis, MO) and stored at —80°C. The
sections were thawed at room temperature and fixed in
4% paraformaldehyde/0.1 M phosphate buffer for 10
min. After fixation the slides were rinsed twice with 0.5 X
SSC (1 X SSC: 0.15 M NaCl/0.015 M NaCitrate, 10 min
each), treated with proteinase K (in 0.5 M NaCl/10 mM
Tris, pH 7.8) for 30 min, and rinsed twice with 0.5 X
SSC (10 min each).

The sections were prehybridized for three hours at
42°C in hybridization buffer and RNA probes were then
added to the sections (400-600 ng per section). The hy-
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bridization buffer contained 50% formamide, 2 X SSC, brated with 50% formamide/4 X SSC (Paradies and
1 X Denhard’s Solution, 10% Dextran Sulfate, 0.5 mg/ Steward 1997).

ml yeast tRNA, 0.25 mg/ml salmon sperm DNA, and Stringency washes were performed as follows: twice
0.5 mg/ml heparin. The hybridizations were carried at in 2 X SSC/1 mM EDTA at 55°C (10 min each), RNase
55°C overnight in humid chambers which were equili- (20 pg/ml in 0.5 M NaCl/10 mM Tris, pH 8.0) at 37°C
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Figure 1. Herpes-mediated gene expression. (A) SHZ.1-induced expression of B-galactosidase in rat amygdala at three
days after infection. (B) Higher magnification of amygdalar B-galactosidase expression seen in panel A. (C) SHZ.1-induced
expression of B-galactosidase in rat amygdala at nine days after infection. Note the location of the needle tract, but the lack of
B-galactosidase expression. (D) SHZ.1-induced expression of B-galactosidase in rat caudate at three days after infection. For
Panels A-D, coronal sections (50 wM) of paraformaldehyde-fixed brains were reacted with X-Gal and counterstained with
neutral red. (E) and (F) SHPE-induced expression of hPPE mRNA. Coronal sections (25 uM) of paraformaldehyde-fixed
brains were taken two days after infection with SHPE and hybridized with digoxigenin-labeled human preproenkephalin
specific mRNA probes. Adjacent sections from the same rat brain hybridized with human preproenkephalin mRNA anti-
sense (E) or sense (F) probes, respectively. The arrowheads in Panel E indicate cells expressing the human preproenkephalin
mRNA. Bars in Panels A, C, and D represent 1 mm, and bars in Panels B, E, and F represent 0.1 mm. Abbreviations: Ce, cen-
tral amygdala; BL, basolateral amygdala; Ca, caudate.
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for 30 min, twice in 2 X SSC/1 mM EDTA at 55°C (10
min each), twice in 0.1 X SSC/1mM EDTA at 65°C (15
min each), and twice in 0.5 X SSC at 55°C (10 min each).
Digoxigenin immunohistochemical staining was per-
formed as follows: slides were rinsed three times with
TBS (400 mM NaCl/100 mM Tris, pH 7.5, 10 min each),
blocked with 1% BSA /0.2% Triton X-100 in TBS for 1 hr,
incubated with anti-digoxigenin Fab fragments (1:1000
dilution) conjugated to alkaline phosphatase (Boehringer
Mannheim, Indianapolis, IN), rinsed twice with TBS (10
min each), and equilibrated once with NMT (0.1 M
NaCl/50 mM MgCl, in 0.1 M Tris, pH 9.5). The sections
were then immersed overnight in colonization solution
(3-Nitro Blue Tetrazolium salt 4.5 1/ ml NMT, 5-bromo-
4-chloro-3-indolyl phosphate 3.5 ul/ml NMT; Boeh-
ringer Mannheim, Indianapolis, IN) at 4°C. The reaction
was quenched by rinsing slides in 0.1 M Tris, pH 8.5.

