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Prodynorphin gene deletion increased
anxiety-like behaviours, impaired the
anxiolytic effect of bromazepam and altered
GABAA receptor subunits gene expression
in the amygdala
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Jorge Manzanares1

Abstract
This study evaluated the role of prodynorphin gene in the regulation of anxiety and associated molecular mechanisms. Emotional responses were

assessed using the light–dark test, elevated plus maze and social interaction tests in prodynorphin knockout and wild-type mice. Corticotrophin

releasing factor and proopiomelanocortin gene expressions in the hypothalamus were evaluated after restraint stress using in situ hybridization. The

anxiolytic efficacy of bromazepam and GABAA receptor subunits gene expression in the amygdala were also assessed in both genotypes. The deletion of

prodynorphin increased anxiety-like behaviours and proopiomelanocortin gene expression in the arcuate nucleus (two-fold). Moreover, the anxiolytic

action of bromazepam was significantly attenuated in the mutant mice. Decreased GABAAg2 and increased GABAAb2 gene expression receptor subunits

were found in the amygdala of prodynorphin knockout mice. These results indicate that deletion of prodynorphin gene is associated with increased

anxiety-like behaviours, enhanced sensibility response to stress stimuli, reduced anxiolytic efficacy of bromazepam and altered expression of the GABAA

receptor subunits.
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Introduction

Dynorphins are endogenous opioid peptides that bind with
high affinity to k-opioid receptors although they also display
significant potency at d-opioid receptors (Mansour et al.,
1988). The distribution of dynorphin peptides and prodynor-

phin gene expression in the brain and spinal cord suggest their
involvement in a large number of conditions such as neuro-
pathic pain, drug dependence, fibromyalgia, epilepsy and

mood disorders (Akil et al., 1984, 1998; Dickenson, 1991;
Jhamandas, 1984; Russell, 1998; Simonato and Romualdi,
1996; Vaccarino et al., 1999).

Dynorphins are closely involved in the regulation of stress
and anxiety. The highest expression of the prodynorphin gene
occurs in the supraoptic and paraventricular nucleus of the
hypothalamus and in different regions of the hippocampus

(Hollt et al., 1980). Indeed, prodynorphin and corticotrophin
releasing factor genes are expressed in the same neurons of the
paraventricular nucleus (Roth et al., 1983). These reports sup-

port the role of dynorphins in the modulation of stress and
emotional control. Indeed, there is a large body of evidence
for the involvement of dynorphins in the mechanisms regu-

lating the response to several stressful stimuli. For instance,

prodynorphin peptides are elevated in the hypothalamus and

pituitary after certain stress stimuli, and decreased in the pitu-
itary after forced swimming induced stress (Nabeshima et al.,
1992), suggesting that these peptides might modulate the
behavioural changes induced by stressors. Tsuda et al.

(1996) found that the effects of the anxiolytic drug diazepam
were abolished in mice pretreated with the k-opioid receptor
antagonist nor-binaltorphimine using a Vogel-type conflict

paradigm, suggesting the potential participation of this
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receptor system in the anxiolytic action of benzodiazepines
and the regulation of anxiety. Increased levels of anxiety-
like behaviours were found in several paradigms (elevated

plus maze test in rats and CD-1 mice and in fear potentiated
startle paradigm in rats) pretreated with nor-binaltorphimine
(Knoll et al., 2007; Wall and Messier, 2002), whereas the
treatment with the k-opioid receptor agonist U-50,488H

resulted as anxiolytic in mice with a high level of anxiety
induced by repeated experiences of social defeats
(Kudryavtseva et al., 2004). Kuzmin et al. (2006) showed

that the big dynorphin precursor peptide induced anxioly-
tic-like behaviour in the elevated plus maze test in mice.
However, other studies found anxiolytic effects after the

administration of k-opioid receptor antagonists in unlearned
and learned fear in rats (Knoll et al., 2007). Furthermore, it
has been proposed that dynorphins play an important role in

the regulatory mechanisms of aversive and dysphoric proper-
ties of stress (Land et al., 2008; McLaughlin et al., 2006a,
2006b) and that deletion of prodynorphin affected stress-
induced behaviours (McLaughlin et al., 2003).

Recently, two studies used mice lacking the prodynorphin
gene to evaluate the role of this opioid peptide in anxiety-like
behaviours. The first study (Bilkei-Gorzo et al., 2008) showed

an enhanced response to stress reactivity in mice lacking the
prodynorphin gene in several paradigms evaluating anxiety.
In contrast, the second study (Wittmann et al., 2009)

described an anxiolytic behavioural phenotype in prodynor-
phin knockout mice with decreased basal levels of corticotro-
phin-releasing hormone (CRH) gene expression in the
hypothalamic paraventricular nucleus and amygdala accom-

panied by decreased serum basal level of CRH. On the other
hand, the deletion of the prodynorphin gene increased pro-
opiomelanocortin (POMC) gene expression in the arcuate

nucleus (Wittmann et al., 2009). The results of these studies
are contradictory and consequently the role of prodynorphin
in the basal regulation of anxiety and stress in mice

remains unsettled.
To further clarify the role of the prodynorphin gene in

anxiety and response to stress several experiments were per-

formed in prodynorphin knockout (PDYN KO) and wild-
type (WT) mice as follows: (1) the evaluation of different
paradigms testing anxiety-like behaviours; (2) the hypotha-
lamic gene regulation of CRH and POMC after acute

restraint stress; (3) the anxiolytic efficacy of benzodiazepines,
as well as potential alterations in GABAA receptor subunits
gene expression.

