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Abstract

Many studies suggest a role for endogenous opioid peptides and their receptors in regulation of
ethanol intake. It is commonly accepted that the «-opioid receptors and their endogenous ligands,
dynorphins, produce a dysphoric state and therefore may be responsible for avoidance of alcohol.
We used mutant mice lacking preprodynorphin in a variety of behavioral tests of alcohol actions.
Null mutant female, but not male, mice showed significantly lower preference for alcohol and
consumed lower amounts of alcohol in a two-bottle choice test as compared with wild-type
littermates. In the same test, knockout mice of both sexes showed a strong reduction of preference
for saccharin compared to control mice. In contrast, under conditions of limited (4 hours) access
(light phase of the light/dark cycle), null mutant mice did not show any differences in consumption
of saccharin but they showed significantly reduced intake of sucrose. To determine the possible cause
for reduction of ethanol preference and intake, we studied other ethanol-related behaviors in mice
lacking the preprodynorphin gene. There were no differences between null mutant and wild type
mice in ethanol-induced loss of righting reflex, acute ethanol withdrawal, ethanol-induced
conditioned place preference or conditioned taste aversion to ethanol. These results indicate that
deletion of preprodynorphin leads to substantial reduction of alcohol intake in female mice, and
suggest thath this is caused by decreased orosensory reward of alcohol (sweet taste and/or
palatability).
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1. Introduction

Pharmacological and clinical studies have implicated the opioid system in various aspects of
alcoholism (see Gianoulakis, 2004; Koob et al., 2003; Oswald & Wand, 2005 for rev.). There
are three major groups of endogenous opioid peptides, each derived from a specific precursor
hormone: the endorphins from the B-endorphin/ACTH precursor proopiomelanocortin
(POMC) (Nakanishi et al., 1979); the enkephalins from the precursor proenkephalin (Noda et
al., 1982); and the dynorphins and neoendorphins from the precursor prodynorphin (Kakidani
etal., 1982). Each prohormone is the product of a distinct gene and a separate messenger RNA.
The opioid peptides may function as neurotransmitters or neuromodulators and regulate a
variety of behaviors such as psychomotor stimulation, positive reinforcement, drinking, eating,
sexual behaviors, thermoregulation, nociception, and mood (Amalric et al., 1987; Mezey et
al., 1985; Spanagel et al., 1991; Wilcox et al., 1986).
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The three classes of opioid peptides described above interact with at least three opioid receptor
subtypes: mu (u), delta (5), and kappa (x) (Reisine & Bell, 1993). B-Endorphin binds with about
equal affinity to p- and -opioid receptors, whereas the enkephalins bind with approximately
20-fold greater affinity to 6- compared with p-opioid receptors. The prodynorphin peptide
products tend to bind selectively to k-opioid receptors. The activation of p- or 3-receptors often
leads to similar patterns of neurotransmitter release, whereas the activation of k-receptors often
produces opposing patterns (Herz & Spanagel, 1995). For example, in the mesolimbic system,
B-endorphin and enkephalin peptides increase DA release within the nucleus accumbens
through their interactions with the - and 5-opioid receptors and are, therefore, an intricate part
of the process associated with reward and reinforcement (Koob, 1992). Dynorphin, on the other
hand, has been shown to decrease DA release secondary to activation of «-opioid receptors,
thereby producing aversive states.