RESULTS
Herpes-mediated Gene Expression

Histochemical analysis confirmed the virus-mediated
transgene expression. As seen in Figures 1A and 1B,
strong expression of B-galactosidase was seen in the
first 2—4 days after SHZ.1 infection and declined there-
after, with little or no expression after one week (Figure
1C shows nine-day time point). The time course of this
marker gene expression is similar to that observed in
other studies (Glorioso et al. 1995).

In rats infected with SHPE, human preproenkephalin
mRNA expression peaked around day 2 (Figure 1E).
While most of the infected cells were localized around in-
jection sites, a few were also found along the needle tract.
The target area for injection was the border between the
central and basolateral nucleus, and anatomical analysis
revealed that gene expression was predominantly in the
central nucleus of the amygdala with some spread into
basolateral region (see Figure 1A). The infected areas usu-
ally spread 1-1.5 mm around the injection site in the dor-
sal-ventral and anterior-posterior directions, but were
much more limited in the medial-lateral direction.

Although expression of the SHZ.1 virus (Figures 1A
and 1B) appeared more intense than SHPE mRINA expres-
sion (Figure 1E), visual analysis of the number of cell bod-
ies infected revealed that similar numbers of neurons were
infected using both procedures. The difference in apparent
intensity is due to histochemical staining of 3-galactosidase
throughout the neuronal cell body and processes, as well
as the use of thicker sections for this procedure compared
with in situ hybridization (50 versus 25 microns).Virus-
infected animals showed no overt behavioral or neurologi-
cal abnormalities, and microscopic inspection of stained
sections indicated neural damage from the viral infection
was minimal. Although infected animals lost some body
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weight immediately following stereotaxic surgery, food
consumption, water intake, and normal grooming behav-
ior suggested that the general health of the animals was not
adversely affected by the viral infection.

Potentiation of the Anxiolytic Effect of Diazepam
by SHPE Infection in the Amygdala

A significant interaction between diazepam treatment
and SHPE infection in the amygdala was seen in open
arm exploration, as indicated by increases of percent
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Figure 2. Potentiation of the anxiolytic effect of diazepam by
SHPE-infection in the amygdala. Rats were infected with SHPE
or SHZ.1 virus in the amygdala, and elevated plus maze tests
were conducted three days after infection. Thirty minutes prior
to testing, animals received either vehicle or diazepam (1 mg/
kg, i.p.). The plus maze performance is presented as percent
open arm time (A) percent open arm entries (B) and number of
closed arm entries (C). Values represent mean * standard error
of the mean (S.E.M.) of 10-11 rats in each group. * significantly
different from SHZ.1-infected animals. In Panel A, diazepam
induced a significant increase of open arm time in SHPE-
infected animals, and the response to diazepam was signifi-
cantly higher in rats infected with SHPE compared to those
infected with SHZ.1. Percent open arm entries showed similar
results.
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open arm time and open arm entries (Figures 2A and
2B), with SHPE infection in the amygdala significantly
increasing the anxiolytic effects of diazepam treatment.
As seen in Figure 2A, the percent open arm time was
not significantly different between animals infected
with SHPE and SHZ.1 that received a vehicle injection
before testing. However, the increase of open arm time
induced by diazepam injection was much greater in
SHPE-infected animals, compared to SHZ.l-infected
animals (Figure 2A) and animals receiving an intra-
amygdala injection of vehicle (data not shown). Two-
way ANOVA revealed an interaction between SHPE in-
fection and diazepam treatment (F; 3; = 5.5; p < .05) for
percent open arm time.

Following diazepam treatment rats infected with
SHPE spent a significantly greater percentage of time in
the open arm compared to those infected with SHZ.1
(t(18) = 3.7, p < .01) and SHPE-infected animals receiv-
ing a vehicle injection (£(18) = 4.4, p < .001). Percent
open arm entries, an anxiety measure that factors out
the activity level, showed similar results (Figure 2B),
with ANOVA revealing a significant interaction be-
tween virus and diazepam treatments (F; 5; = 4.5, p < .05).