Material and methods

Animals

Adult male C57BL/6 prodynorphin gene double mutant
PDYN KO mice (Sharifi et al., 2001) and WT littermates

were used in all the experiments. All mice were born in the
animal facility at Neuroscience Institute of Alicante (Spain)
from breeding pairs PDYN (þ/�) initially provided by

Dr Ute Hochgeschwender (University of Oklahoma, USA)
and backcrossed throughout eight generations. WT and
PDYN KO mice were matched for similar age (2–3 months)

and weight (25–35 g) and used in every experiment only once.

Mice were maintained at a constant temperature of 23� 2�C
and in a 12 h dark–light cycle (light from 08:00 to 20:00), with
free access to food and water. All experiments were in accor-

dance with guidelines established by the European Council
Directive (86/609/EEC) and were approved by the
Institutional Animal Care Committee.

Drug

Bromazepam (Sigma-Aldrich, Madrid, Spain) was dissolved

in water (50 and 100mg/kg) and administered (p.o., 30min) to
WT and PDYN KO mice. The dose and pattern of adminis-
tration were based on previous results from our laboratory

(Urigüen et al., 2004).

Behavioural paradigms

Open field. The open field consisted of a transparent
squared cage (25 cm� 25 cm� 25 cm) with a white Plexiglas
floor. Mice (WT and PDYN KO) were individually placed in

the centre of the apparatus. Sessions were recorded with a
video camera and analysed with the SMART program
(Spontaneous Motor Activity Recording & Tracking) v.2.0

software system (Panlab, Barcelona, Spain). Total, central
and peripheral distance covered (cm) in a 30-minute interval
was measured.

Anxiety-like behaviours. The light–dark test was carried
out as previously described (Bourin and Hascoet, 2003;

Crawley and Goodwin, 1980). The apparatus comprised
two chambers (20 cm� 20 cm� 15 cm), a dark and enclosed
box and an illuminated box (60W/400 lux desk lamp placed

25 cm above the light box) connected by a 4 cm� 4 cm black
and enclosed passageway. The time (s) spent by mice in the
light box and the number of transitions between the light and

dark chamber were measured during a single trial of 5min.
The elevated plus maze test was carried out as previously

described (Handley and Mithani, 1984; Lister, 1987; Pellow

et al., 1985). The apparatus consisted of two opposite open
arms (30 cm� 5 cm) without side walls and two enclosed and
black horizontal perpendicular arms (30 cm� 5 cm� 15 cm).
The apparatus was elevated 75 cm above the floor and the

room was illuminated with two white bulbs (40W/40 lux)
located at the top. The time (s) spent in the open arms as
well as entries into the open and closed arms were measured

during a period of 5min.
The social interaction test is a behavioural paradigm in

which two mice from different home cages that have not

established territory are placed together in a small chamber
(20 cm� 40 cm� 10 cm). The time that mice socially interact
(sniffing, following, grooming, kicking, crawling under or
over the partner, and touching or nearly touching their

faces) was measured for 5min (File and Hyde, 1978).

Stress procedure

Unanaesthetized mice (WT and PDYN KO) were confined in
an acrylic cylindrical tube (inner size 10 cm� 3 cm� 3 cm),

with small holes to allow breathing, for a period of 30min.
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After this period of restraint stress, the animals were removed
from the tubes and placed in their home cages. Non-stressed
mice (WT and PDYN KO) remained in their home cages

undisturbed. After 150min both groups of mice were killed
by decapitation.

Histology

The brains of WT and PDYN KO mice were rapidly
removed, fresh frozen and stored immediately at �80�C

until use. The brains were subsequently cut into fine slices
(12mm) with a cryostat to study hypothalamic gene expres-
sion of POMC in the arcuate nucleus (ARC) and that of

corticotrophin releasing factor (CRF) in the paraventricular
nucleus of the hypothalamus (PVN) by in situ hybridization.
Brain sections of WT and PDYN KO mice were cut in the

cryostat at 500mm and dissected as described previously, with
some modification (Palkovits, 1983) to obtain the amygdala
(AMY). These sections were identified according to Paxinos
and Franklin (2001).

In situ hybridization histochemistry

The in situ hybridization histochemistry (ISHH) was per-
formed as described previously (Corchero et al., 1999;
Young et al., 1986) using synthetic oligonucleotide probes

complementary to POMC mRNA (bases 96–134; Thermo-
Scientific, Barcelona, Spain) and CRF mRNA (bases
496–543; Thermo-Scientific). Each set of slides (four slides/
mouse) was apposed to the same film (Kodak BioMax MR-1,

Sigma-Aldrich, Madrid, Spain) in individualized cassettes
for 20 days (POMC and CRF).

Image analyses quantification

The optical densities were calculated from the uncalibrated

mode of the Image Program (see http://rsb.info.nih.gov/nih-
image) by subtracting from each measurement its correspond-
ing background and expressed in greyscale values. The

background measurement was taken from an area of the
slice with the lowest non-specific hybridization signal and
subtracted from the hybridization signal measurement in the
same slice. The results were averaged for each experimental

group and were expressed considering mean control values
from WT non-stressed mice as 100%.