There is extensive evidence that all three opioid receptors regulate ethanol drinking.
Nonspecific opioid receptor antagonists, such as naloxone and naltrexone, reduce ethanol
intake in rats (Coonfield et al., 2002; Froehlich et al., 1990) and mice (Middaugh et al.,
1999). Naltrindole, a selective 5-opioid receptor antagonist, was found to suppress the ethanol
self-administration in a similar manner in AA and Wistar rats (Hyytia & Kiianmaa, 2001). In
contrast, the activation of k-opioid receptors by a selective agonist, U50,488H, dose-
dependently decreased ethanol intake in rats (Lindholm et al., 2001). Evidence that
complements the findings from the opioid receptor blockade studies comes from studies that
have disrupted opioid receptor and opioid peptide expression. For example, the microinjection
of antisense oligonucleotides targeted to the p-opioid receptor in the nucleus accumbens
disrupted ethanol drinking by the ethanol-preferring (HEP) rats (Myers & Robinson, 1999).
Targeted gene mutation (knockout) strategies provided mice that lack opioid peptides or
receptors. Thus, mice lacking p-opioid receptors, generated from three distinct constructs, do
not self-administer ethanol under various conditions, including oral self-administration and
two-bottle choice, and do not display conditioned place preference to ethanol (Becker et al.,
2002; Hall et al., 2001; Roberts et al., 2000). Surprisingly, significantly reduced ethanol
consumption was also shown in mice lacking k-opioid receptors (Kovacs et al., 2005). In
contrast, 8-knockout mice showed a greater preference for ethanol and consumed more ethanol
than their wild type counterparts (Roberts et al., 2001). Lack of preproenkephalin also leads
to reduction of ethanol consumption (Blednov et al., 2004), whereas ethanol oral self-
administration is increased in mutant mice with decreased p-endorphin expression (Grisel et
al., 1999). Consistent with these data, Grahame et al. (1998) found that -endorphin deficient
mice acquired reliable intravenous self-administration of ethanol, while the wild type mice did
not.

Based on these studies, there are two possible, and contradictory, roles for dynorphin peptides
in regulation of alcohol consumption. First, peptides derived from preprodynorphin could
reduce the reinforcing actions of alcohol and mice lacking these peptides should show increased
alcohol consumption. Second, deletion of preprodynorphin could reduce activation of k-opioid
receptors and this should recapitulate the phenotype of the x-opioid receptor null mutants which
is less consumption of alcohol. Our studies with preprodynorphin knockout mice demonstrate
that lack of this peptide reduces alcohol self-administration and suggest a mechanism for this
decreased consumption.

2. Materials and methods

2.1. Animals

Generation of preprodynorphin deficient mice was described earlier (Sharifi et al., 2001).
Breeding pairs were kindly provided by Dr. Toni Shippenberg. They were maintained on the
mixed genetic background C57BI/6J x 129/SvEv-Tac. All behavioral analyses were performed
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on homozygous knockout (—/—) and wild type (+/+) littermates generated from crosses between
heterozygous animals. The genotype was confirmed by multiple primer PCR performed on tail
biopsy samples from offspring. Mice were group-housed three-five per cage based on sex.
Food and water were available ad libitum. The vivarium was maintained ona 12:12 h light:dark
cycle with light on at 7.00 AM. The temperature and humidity of the room were controlled.
All experiments were performed during the light phase of the light/dark cycle. Behavioral
testing began when the mice were at least two months-of-age. Only naive mice of both sexes
were used in all behavioral experiments. All experiments were conducted in the isolated
behavioral testing rooms in the animal facility to avoid external distractions. All experiments
were approved by the Institutional Animal Care and Use Committee and adhered to NIH
Guidelines. The University of Texas facility is AAALAC accredited.

2.2. Alcohol preference drinking

The two-bottle choice protocol was carried out as previously described (Blednov et al.,
2001). Briefly, mice were allowed to acclimate for 1 week to individual housing. Two drinking
tubes were continuously available to each mouse, and tubes were weighed daily. One tube
always contained water. Food was available ad libitum, and mice were weighed every 4 d.
After 4 d of water consumption (both tubes), mice were offered 3% ethanol (v/v) versus water
for 4 d. Tube positions were changed every day to control for position preferences. Quantity
of ethanol consumed (g/kg body weight/24 h) was calculated for each mouse and these values
were averaged for every concentration of ethanol. Immediately following 3% ethanol, a choice
between 6% (v/v) ethanol and water was offered for 4 d, then 9% (v/v) ethanol for 4 d and
finally 12% (v/v) ethanol vs. water for 4 d. Throughout the experiment, evaporation/spillage
estimates were calculated every day from two bottles placed on an empty cage, one containing
water and the other containing the appropriate ethanol solution. All together, 10 animals of
each sex and genotype were used.