The locomotor activity, as indicated by total closed
arm entries, was not affected by viral infection (Figure
2C; F,3; = 0.01and F,; 3,= 1.1 for interaction, p > .1). The
enhancement in locomotor activity measures following
low doses of diazepam is similar to previous results
from our laboratory (F;3; = 5, p < .03 for diazepam ef-
fect). Time in the center square did not differ between
treatment groups, with values of 22 + 5,20 + 4,23 *+ 6,
and 36 * 8 mean * S.E.M. seconds spent in the center
in the SHZ.1-Vehicle, SHZ.1-diazepam, SHPE-Vehicle,
and SHPE-diazepam groups, respectively (F;5; = 2 for
virus effect, F; 3; = 1 for diazepam effect, and F, 3, = 1.5
for interaction, p > .05). Thus, animals spent more than
95% of the trial exploring the arms of the maze, al-
though 8 of the 41 rats had zero values of percent open
arm time or entries (during the 10 min trial). This low
baseline level of open arm time was seen predomi-
nantly (7 of the 8) in two of the 10 batches of rats tested
during these experiments, and were distributed
throughout the SHZ.1 and SHPE-Vehicle groups (no
zero open arm times were observed in the SHPE-diaz-
epam treated groups). These results suggest expressing
preproenkephalin in the amygdala greatly enhanced
the anxiety-reducing effect of diazepam.

Although upon initial maze exposure five and ten
minute trial times yield similar results (File et al. 1993),
behavioral measures were also analyzed for the first 5
min of the 10-min test. Analysis of the first 5-min period
of maze exposure showed a similar enhancement of the
anxiolytic influences of diazepam in the elevated plus
maze, as indicated by increased percent open arm time
and percent open arm entries. Percent open arm times
were 6 = 2% and 13 £ 6% for SHZ.1 and SHPE vehicle
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groups, and 22 = 5% vs. 42 = 7% for SHZ.1 and SHPE
diazepam-treated rats, respectively. Percent open arm
entries were 11 * 4% and 17 * 7% for SHZ.1 and SHPE
vehicle groups, and 25 = 5% vs. 49 * 4% for SHZ.1 and
SHPE diazepam-treated rats. Significant main effects of
virus (F, 3; = 7 for open arm time, F; 3; = 9 for open arm
entries, p < .02) and diazepam (F, ;; = 20 for open arm
time and entries, p < .0001) were observed, although
the interaction terms were marginal (F;3; = 3, p = .09).
Post-hoc t-tests demonstrated that SHPE diazepam-
treated rats differed from SHPE-vehicle groups for
open arm time, while open arm entries of this group
differed from both SHPE-vehicle groups and SHZ.1 di-
azepam-treated groups. This supports other work from
our laboratory indicating that similar results are ob-
served using both a five and ten minute trial period
upon initial exposure to the maze.

Response to Diazepam Was Not Altered Following
SHPE Infection in the Caudate

To examine the regional specificity of this potentiated
diazepam effect, additional rats were infected bilater-
ally with either SHPE or SHZ.1 in the caudate nucleus
(see Figure 1D). As shown in Figure 3A, the responses
to diazepam were not affected by SHPE infection. Nei-
ther open arm time nor open arm entries (data not
shown) differed between groups infected with SHPE
and SHZ.1 in the caudate nucleus. These results indi-
cate the potentiation of the anxiolytic effect of diazepam
by SHPE was amygdala-specific.

The Enhanced Diazepam Action was Dependent on
Preproenkephalin Gene Expression

Since transgene expression dissipated after one week, we
examined the responses to diazepam in rats infected
with either SHPE or SHZ.1 in the amygdala in the ele-
vated plus maze test nine days after infection. The open
arm time (Figure 3B) or open arm entries (data not
shown) following diazepam injection no longer differed
between rats infected with SHPE and those infected with
SHZ.1. The closed arm entries remained unchanged. The
results suggest the change in diazepam responses was
due to SHPE-mediated expression of preproenkephalin,
rather than nonspecific effects of viral infection.