Evaluation of GABAA receptor subunits

gene expression in the amygdala

RNA was extracted from microdissected AMY of WT and
PDYN KO mice using the Mini RNA Isolation I Kit (Zymo
Research, Orange, CA, USA). The reverse transcription was
carried out following the instructions of the manufacturer of

a high-capacity cDNA archive kit (Applied Biosystems,
Foster City, CA, USA). The standard reaction for amplifica-
tion of GABAA receptor subunits was carried out as follows:

2.5ml of cDNA products were amplified with 2.5U of
GoTaqPlus (Promega, Madrid, Spain) in the buffer provided
by the manufacturer, which contains MgCl2, and in the pres-

ence of the specific primers together with the GAPDH

primers (Table 1), used as an internal control, as previously

described (Warnault et al., 2007) with some modifications.
The ratio between each RNA target/GAPDH was quantified
with the Imager TM gel analyser and NIH Image analysis
software. Mean and standard error of all experiments per-

formed were calculated after normalization to GAPDH.

Statistical analyses

Results are expressed as mean values� SEM. Behavioural
and gene expression results were analysed with the program

Sigma Stat 3.1. A two-tailed Student’s t-test was used when
comparing two groups, and one- and two-way analysis of
variance (ANOVA) followed by the Student–Newman–
Keuls test when comparing three or four groups, or when

comparing two groups and two different factors. The level
of statistical significance was chosen as p< 0.05.

Results

Spontaneous motor activity

In the open field, no significant differences were found in the
travelled distance (cm) between PDYN KO and WT mice

when considering the total time period in peripheral, central
and total areas (Figure 1). Student’s t-test: peripheral distance
(t¼ 1.201, p¼ 0.251), central distance (t¼ 0.953, p¼ 0.358),
total distance (t¼ 1.69, p¼ 0.113).

Anxiety-like behaviours analyses

The light–dark test revealed that PDYN KO mice spent sig-
nificantly less time in the light area (t¼ 4.577, p< 0.001) com-
pared with WT animals (Figure 2A). No differences

(t¼ 0.885, p¼ 0.395) were found between PDYN KO and
WT mice in the number of transitions (Figure 2B).

In the elevated plus maze, the time spent in the open arms
was significantly decreased in PDYN KO (t¼ 3.029,

p¼ 0.013) compared with WT mice (Figure 2C). No signifi-
cant differences (t¼�1.748, p¼ 0.111) were found in the
number of entries into the open arms between the two

groups (Figure 2D).
The time of social interaction was significantly decreased

(t¼ 4.842, p< 0.001) in PDYN KO mice compared with WT

mice (Figure 2E).

Table 1. Specific primer sequences used for RT-PCR GABAA receptor

subunits

Gene Primer sequence

GABAAa2 forward: 50-AAAAGAGGATGGGCTTGGGA-30

reverse: 50-ACGGGATGTTTTCTGCCTGTAT-30

GABAAb2 forward: 50-GGAGTGACAAAGATTGAGCTTCCT-30

reverse: 50-GTCTCCAAGTCCCATTACTGCTTC-30

GABAAg2 forward: 50GTGAAGACAACTTCTGGTGACTATGTGGT-30

reverse: 50 CATATTCTTCATCCCTCTCTTGAAGGTG-30

GAPDH forward: 50TGAAGGTCGGTGTGAGABAACGGATTTG-30

reverse: 50-CATGTAGGCCATGAGGTCCACCAC-30
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CRF and POMC gene expression in the

hypothalamus after acute stress

Acute restraint stress markedly increased CRF gene expres-
sion in the PVN of WT (34%, p¼ 0.001) and PDYN KO

(42%, p< 0.001) mice when the effect of acute restraint
stress is compared with non-stressed mice from the same
genotype after a post-hoc conducted test (Figure 3). No sig-

nificant differences were found between both genotypes under
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basal (non-stress) conditions (Figure3).Two-wayANOVAanal-

yses revealed significant changes in the genotype [(F(1,27) ¼ 5.962,
p¼ 0.022) and stress (F(1,27) ¼ 28.056, p¼ 0.001) but not in the
genotype� stress (F(1,27) ¼ 0.0006, p¼ 0.981)].

Basal POMC gene expression in the ARC of PDYN KO

mice was significantly higher (45%, p< 0.05) than that in WT
mice (Figure 4). The two-way ANOVA revealed that acute
restraint stress increased POMC gene expression in the ARC

of both genotypes [genotype (F(1,27)¼ 23.244; p¼ 0.001),
stress (F(1,27) ¼ 26.332; p¼ 0.001), genotype � stress (F(1,27)

¼ 4.089; p¼ 0.050)] but this effect was more pronounced in

PDYN KO mice (72%, p< 0.001) than in WT mice (45%,
p< 0.047).

Effect of bromazepam on anxiety-like behaviours

In WT mice, the one-way ANOVA (F(2,20) ¼ 15.93, p< 0.001)
revealed that the acute administration of bromazepam

(50 and 100 mg/kg) significantly increased the time spent in
the lit area in the light–dark box test (50–56%, p< 0.001);
however, no differences were found between the two doses

(Figure 5A). In PDYN KO mice the one-way ANOVA

(F(2,21)¼ 16.71, p< 0.001) revealed that only the higher dose
of bromazepam (100mg/kg) significantly increased the time
spent in the lit area (87%, p< 0.001) (Figure 5B).

Bromazepam (50 and 100 mg/kg) did not alter the number
of transitions between the light and the black chambers in
WT (F(2,20) ¼ 0.498, p¼ 0.616) and PDYN KO mice (F(2,21)

¼ 0.556; p¼ 0.582) (Figure 5C and D).