2.3. Preference for non-alcohol tastants

Wild-type or knockout mice were also tested for saccharin and quinine consumption. One tube
always contained water and the other contained the tastant solution. Mice were serially offered
saccharin (0.033% and 0.066%) and quinine hemisulfate (0.03 mM and 0.06 mM) and intakes
were calculated. Each concentration was offered for 4 d, with bottle position changed every
day. Within each tastant, the low concentration was always presented first, followed by the
higher concentrations. Between tastants mice had two bottles with water for three weeks. All
together, 10 animals of each sex and genotype were used.

2.4. Saccharin and sucrose consumption under conditions of limited access

Nocturnal rodents, such as mice and rats feed primarily during the dark hours (Erickson et al.,
1996) and characteristically eat their largest meal shortly after “lights off” (Green et al.,
1992). To distinguish between consumption and response to a palatable stimulus, mice are
usually provided with limited access to a highly palatable stimulus at a time different than their
normal consumption period — e.g., during “lights on”. This approach has been used for
comparison of palatable responses in wild type and mutant mice (Sindelar et al., 2005). In our
experiments, mice were acclimated for 1 week to individual housing with free access to food
and water. To initiate the first approach to the drinking tube after acclimation, water was
removed from cage at 8.00 am (1 hour after lights on) every morning and water intake was
measured for 4 hours (from 11.00 am till 3.00 pm). After 3.00 pm until 8.00 am of the next
day mice had free access to water. Every bottle was weighed before and after each drinking
session. The initial measurement of water intake was repeated for 4 days and mean of 4 hours
water intake was taken as 100% of basal fluid intake. The same procedure was repeated with
consequent presentation of one bottle of saccharin (0.033% and 0.066%) or sucrose (2.5%,
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5.0% and 7.5%). Each concentration of both tastants was presented for 3 days and means from
3 days intake were calculated in percent from basal water intake. Saccharin was used to
distinguish between response to sweet taste and caloric consumption of sucrose. All together,
20 wild type mice (10 per sex) and 27 knockout mice (14 males and 13 females) were used.

2.5. Ethanol-Induced Acute Withdrawal

Mice were scored for handling-induced convulsion (HIC) severity 30 min before and
immediately before i.p. ethanol administration. The two predrug base-line scores (PRE) were
averaged. A dose of 4 g/kg of ethanol in saline was injected i.p. and the HIC score was tested
every hour until the HIC level reached base-line. Acute withdrawal was quantified as the area
under the curve but above PRE level (Crabbe et al., 1991). Briefly, each mouse is picked up
gently by the tail and, if necessary, gently rotated 1800, and the HIC is scored as follows: 5,
tonic-clonic convulsion when lifted; 4, tonic convulsion when lifted; 3, tonic-clonic convulsion
after a gentle spin; 2, no convulsion when lifted, but tonic convulsion elicited by a gentle spin;
1, facial grimace only after a gentle spin; 0, no convulsion. The scorer was blind to the genotype
of the mice. All together, 14 wild type mice (7 per sex) and 16 knockout mice (8 per sex) were
used.

2.6. Conditioned Place Preference

The conditioned place preference protocol was carried out as previously described (Blednov
et al., 2003). Four identical acrylic boxes (30 x 15 x 15 cm) were separately enclosed in
ventilated, light, and sound-attenuating chambers (Med Associates, St. Albans, VVT). Each box
has two compartments separated by wall with a door. The two compartments each have a
different type of floor (either bars — [GRID-] or wire mesh — [GRID+]). Infrared light sources
and photodetectors were mounted opposite each other at 2.5-cm intervals along the length of
each box, 2.2 cm above the floor. Occlusion of the infrared light beams was used to measure
general activity and location of the animal (left or right) within the box. Total activity counts
and location of the animal (left or right compartment) within the box were recorded by
computer. The floors and the inside of the boxes were wiped with a damp sponge and the litter
paper beneath the floors was changed between animals. The main principles of conditioned
place preference procedure have been described earlier (Cunningham et al., 1993). Ethanol
was injected at dose 2.0 g/kg (i.p.) 5 min before session. All together, 41 wild type mice (20
males and 21 females) and 42 knockout mice (21 per sex) were used.