SHPE-Induced Enhancement of Diazepam Effect
was Blocked by Naloxone

To insure an opioid-dependent mechanism was in-
volved in this potentiated diazepam action, rats in-
fected with either SHPE or SHZ.1 in the amygdala re-
ceived intraperitoneal injections of the opioid antagonist
naloxone hydrochloride (5 mg/kg) with diazepam (1
mg/kg) 30 min before testing. The opioid antagonist
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Figure 3. Characterization of the response to diazepam fol-
lowing SHPE infection. All animals received diazepam injec-
tion (1 mg/kg, i.p.) 30 min before testing to examine the
responses to diazepam. The elevated plus maze perfor-
mance was presented as percent open arm time (left, Panels
A, B, and C) and closed arm entries (right, Panels A, B, and
C). Values represent mean * S.E.M. of 6-8 rats in each
group, with direct comparisons between viral constructs in
each experiment conducted with student t-tests (* p < .05).
(A) Response to diazepam following viral infection in the
caudate. Rats were infected with SHPE (n = 6) or SHZ.1 (n =
8) virus in the caudate nucleus and tested for their responses
to diazepam in the elevated plus maze 3 days after infection.
(B) Response to diazepam nine days after viral infection.
Rats were infected with SHPE (n = 8) or SHZ.1 (n = 8) virus
in the amygdala and tested for their responses to diazepam
in the elevated plus maze nine days after the infection. (C)
The enhancement of diazepam effect by SHPE infection in
the amygdala was blocked by naloxone. Rats were infected
with SHPE (n = 8) or SHZ.1 (n = 6) virus in the amygdala
and tested three days later in the elevated plus maze. Nalox-
one (5 mg/kg, i.p.) and diazepam (1 mg/kg, i.p.) were
injected 30 min before testing.

abolished the differences in diazepam responses be-
tween SHPE- and SHZ.1-infected groups (Figure 3C).
Similar results were observed when data was analyzed
during the first 5 min trial. This result indicates the po-
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Figure 4. Effects of SHPE reversed by the opioid antago-
nist naloxone. Rats were infected with SHPE or SHZ.1 virus
in the amygdala and tested three days later in the elevated
plus maze. Naloxone (5 mg/kg, i.p.) or vehicle (saline, i.p.),
plus diazepam (1 mg/kg, i.p.) were injected 30 min before
testing in all animals. One animal in each of the four groups
was tested concurrently. The elevated plus maze perfor-
mance was presented as percent open arm time (top) and
closed arm entries (bottom). For percent open arm time,
ANOVA indicated a significant difference between groups,
with post-hoc tests indicating SHPE rats receiving saline had
higher percent open time than SHPE rats receiving nalox-
one. For closed arm entries (Panel B), naloxone decreased
this measure of activity, while SHPE infected animals
showed a slightly higher level of closed arm entries than
SHZ.1 infected groups. There was no interaction, however,
between viral infection and naloxone treatment. Values rep-
resent mean * SEM. of §, 10, 9, and 8 rats in each group
(from left to right), and *p < .05.

tentiation of the anxiolytic effect of diazepam by SHPE
was mediated by an opioid receptor mechanism.
Although this initial naloxone study indicated that
no difference was observed between SHPE or SHZ.1-
infected groups, the mean level of open-arm time in
SHZ.1 diazepam-treated animals (see Figure 3C) was
higher than that observed during our initial studies (Fig-
ure 1A). Since the influences of systemically adminis-
tered naloxone on the anxiolytic actions of diazepam in
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Figure 5. Effects of local naltrexone in amygdala on anxiolytic effects of diazepam. Non-infected rats received bilateral
injections of naltrexone (20 pg in 1 pl of saline; n = 6) or saline (n = 7) into the amygdala through indwelling cannula just
prior administration of diazepam (2 mg/kg, i.p.). Thirty minutes later animals were tested on the elevated plus maze. Open
arm time (Left Panel) and closed arm entries (Right Panel) showed that this opioid antagonist administered locally in
amygdala attenuated the anxiety-reducing influences of diazepam, as demonstrated by a reduction in percent open arm
time. Closed-arm activity was not affected by naltrexone administration. Values represent mean *+ S.E.M. * indicates signifi-

cantly different (p < .05) from saline animals.