GABAA receptor subunits gene expression

The deletion of the PDYN gene significantly decreased (30%,
t¼ 2.245, p¼ 0.044) the expression of GABAAg2 receptor sub-
unit in the AMY of KO mice compared with that in WT

animals (Figure 6). In contrast, the GABAAb2 receptor sub-
unit was found markedly increased (2.3-fold) in the same
brain region of PDYN KO mice compared with WT mice

(t¼ 2.543, p¼ 0.025) (Figure 6). No significant differences
between genotypes were observed for the GABAAa2 receptor
subunit in the AMY (t¼ 0.341, p¼ 0.740) (Figure 6).

Discussion

The results of the present study demonstrated a relevant role

of the PDYN gene in the regulation of emotional behaviours
and associated molecular mechanisms. This was confirmed by
the following facts: (1) the absence of the PDYN gene

increased the vulnerability to experience anxiety-like behav-
iours in a variety of experimental paradigms evaluating dif-
ferent anxiogenic stimuli; (2) the deletion of PDYN disrupted,
at least in part, the homeostatic balance of the hypothalamic–

pituitary–adrenal (HPA) axis since increased sensitivity in
POMC gene expression was observed in response to restraint
stress; and (3) the anxiolytic action of bromazepam is reduced

and GABAA receptor subunits are altered in the AMY of
PDYN KO mice.

The analyses of motor activity consisted in the evaluation

of travelled distance in a total period of 30min. The results
revealed that deletion of the PDYN gene failed to modify
total motor activity in travelled distance. The overall lack

of motor alterations in PDYN KO mice was consistent with
the results reported by Bilkei-Gorzo et al. (2008). In contrast,
another report (Wittmann et al., 2009) found that deletion of
the PDYN gene resulted in increased ambulatory behaviour.

These discrepancies may be explained by differences in the
specific method used to evaluate motor activity, the genetic
construction used to delete the PDYN gene and the specific

strain of mice.
The distribution of PDYN gene in brain areas closely

involved in the regulation of emotional behaviours (Lin

et al., 2006; Marchant et al., 2007) suggests a relevant role
in anxiety and stress responses. Indeed, several studies sug-
gested that pharmacological modulation of the dynorphin
k-opioid system resulted in anxiety-like or anxiolytic behav-

iour (Knoll et al., 2007; Kudryavtseva et al., 2004; Wall and
Messier, 2002). Dynorphin peptides and the k-opioid receptor
have been involved in the regulatory mechanisms of aversive

and dysphoric properties of stress (Land et al., 2008;
McLaughlin et al., 2006a) and the dynorphin genetic ablation
affected stress induced behaviours (McLaughlin et al., 2003).

In the present study, the evaluation of anxiety-like behaviours
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was carried out by using three experimental paradigms (light–
dark test, elevated plus maze and social interaction) that chal-
lenged the mice to different type of anxiogenic stimuli. In all

of these tests, the deletion of PDYN markedly increased anx-
iety behaviours (reduction in the exploratory behaviour and
time of interaction). These results are, in part, in agreement

with those reported by Bilkei-Gorzo et al. (2008) that found
in PDYN KO mice marked anxiety-like reactivity in the zero
maze test although no significant differences were observed in

the light–dark box test. In contrast, the study by Wittmann
et al. (2009) showed a two- to four-fold increase of anxiolytic
parameters in the open field, light–dark test and elevated plus
maze tests. The reasons that may account for these contra-

dictory results may be related to the specific genetic construc-
tion used to generate the mice lacking the PDYN gene
(Loacker et al., 2007; Sharifi et al., 2001; Zimmer et al.,

2001), or variations in the specific experimental conditions
(previous acclimatization of mice, intensity of illumination,
time and mode of detection or measurement, size of the appa-

ratus, precise experimental paradigm or type of anxiogenic
stimuli). Transgenic and knock out mice provide a powerful
new tool for the elucidation of biological functions; however,
since natural strain differences in behavioural traits occur in

different types of strains, the genetic background of the inbred
mouse strains must be carefully considered in the
interpretation of behavioural phenotypes of knock out mice

(Crawley, 1996; Gerlai, 1996). The phenotype of a mutant
mouse is not only the result of the targeted gene, but it
also reflects interactions with background genes and

other unknown mutations in the genetic background
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(Crawley et al., 1997), even the specific procedure to perform
the genetic construction and generation of mutant mice. The
genetic background should be as carefully controlled as any

other experimental variable because molecular events do not
run in isolation but involve large biochemical complexes and
cascades, where each step is directly dependent upon many
other simultaneous molecular events. Thus, it is important to

take into account that the behavioural features, due to the
lack of a particular ligand or receptor in knock out mice,
should not be comparable to the effects caused by pharma-

cological modulation of this receptor in wild type mice.
The pronounced anxiety-like behavioural alterations

induced by the deletion of PDYN gene may be associated

to neuroendocrine and molecular ‘neuroadaptations’ in key
elements regulating emotional behaviours. The HPA axis is
known as the major brain circuitry that regulates the neuro-

endocrine response to stress. The POMC processes several
proteins, ACTH and b-endorphin among others (Eipper
and Mains, 1980; Mains and Eipper, 1980). In the arcuate
nucleus of the hypothalamus, the b-endorphin is the main

end product of POMC gene activity (Emeson and Eipper,
1986; Gramsch et al., 1980). Several authors have found
increases in POMC gene expression after different stress par-

adigms, particularly in the mediobasal hypothalamus of rat
after acute immobilization stress (Baubet et al., 1994) and
within the ARC after restraint stress (Larsen and Mau,