2.7. Conditioned Taste Aversion

Subjects were adapted to a water-restriction schedule (2 h of water per day) over a 7-day period.
At 48-h intervals over the next 10 days, all mice received 1-h access to a solution of saccharin
(0.15% wi/v sodium saccharin in tap water) or NaCl (0.2 M). Immediately after 1-h access to
tastant, mice received injections of saline or ethanol (2.5 g/kg i.p.). All mice also received 60-
min access to tap water 5 hours after injection of ethanol to prevent dehydration. Two-hour
access to tap water was given during intervening days. All together, 30 wild type mice (15 per
sex) and 29 knockout mice (14 males and 15 females) were used.

2.8. Loss of Righting Reflex

Sensitivity to ethanol was determined using the standard sleep time assay. Ethanol was diluted
in 0.9% saline (20 % v/v) and administered in doses 3.4 g/kg and 3.8 g/kg (i.p.) adjusted by
injected volumes. These doses were selected to give LORR in all mice, but not to give a
prohibitively long sleep time because the dependence between dose of alcohol and duration of
LORR is remarkably steep. Mice were injected with ethanol and when they became ataxic,
they were placed in the supine position in VV-shaped plastic troughs until they were able to right
themselves three times within 30 s. Sleep time was defined as the time from being placed in
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the supine position until they regained their righting reflex. During all sleep time assays, room
temperature was 22°C. Mice that failed to lose the righting reflex (misplaced injections) or had
a sleep time greater than two standard deviations from the group mean were excluded from the
analysis. All together, 37 wild type mice (12 males and 25 females) and 39 knockout mice (16
males and 23 females) were used.

2.9. Ethanol metabolism

Animals were given a single dose of ethanol (3.8 g/kg i.p.) and blood samples were taken from
the retro-orbital sinus in 30, 60, 120, 180 and 240 min after injection. Blood alcohol
concentration (BEC) values, expressed as mg ethanol per ml blood were determined
spectrophotometrically by an enzyme assay (Lundquist, 1959). All together, 5 mice per sex
and genotype were used.

2.10. Statistical analysis

3. Results

Data are reported as the mean = S.E.M value. The statistics software program GraphPad Prizm
(Jandel Scientific, Costa Madre, CA) was used throughout. Data were analyzed by one-way
ANOVA and two-way ANOVA with Bonferroni post-hoc analyses.

3.1. Ethanol consumption

In a two-bottle free-choice paradigm in which mice could drink either water or an ascending
series of ethanol concentrations (3, 6, 9 and 12%), mutant female mice lacking preprodynorphin
displayed reduced preference for ethanol [F(1,71) = 11.3, P <.0001, main effect of genotype
and F(3,71) = 3.1; P < .05, main effect of concentration). No genotype x concentration
interaction [F(3,71) = 1.2, P > .05) was found (Fig.1 a). The amount of ethanol consumed by
null female mice showed significant dependence on genotype (F1,71 = 5.1; P<.05),
concentration (F3,71 =6.1; P<.001) but no genotype x concentration interaction (F3,71 = 1.6;
P> .05) (Fig.1 b). Total fluid intake was significantly increased in null female mice (F1,71 =
9.5; P< .01, main effect of genotype) (Fig.1 c). There was no main effect of concentration
(F3,71 =0.2; P> .05) as well as genotype x concentration interaction (F3,71 = 0.2; P> .05). In
male mice only main effect of concentration was found for preference for ethanol (F3,72 =
20.5; P<.001) as well as for amount of consumed ethanol (F3,72 = 4.5; P< .01) (Fig.1 d,e).
There was no difference between total intake between wild type and null male mice (Fig.1 f).

3.2. Preference for non-alcohol tastants

Null female mice showed a strong reduction of preference for saccharin compared to wild type
females (F1,36 = 14.2; P< .001, main effect of genotype) (Fig.2 a). Neither a main effect of
concentration (F1,36 = 0.5; P> .05) nor genotype x concentration interaction (F1,36 = 0.01;
P> .05) were found. Only main effect of concentration (F1,36 = 4.6; P<.05) but not genotype
(F1,36 = 0.05; P> .05) as well as genotype x concentration interaction (F1,36 = 1.6; P> .05)
were revealed for total intake of saccharin solutions (saccharin + water) in female mice (Fig.
2 b). Null male mice also showed a strong reduction of preference for saccharin compared to
wild type males (F1,36 = 27.3; P<.001, main effect of genotype and F1,36 = 4.2; P< .05, main
effect of concentration) (Fig.2 c). No genotype x concentration interaction (F1,36 = 0.8; P> .
05) was found. Neither main effect of concentration (F1,36 = 2.3; P> .05), genotype (F1,36 =
3.9; P> .05) as well as genotype x concentration interaction (F1,36 = 0.2; P> .05) were revealed
for total intake of saccharin solutions (saccharin + water) in male mice (Fig.2 d).