the elevated plus maze appear variable (see Agmo et al.
1995, below), an additional naloxone reversal study was
performed. Rats received either SHPE or SHZ.1 in the
amygdala. Three days later rats received the opioid antag-
onist naloxone hydrochloride (5 mg/kg, i.p.) or saline,
along with diazepam (1 mg/kg) 30 min before testing. The
results in Figure 4 show that SHPE-infected group
showed an increased anxiolytic action of diazepam (cf
Figure 2) compared to SHPE-naloxone treated groups
(Fs50 = 2.7, p = .05 for ANOVA on percent open arm
time).

Naloxone administration had no effect on open arm
time or entries in SHZ.1 infected groups. In both SHZ.1
and SHPE groups, naloxone administration decreased
closed arm entries, suggesting a decrease in activity
which was independent of viral construct (see Figure 4)
(Fi31 = 4.6; p < .04). SHPE infection also enhanced
closed arm entries slightly (F; ;; = 4, p = .05), but center
square time was not affected by naloxone injection or
viral infection (data not shown). These results support
the notion that SHPE infection in amygdala potentiates
the anxiolytic effects of diazepam, and that this effect is
naloxone-reversible.

Naltrexone Administration in Amygdala Attenuates
the Anxiolytic Actions of Diazepam

To further test the notion that amygdalar opioid pep-
tides play some role in the anxiolytic actions of diaz-
epam, the opioid antagonist naltrexone was microin-
jected into the amygdala of non-infected rats just prior
to the systemic administration of an effective dose of di-
azepam (2.0 mg/kg, i.p.). As seen in Figure 5, local ad-

ministration of naltrexone [20 pg; dose based on Kelley
et al. (1996)] in the amygdala significantly attenuated
the anxiolytic actions of diazepam (f(11) = 2.2, p < .05
for open arm time), but had no effect on activity (£(11) =
0.9 for closed entries, p = .4). These results from non-
virally infected animals support the suggestion that
opioid receptor-mediated events in the amygdala are
important in the anxiety-reducing actions of diazepam.

DISCUSSION

SHPE-mediated expression of preproenkephalin in the
rat amygdala increased the behavioral responses to the
anxiolytic effects of diazepam in the elevated plus maze
test. This effect appeared to be region-specific because it
was not found with SHPE infection in the caudate nu-
cleus. The enhanced diazepam action was blocked by
the opioid antagonist naloxone and disappeared after
gene expression dissipated on day 9, indicating the be-
havioral changes were mediated by opioid peptides,
and were not due to the influences of surgery or viral
infection alone.

The findings indicate interactions between opioid
peptides and the GABA /benzodiazepine system may
play a major role in modulating the anxiolytic actions of
benzodiazepines. This is also supported by the ability
of the opioid antagonist naltrexone to attenuate the
anxiolytic actions of diazepam in non-infected rats. Fur-
thermore, the results demonstrate the importance of the
amygdala as a neuroanatomical substrate for the anxi-
olytic effects of benzodiazepines, since altering a single
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protein in this brain structure caused such a remarkable
change in the pharmacological response to diazepam.
We have previously shown that transfer of the pre-
proenkephalin gene into amygdala is antinociceptive in
the formalin test (Kang et al. 1998). Taken together,
these studies demonstrate the use of the herpes-medi-
ated gene transfer technique to evaluate the functions
of gene products within specific brain sites in regulat-
ing pharmacological responses and complex behaviors.