1994). This circuit is regulated by stimulatory actions from
5-HT and NA neurons and inhibitory signals from GABA
and b-endorphins (Calogero, 1995; Tsagarakis et al., 1990).
The hormonal release (corticotrophin and corticosterone)

that comprises HPA is also regulated by the end product
inhibition. The stress has shown to increase the CRF gene
expression in the PVN of the hypothalamus (Hollt et al.,

1986). The integrity of this complex circuit is essential in
order to maintain an adequate regulation to stress response.
In this study, restraint stress significantly increased CRF gene

expression in both WT and PDYN KO mice, suggesting that
the deletion of this gene failed to produce disruption of the
HPA axis at the level of the PVN. In contrast, POMC gene

expression in the ARC markedly increased (two-fold) in
PDYN KO compared with WT. Interestingly, basal levels
of POMC were also significantly enhanced in PDYN KO, a
result that is in agreement with a previous report (Wittmann

et al., 2009) showing increased POMC gene expression in the
ARC of PDYN KO mice. These findings suggest that deletion
of the PDYN gene increased the sensitivity to stress at the

level of POMC gene expression in the ARC nucleus.
Furthermore, it is possible to hypothesize that the fact that
POMC was increased under basal conditions in PDYN KO

mice points to dynorphins possibly tonically inhibiting this
gene. The deletion of the PDYN gene would result in
increased POMC gene expression in the ARC.

Benzodiazepines (BZDs) acting through their binding on

the interface of a and g subunits of GABAA receptor complex
are well known to act as anxiolytics promoting the inhibitory
actions of GABA neurotransmitter in the central nervous

system (Da Settimo et al., 2007). The role of dynorphin pep-
tides in the anxiolytic action of BZD remains unknown. In
animal models evaluating anxiety-like behaviours, BZD tends

to increase the exploratory activity of rodents in plus maze

and light–dark test paradigms (Crawley and Goodwin, 1980;
Gonzalez and File, 1997; Guy and Gardner, 1985; Hascoet
and Bourin, 1998). In this study, the administration of bro-

mazepam (50 and 100 mg/kg) presented anxiolytic action in
WT mice. In contrast, in PDYN KO mice the dose of
50 mg/kg was without effects and only the higher dose
(100mg/kg) of bromazepam resulted in anxiolytic action

although the response was reduced compared with WT
mice. The impaired anxiolytic action of BZD was also previ-
ously observed in rats treated with k-opioid receptor antago-

nists (Tsuda et al., 1996) and in other animal models showing
increased anxiety (Bailey and Toth, 2004; Commissaris et al.,
1990; Sibille et al., 2000; Urigüen et al., 2004). Furthermore,

several reports have shown a variable sensitivity in the
response to BZD treatment in the human population
(Domino et al., 1989; Gupta et al., 1997), particularly in

those groups of patients with anxiety disorders presenting
diminished response to benzodiazepine treatment (Cowley
et al., 1997; Kaschka et al., 1995; Nutt and Glue, 1989;
Schlegel et al., 1994). These findings suggest that alterations

in GABAA receptor functional activity may be underlying the
impaired anxiolytic response to benzodiazepines (Bailey and
Toth, 2004; Bremner et al., 2000; Crestani et al., 1999;

Kaschka et al., 1995; Malizia et al., 1998; Rainnie et al.,
1992; Schlegel et al., 1994; Tiihonen et al., 1997).
Interestingly, the PDYN KO mice showed significant

decreased expression in GABAAg2 receptor subunit and
increased expression in the GABAAb2 in the AMY. In vivo
electrophysiological studies proposed an obligatory role of
the g2 subunit for BZD action, suggesting that the presence

of this subunit may be necessary for high affinity BZD bind-
ing and functional modulation of the receptor by BZD
(Pritchett et al., 1989; Sigel et al., 1990). In fact, KO homo-

zygous mice for the g2 subunits resulted in a severe deficit in
BZD binding site and showed diminished effects for diazepam
(Gunther et al., 1995), whereas KO heterozygous mice for g2
subunits with reduced g2 protein levels displayed anxiety-like
behaviours (Crestani et al., 1999). These findings may explain,
at least in part, the high levels of anxiety observed in PDYN

KO mice as well the impaired response to BZD treatment.
The GABAAb2 subunit has also been involved in the regula-
tion of anxiolytic actions, specially for non-BZD drugs
(Hamon et al., 2003). Probably the marked increase observed

in the GABAAb2 receptor subunit in the AMY of PDYN KO
mice may be a compensatory up-regulation that may occur
because of the impaired function of GABAAg2 receptor sub-
unit. Thus, the absence of PDYN gene may alter the expres-
sion of g2 and b2 subunits in the AMY producing an impaired
anxiolytic action of BZD. The effects of PDYN gene in dif-

ferent GABAA receptor subunits in other brain regions
remain to be further explored. The GABAAa2 receptor sub-
unit has been largely involved in the anxiolytic action of BZD
(Low et al., 2000; McKernan et al., 2000; Rudolph et al.,

1999); however, in this study the results did not reveal signif-
icant differences between WT and PDYN KO mice. Similarly,
other mutant mice (B6-R-/-) with a high level of anxiety did

not present functional alterations in GABAA a1 or a2 receptor
subunits (Bailey and Toth, 2004). In contrast, mice lacking
5-HT1A receptor showed decreased GABAA a1 or a2 receptor

subunit levels in several regions of the brain including the
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AMY (Bailey and Toth, 2004; Sibille et al., 2000). These find-
ings point to some phenotypes displaying high levels of anx-
iety possibly presenting unaltered the expression of the a
subunit, and suggest that this subunit may not be necessary
to modulate the anxiolytic response of BZD (Pritchett et al.,
1989; Sigel et al., 1990).