No main effects of concentration (F1,36 = 0.01; P> .05), genotype (F1,36 = 0.02; P> .05) or
genotype X concentration interaction (F1,36 = 0.01; P> .05) were revealed for preference of
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quinine solutions in female mice (Fig.3 a). However, null female mice consumed significantly
greater amount of quinine solution and water than wild type females (F1,36 = 9.4; P<.01, main
effect of genotype). No main effects of concentration (F1,36 = 2.9; P> .05) and genotype X
concentration interaction (F1,36 = 0.003; P> .05) were revealed (Fig.3 b). On the contrary,
null male mice showed marginally significant reduced avoidance of quinine solutions compare
with wild type males (F1,36 = 6.7; P< .05, main effect of genotype; F1,36 = 0.2; P> .05, main
effect of concentration; F1,36 = 1.4; P> .05, genotype x concentration interaction) (Fig.3 c).
No differences in total intake of quinine solutions or water were found in male mice (F1,36 =
2.8; P> .05, main effect of genotype; F1,36 = 0.4; P> .05, main effect of concentration; F1,36
= 0.1; P> .05, genotype x concentration interaction) (Fig.3 d).

3.3. Saccharin and Sucrose consumption in limited access procedure

Consumption of water during the 4 hour period was greater in null female mice than in wild
type mice (14.9 £ 4.4 g/kg body weight and 9.2 + 1.8 g/kg body weight, respectively). Null
male mice and wild type males consumed similar amount of water (12.5 + 2.5 g/kg body weight
and 11.1 + 2.7 g/kg body weight, respectively). To attempt to correct for these differences in
initial intake and facilitate presentation of the data, intake of saccharin and sucrose was
calculated as a percentage of the mean consumption of water by dividing the amount of
saccharin and sucrose solution consumed on subsequent 4-hrs sessions by the amount of water
consumed during 4-h session. No differences in response to saccharin were found in female
mice (F1,63 = 1.3; P> .05, main effect of genotype; F2,63 = 2.5; P> .05, main effect of
concentration) (Fig.4 a). One-way ANOVA revealed a trend in increase of saccharin intake
compare with water intake only in wild type female mice (F2,27 = 3.1; P=.06) but not in null
females (F2,36 = 0.5; P=.6) In contrast, preprodynorphin null female mice consumed
significantly smaller amounts of sucrose than wild type females (F1,84 = 4.6; P< .05, main
effect of genotype; F3,84 = 11.1; P< .0001, main effect of concentration) (Fig.4 b). In males,
no differences in response to saccharin were found and this is similar to results obtained with
female mice (F1,66 = 0.8; P> .05, main effect of genotype; F2,66 = 1.6; P> .05, main effect
of concentration) (Fig.4 c). No response to saccharin was also found in both wild type (F2,27
=1.1; P> .05, one-way ANOVA) and null male mice (F2,39 = 0.4; P> .05, one-way ANOVA)
(Fig.4 c). Although, both wild type (F3,52 = 15.2; P<.0001, one-way ANOVA) and null male
mice (F3,52 = 3.6; P< .05, one-way ANOVA) responded to sucrose, only trend to difference
between two genotypes was found (F1,88 = 3.4; P=.06, main effect of genotype; F3,88 =13.3;
P< .0001, main effect of concentration) (Fig.4 d).