Although several lines of evidence suggest a strong
association between endogenous opioid peptides and
the GABA/benzodiazepine system in the brain, the
specific mechanisms underlying the ability of preproen-
kephalin expression in amygdala to enhance the anxi-
olytic effects of diazepam are unclear. Potentiated diaz-
epam actions could be related to upregulation of
GABA /BZ receptors, enhanced allosteric GABA /BZ re-
ceptor coupling, and/or increased GABA release in-
duced by enkephalin overexpression in amygdala.
GABA and opioid neuropeptides are colocalized in
many brain regions, including the central nucleus of
amygdala (Roberts 1992; Veinante et al. 1997), and diaz-
epam can modulate opioid peptide release in distinct
brain regions (Duka et al. 1979; Wuster et al. 1980).
Thus, if the anxiolytic actions of benzodiazepines relies
on the release of endogenous opioids, this effect might
be potentiated by virus-mediated overexpression of
preproenkephalin. Additionally, chronic opioid treat-
ment causes an alteration of GABA /benzodiazepine re-
ceptor numbers in the brain (Lopez et al. 1990; Rocha et
al. 1993) suggesting potential changes in the GABA/BZ
receptor could account for enhanced diazepam effects.
Critically testing the involvement of such changes fol-
lowing gene transfer may be difficult due to the poten-
tially small magnitude of effects limited to a confined
brain area. Further, there is the possibility that such
changes may not be limited to the central regions of
amygdala, but may involve enhanced enkephalin re-
lease in amygdalar projections.

Studies examining the anatomical localization and
neurotransmitter makeup of the neuronal population
infected with the virus will also be critical to under-
standing the mechanism of preproenkephalin-induced
increases in diazepam action. This is an important con-
sideration since specific nuclei in the amygdala and in
other nearby brain regions appear to play differing
roles in various models of anxiety and effects of anxi-
olytics (Pesold and Treit 1995; Gonzalez et al. 1996;
Davis et al. 1997; Moller et al. 1997).

Many neurons in the central amygdala express neu-
ropeptides including enkephalin (see Petrovich and
Swanson 1997; Honkaniemi et al. 1992), and it is cur-
rently unclear if neurons expressing human preproen-
kephalin are normally enkephalinergic, or if opioid
peptides have been added to their neurotransmitter
repertoire. Moreover, neurons of the lateral region of
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the central nucleus have strong projections to the me-
dial portion of the central nucleus, as well as the
parabrachial nucleus and the bed nucleus of the stria
terminalis (Petrovich and Swanson 1997). This lateral
region is generally part of the amygdalar region af-
fected by the infection, suggesting that enkephalin
overexpression could be modifying these intra-amyg-
dalar circuits. The results, at the very least, suggest that
the infected amygdalar neurons are part of a neural cir-
cuit that can influence the anxiolytic actions of benzodi-
azepines. One advantage of this gene transfer method-
ology, compared with microinjection studies, is that the
altered neuropeptide must be packaged, processed and
released during a behavioral task, otherwise altered
gene expression would not affect pharmacological re-
sponses. In contrast, microinjection of opioids into this
region might activate receptors and modify circuits
which can alter benzodiazepine actions, but are not crit-
ically involved in responses to these drugs.
Systemically administered naloxone abolished the
enhanced effects of induced by SHPE, although nalox-
one alone did not modify diazepam responses in
SHZ.1-infected animals. While others have found that
opioid antagonists have no intrinsic effects on anxiety-
like behaviors, a few reports show an anxiogenic action
of opioid antagonists in the social interaction test and
conflict paradigm (Agmo et al. 1995; Tsuda et al. 1996;
Zhang et al. 1996). Opioid antagonists have been shown
to block the anxiolytic or anti-conflict effects of benzo-
diazepines in humans and laboratory animals (Billings-
ley and Kubena 1978; Koob et al. 1980; Duka et al. 1981,
1982; Agmo et al. 1995; Tsuda et al. 1996), although
some reports fail to show influences of opioid antago-
nists on the anticonflict properties of benzodiazepines
(Britton et al. 1981). The underlying mechanisms and
site of action for these effects remain unknown. In con-
trast, systemically-administered naloxone potentiates
the anxiolytic action of sub-effective doses of benzodi-
azepines and buspirone (Belzung and Agmo 1997), sug-
gesting that the influences of opioids may depend on
the dose or type of benzodiazepine administered or the
test of anxiety-like behavior. The apparently contradic-
tory influences of opioid agonists (preproenkephalin
overexpression) and antagonists (systemic naloxone)
(Belzung and Agmo 1997) in this task, while both indi-
cating opioid involvement, may also be related to the
local versus systemic modulation of opioid actions. This
is supported by the ability of locally administered naltr-
exone in the amygdala to attenuate the anxiolytic ac-
tions of systemically administered diazepam. Further
studies will be needed to assess if this dose of naltrex-
one may have affected opioid processes by spread into
additional areas and/or induced anxiogenic-like effects
on its own. These studies, however, suggest this
method of locally manipulating endogenous opioid re-
lease in confined brain regions may help elucidate the
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role of opioids in select brain regions in modifying anx-
iety-like behaviors and responses to anxiolytics using
other models of anxiety.