In summary, the results of this study support a pivotal role

of the prodynorphin gene in the regulation of anxiety-like
behaviours and in the pharmacological efficacy of benzodiaz-
epines as anxiolytic drugs.
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Cooperativa en Salud (RETICS, Instituto de Salud Carlos III,

MICINN and FEDER, Madrid, Spain): Red de Trastornos

Adictivos, grant number RD06/0001/1004. This study was also sup-

ported by grants FIS 05/0429 (MSC and FEDER) to JM. The

authors declare no conflict of interest. We thank Patricia Rodrı́guez

and Analı́a Rico for excellent technical assistance. PR and AR are

technicians supported by FISCAM (Fundación para la Investigación

en Salud de Castilla La Mancha) and RETICS, respectively.

References

Akil H, Owens C, Gutstein H, Taylor L, Curran E and Watson S

(1998) Endogenous opioids: overview and current issues. Drug

Alcohol Depend 51: 127–140.

Akil H, Watson SJ, Young E, Lewis ME, Khachaturian H and

Walker JM (1984) Endogenous opioids: biology and function.

Ann Rev Neurosci 7: 223–255.

Bailey SJ and TothM (2004) Variability in the benzodiazepine response

of serotonin 5-HT1A receptor null mice displaying anxiety-like phe-

notype: evidence for genetic modifiers in the 5-HT-mediated regu-

lation of GABA(A) receptors. J Neurosci 24: 6343–6351.

Baubet V, Fevre-Montange M, Gay N, Debilly G, Bobillier P and

Cespuglio R (1994) Effects of an acute immobilization stress upon

proopiomelanocortin (POMC) mRNA levels in the mediobasal

hypothalamus: a quantitative in situ hybridization study. Brain

Res Mol Brain Res 26: 163–168.

Bilkei-Gorzo A, Racz I, Michel K, et al. (2008) Control of hormonal

stress reactivity by the endogenous opioid system.

Psychoneuroendocrinology 33: 425–436.

Bourin M and Hascoet M (2003) The mouse light/dark box test. Eur

J Pharmacol 463: 55–65.

Bremner JD, Innis RB, Southwick SM, Staib L, Zoghbi S and

Charney DS (2000) Decreased benzodiazepine receptor binding

in prefrontal cortex in combat-related posttraumatic stress disor-

der. Am J Psychiatry 157: 1120–1126.

Calogero AE (1995) Neurotransmitter regulation of the hypotha-

lamic corticotropin-releasing hormone neuron. Ann N Y Acad

Sci 771: 31–40.

Commissaris RL, Harrington GM and Altman HJ (1990)

Benzodiazepine anti-conflict effects in Maudsley reactive (MR/

Har) and non-reactive (MNRA/Har) rats. Psychopharmacology

100: 287–292.

Corchero J, Romero J, Berrendero F, et al. (1999) Time-dependent

differences of repeated administration with Delta9-tetrahydro-

cannabinol in proenkephalin and cannabinoid receptor gene

expression and G-protein activation by mu-opioid and CB1-

cannabinoid receptors in the caudate-putamen. Brain Res Mol

Brain Res 67: 148–157.

Cowley DS, Ha EH and Roy-Byrne PP (1997) Determinants of phar-

macologic treatment failure in panic disorder. J Clin Psychiatry

58: 555–561; quiz 562–553.

Crawley J and Goodwin FK (1980) Preliminary report of a simple

animal behavior model for the anxiolytic effects of benzodiaze-

pines. Pharmacol Biochem Behav 13: 167–170.

Crawley JN (1996) Unusual behavioral phenotypes of inbred mouse

strains. Trends Neurosci 19: 181–182; discussion 188–189.

Crawley JN, Belknap JK, Collins A, et al. (1997) Behavioral pheno-

types of inbred mouse strains: implications and recommendations

for molecular studies. Psychopharmacology 132: 107–124.

Crestani F, Lorez M, Baer K, et al. (1999) Decreased GABAA-recep-

tor clustering results in enhanced anxiety and a bias for threat

cues. Nat Neurosci 2: 833–839.

Da Settimo F, Taliani S, Trincavelli ML, Montali M and Martini C

(2007) GABA A/Bz receptor subtypes as targets for selective

drugs. Curr Med Chem 14: 2680–2701.

Dickenson AH (1991) Mechanisms of the analgesic actions of opiates

and opioids. Br Med Bull 47: 690–702.

Domino EF, French J, Pohorecki R, Galus CF and Pandit SK (1989)

Further observations on the effects of subhypnotic doses of

midazolam in normal volunteers. Psychopharmacol Bull 25:

460–465.

Eipper BA and Mains RE (1980) Structure and biosynthesis of pro-

adrenocorticotropin/endorphin and related peptides. Endocr Rev

1: 1–27.

Emeson RB and Eipper BA (1986) Characterization of pro-ACTH/

endorphin-derived peptides in rat hypothalamus. J Neurosci 6:

837–849.

File SE and Hyde JR (1978) Can social interaction be used to mea-

sure anxiety? Br J Pharmacol 62: 19–24.

Gerlai R (1996) Gene-targeting studies of mammalian behavior: is it

the mutation or the background genotype? Trends Neurosci 19:

177–181.

Gonzalez LE and File SE (1997) A five minute experience in the

elevated plus-maze alters the state of the benzodiazepine receptor

in the dorsal raphe nucleus. J Neurosci 17: 1505–1511.

Gramsch C, Kleber G, Hollt V, Pasi A, Mehraein P and Herz A

(1980) Pro-opiocortin fragments in human and rat brain: beta-

endorphin and alpha-MSH are the predominant peptides. Brain

Res 192: 109–119.

Gunther U, Benson J, Benke D, et al. (1995) Benzodiazepine-insen-

sitive mice generated by targeted disruption of the gamma 2 sub-

unit gene of gamma-aminobutyric acid type A receptors. Proc

Natl Acad Sci U S A 92: 7749–7753.

Gupta A, Lind S, Eklund A and Lennmarken C (1997) The effects of

midazolam and flumazenil on psychomotor function. J Clin

Anesth 9: 21–25.

Guy AP and Gardner CR (1985) Pharmacological characterisation of

a modified social interaction model of anxiety in the rat.

Neuropsychobiology 13: 194–200.

Hamon A, Morel A, Hue B, Verleye M and Gillardin JM (2003) The

modulatory effects of the anxiolytic etifoxine on GABA(A) recep-

tors are mediated by the beta subunit. Neuropharmacology 45:

293–303.

Handley SL and Mithani S (1984) Effects of alpha-adrenoceptor ago-

nists and antagonists in a maze-exploration model of ‘fear’-moti-

vated behaviour. Naunyn Schmiedebergs Arch Pharmacol 327:

1–5.

Hascoet M and Bourin M (1998) A new approach to the light/dark

test procedure in mice. Pharmacol Biochem Behav 60: 645–653.

Hollt V, Haarmann I, Bovermann K, Jerlicz M and Herz A (1980)

Dynorphin-related immunoreactive peptides in rat brain and pitu-

itary. Neurosci Lett 18: 149–153.

Hollt V, Przewlocki R, Haarmann I, et al. (1986) Stress-induced alter-

ations in the levels of messenger RNA coding for proopiomela-

nocortin and prolactin in rat pituitary. Neuroendocrinology 43:

277–282.

94 Journal of Psychopharmacology 25(1)

 at MOUNT ALLISON UNIV on June 18, 2015jop.sagepub.comDownloaded from 

http://jop.sagepub.com/


Jhamandas KH (1984) Opioid–neurotransmitter interactions:

significance in analgesia, tolerance and dependence. Prog

Neuropsychopharmacol Biol Psychiatry 8: 565–570.

Kaschka W, Feistel H and Ebert D (1995) Reduced benzodiazepine

receptor binding in panic disorders measured by iomazenil

SPECT. J Psychiatr Res 29: 427–434.

Knoll AT, Meloni EG, Thomas JB, Carroll FI and Carlezon

WA Jr (2007) Anxiolytic-like effects of kappa-opioid receptor

antagonists in models of unlearned and learned fear in rats.

J Pharmacol Exp Ther 323: 838–845.

Kudryavtseva NN, Gerrits MA, Avgustinovich DF, Tenditnik MV

and Van Ree JM (2004) Modulation of anxiety-related behaviors

by mu- and kappa-opioid receptor agonists depends on the social

status of mice. Peptides 25: 1355–1363.

Kuzmin A, Madjid N, Terenius L, Ogren SO and Bakalkin G (2006)

Big dynorphin, a prodynorphin-derived peptide produces NMDA

receptor-mediated effects on memory, anxiolytic-like and

locomotor behavior in mice. Neuropsychopharmacology 31:

1928–1937.

Land BB, Bruchas MR, Lemos JC, Xu M, Melief J and Chavkin C

(2008) The dysphoric component of stress is encoded by activa-

tion of the dynorphin kappa-opioid system. J Neurosci 28:

407–414.

Larsen PJ and Mau SE (1994) Effect of acute stress on the expression

of hypothalamic messenger ribonucleic acids encoding the endog-

enous opioid precursors preproenkephalin A and proopiomelano-

cortin. Peptides 15: 783–790.

Lin S, Boey D, Lee N, Schwarzer C, Sainsbury A and Herzog H

(2006) Distribution of prodynorphin mRNA and its interaction

with the NPY system in the mouse brain. Neuropeptides 40:

115–123.

Lister RG (1987) The use of a plus-maze to measure anxiety in the

mouse. Psychopharmacology (Berl) 92: 180–185.

Loacker S, Sayyah M, Wittmann W, Herzog H and Schwarzer C

(2007) Endogenous dynorphin in epileptogenesis and epilepsy:

anticonvulsant net effect via kappa opioid receptors. Brain 130:

1017–1028.

Low K, Crestani F, Keist R, et al. (2000) Molecular and neuronal

substrate for the selective attenuation of anxiety. Science 290:

131–134.

Mains RE and Eipper BA (1980) Biosynthetic studies on ACTH,

beta-endorphin, and alpha-melanotropin in the rat. Ann N Y

Acad Sci 343: 94–110.