Transfer of the preproenkephalin cDNA into the
amygdala selectively increased the response to the anx-
iolytic effect of diazepam. Closed arm entries, which
are an indicator of locomotor activity, remained unaf-
fected by various treatments among all the groups or
were similarly affected by viral infection with SHZ.1 or
SHPE (cf. Figure 4). Similar center times were also ob-
served. Systemic diazepam administration produces
anxiolytic actions in the elevated plus maze test as well
as many other behavioral tests, and doses ranging from
2 to 5 mg/kg are often used (also see saline group in
Figure 5). In our study, 1 mg/kg diazepam (given 30
min before testing) did not produce a significant effect
in SHZ.l-infected animals or sham-injected animals,
supporting the notion that this is a sub-effective dose in
this behavioral test (Agmo et al. 1995; Griebel et al.
1996). Although analysis of the first five minute trial
produced a greater apparent effect of diazepam on
measures of anxiolytic behavior in SHZ.1 infected ani-
mals, both the five and ten minute analysis of plus
maze data demonstrated that SHPE infection in the
amygdala enhances the anxiety-related influences of di-
azepam in the plus maze task.

These studies demonstrate that both the transgene
expression and the behavioral changes induced by her-
pes virus-mediated gene transfer were transient, peak-
ing at 24 days after infection and dissipating by 7-9
days after injection in the amygdala. There were no ap-
parent behavioral abnormalities following infection,
and microscopic analysis did not demonstrate signs of
neuronal damage. Similar responses to diazepam were
observed in both SHZ.1l-infected and vehicle-injected
animals, suggesting these effects are not related to con-
sequences of viral infection alone. The short post-opera-
tive recovery time may have contributed to the lower
open arm activity in rats tested on day 3 compared to
those tested on day 9, although other factors (batches of
animals or viral preparations) may have also contrib-
uted to the alterations in baseline responding in the
SHZ.1-infected groups tested at these two time points.
Although modifying the viral construct to achieve long-
term expression would be beneficial for future studies,
the transient nature of transgene expression will also al-
low re-testing of infected animals after viral expression
has waned (as in Carlezon et al. 1997).

In summary, the current findings demonstrate that
expressing opioid peptides in the amygdala potentiated
the anxiolytic effects of benzodiazepines. The fact that
naloxone was able to block this potentiation suggests
the effect is mediated by SHPE-induced increase of opioid
peptides, the release of which is most likely triggered
by the injection of diazepam. The ability of herpes virus-
mediated gene transfer to alter preproenkephalin in en-
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dogenous neural circuits could help elucidate opioid-
benzodiazepine interactions and the role of opioid sys-
tems in various benzodiazepine actions. The effects of
virus-mediated expression of preproenkephalin on
other benzodiazepine effects, and on the anxiety-reduc-
ing actions in other animal models, may elucidate the
mechanism underlying this opioid-mediated enhance-
ment of benzodiazepine anxiolytic action.
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