Malizia AL, Cunningham VJ, Bell CJ, Liddle PF, Jones T and Nutt

DJ (1998) Decreased brain GABA(A)-benzodiazepine receptor

binding in panic disorder: preliminary results from a quantitative

PET study. Arch Gen Psychiatry 55: 715–720.

Mansour A, Khachaturian H, Lewis ME, Akil H and Watson SJ

(1988) Anatomy of CNS opioid receptors. Trends Neurosci 11:

308–314.

Marchant NJ, Densmore VS and Osborne PB (2007) Coexpression of

prodynorphin and corticotrophin-releasing hormone in the rat

central amygdala: evidence of two distinct endogenous opioid

systems in the lateral division. J Comp Neurol 504: 702–715.

McKernan M, Rosahl TW, Reynolds DS, et al. (2000) Sedative

but not anxiolytic properties of benzodiazepines are mediated

by the GABA(A) receptor alpha1 subtype. Nat Neurosci 3:

587–592.

McLaughlin JP, Land BB, Li S, Pintar JE and Chavkin C (2006a)

Prior activation of kappa opioid receptors by U50,488 mimics

repeated forced swim stress to potentiate cocaine place preference

conditioning. Neuropsychopharmacology 31: 787–794.

McLaughlin JP, Li S, Valdez J, Chavkin TA and Chavkin C (2006b)

Social defeat stress-induced behavioral responses are mediated by

the endogenous kappa opioid system. Neuropsychopharmacology

31: 1241–1248.

McLaughlin JP, Marton-Popovici M and Chavkin C (2003) Kappa

opioid receptor antagonism and prodynorphin gene disruption

block stress-induced behavioral responses. J Neurosci 23:

5674–5683.

Nabeshima T, Katoh A, Wada M and Kameyama T (1992) Stress-

induced changes in brain Met-enkephalin, Leu-enkephalin and

dynorphin concentrations. Life Sci 51: 211–217.

Nutt DJ and Glue P (1989) Clinical pharmacology of anxiolytics

and antidepressants: a psychopharmacological perspective.

Pharmacol Ther 44: 309–334.

Palkovits M (1983) Punch sampling biopsy technique. Methods

Enzymol 103: 368–376.

Paxinos G and Franklin KBJ (2001) The mouse brain in stereotaxic

coordinates. New York: Academic Press. Harcourt Science and

Technology Company.

Pellow S, Chopin P, File SE and Briley M (1985) Validation of open:-

closed arm entries in an elevated plus-maze as a measure of anx-

iety in the rat. J Neurosci Methods 14: 149–167.

Pritchett DB, Sontheimer H, Shivers BD, et al. (1989) Importance of

a novel GABAA receptor subunit for benzodiazepine pharmacol-

ogy. Nature 338: 582–585.

Rainnie DG, Asprodini EK and Shinnick-Gallagher P (1992)

Kindling-induced long-lasting changes in synaptic transmission

in the basolateral amygdala. J Neurophysiol 67: 443–454.

Roth KA, Weber E, Barchas JD, Chang D and Chang JK (1983)

Immunoreactive dynorphin-(1-8) and corticotropin-releasing

factor in subpopulation of hypothalamic neurons. Science 219:

189–191.

Rudolph U, Crestani F, Benke D, et al. (1999) Benzodiazepine

actions mediated by specific gamma-aminobutyric acid(A) recep-

tor subtypes. Nature 401: 796–800.

Russell IJ (1998) Advances in fibromyalgia: possible role for central

neurochemicals. Am J Med Sci 315: 377–384.

Schlegel S, Steinert H, Bockisch A, Hahn K, Schloesser R and

Benkert O (1994) Decreased benzodiazepine receptor binding in

panic disorder measured by IOMAZENIL-SPECT. A preliminary

report. Eur Arch Psychiatry Clin Neurosci 244: 49–51.

Sharifi N, Diehl N, Yaswen L, Brennan MB and Hochgeschwender

U (2001) Generation of dynorphin knockout mice. Brain Res Mol

Brain Res 86: 70–75.

Sibille E, Pavlides C, Benke D and Toth M (2000) Genetic inactiva-

tion of the Serotonin(1A) receptor in mice results in downregula-

tion of major GABA(A) receptor alpha subunits, reduction of

GABA(A) receptor binding, and benzodiazepine-resistant anxi-

ety. J Neurosci 20: 2758–2765.

Sigel E, Baur R, Trube G, Mohler H and Malherbe P (1990) The

effect of subunit composition of rat brain GABAA receptors on

channel function. Neuron 5: 703–711.

Simonato M and Romualdi P (1996) Dynorphin and epilepsy. Prog

Neurobiol 50: 557–583.

Tiihonen J, Kuikka J, Rasanen P, et al. (1997) Cerebral benzodiaze-

pine receptor binding and distribution in generalized anxiety dis-

order: a fractal analysis. Mol Psychiatry 2: 463–471.

Tsagarakis S, Rees LH, Besser GM and Grossman A (1990)

Gamma-aminobutyric acid modulation of corticotrophin-

releasing factor-41 secretion from the rat hypothalamus in vitro.

J Neuroendocrinol 2: 221–224.

Tsuda M, Suzuki T, Misawa M and Nagase H (1996) Involvement of

the opioid system in the anxiolytic effect of diazepam in mice. Eur

J Pharmacol 307: 7–14.
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