3.4. Conditioned Taste Aversion

Because null mice showed a reduced preference for saccharin, two variants of conditioned taste
aversion with two different conditional stimuli (saccharin and NaCl) were explored. Although
there was no difference in consumption of saccharin on trial 0 (before conditioning) (wild type
and preprodynorphin null female mice: 79 + 3 g/kg body weight and 80 + 7 g/kg body weight,
respectively; wild type and preprodynorphin null male mice: 53 + 4 g/kg body weight and 57
+ 3 g/kg body weight, respectively), consumption of NaCl on trial 0 was slightly greater in
wild type female mice than in null females (131 £ 7 g/kg body weight and 119 + 8 g/kg body
weight, respectively) and in null male mice compare with wild type males (105 + 5 g/kg body
weight and 97 + 7 g/kg body weight, respectively). To attempt to correct for these initial
differences in tastant intake and facilitate presentation of the data, intake was calculated as a
percentage of the trial 0 consumption for each subject by dividing the amount of saccharin (or
NaCl) solution consumed on subsequent conditioning trials by the amount of saccharin (or
NaCl) solution consumed on trial O (before conditioning). Ethanol-saccharin as well as ethanol-
NaCl pairings produced reductions in saccharin (females: F4,90 = 2.6; P< .05 and males: F4,90
=4.1; P< .01, main effect of trial) or NaCl (females: F4,80 = 4.9; P< .01 and males: F4,80 =
7.6; P<.0001, main effect of trial) intake across trials, indicating the development of CTA in
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both genotypes (Fig.5). However, there were no differences in development of CTA between
wild type and preprodynorphin null mice (females-saccharin: F1,90 = 0.001; P> .05 and
females-NaCl: F1,80 = 0.3; P> .05; males-saccharin: F1,90 = 0.4; P> .05 and males-NaCl:
F1,80 =0.3; P> .05, main effect of genotype). In saline-treated groups of mice only differences
between wild type and null male mice were found in experiment with saccharin as conditioned
stimulus (F1,34 = 14.7; P<.0001, main effect of genotype).

3.5. Place Conditioning

Following control saline injections, female mice of both genotypes spent substantially less time
on the bar floor than on the wire mesh floor (F1,40 = 12.2; < .01, main effect of floor) (Fig.
6a). No main effect of genotype was found (F1,40 = 0.01; P> .05). In male mice only trend to
reduction of time spent on bar floor was found in both genotypes (F1,40 = 3.6; P= .06, main
effect of floor; F1,40 = 0.01; P> .05, main effect of genotype) (Fig.6 €). Taking into account
floor preference found in female mice, we calculated place conditioning for both sexes only
for the group of mice injected with ethanol paired with their less favorite floor (the bar floor,
GRID). The percent of time spent on the bar floor by saline- and ethanol-injected female mice
of each genotype is shown in figure Fig. 6 b. Female mice of both genotypes spent more time
on the bar floor when it was paired with ethanol than when paired with saline, reflecting
development of conditioned place preference (F1,38 = 22.1; P<.0001, main effect of
treatment). However, there was no difference in development of place conditioning between
the two genotypes (F1,38 = 0.3; P> .05, main effect of genotype). Like female mice males of
both genotypes developed similar conditioned place preference and preferred the bar floor
when it was paired with ethanol than when paired with saline (F1,37 =12.5; P< .01, main effect
of treatment; F1,37 = 0.8; P> .05, main effect of genotype) (Fig.6 f).

Mean activity of female mice during each 5-min ethanol (CS+) and saline (CS-) conditioning
trial are depicted in Fig. 6 c,d. The first injection of ethanol (Trial 1) produced slight increase
in activity relative to saline in both preprodynorphin knockout and wild type female mice.
However, this increase did not reach statistical significance (F1,36 = 2.9; P=.09, main effect
of treatment). In female mice of both genotypes, injections of ethanol in the following trials
(2, 3and 4) did not induce further motor activation (F1,72=0.1; P> .05, main effect of genotype
and F3,72=0.2; P> .05, main effect of trial) (Fig.6 c). Activity on saline trials slightly decreased
across trials in preprodynorphin null female mice (F3,40 = 3.7; P< .05, one-way ANOVA) but
not in wild type female mice (F3,40 = 1.8; P> .05, one-way ANOVA) (Fig.6 d). There was no
effect of the first injection of ethanol (Trial 1) in both wild type and null male mice (F1,32 =
0.4; P> .05, main effect of treatment and F1,32 = 1.9; P> .05, main effect of genotype) (Fig.6
g,h). Multiple injections of ethanol (Trials 1, 2, 3 and 4) did not change the motor activity in
both wild type (F3,32 = 1.0; P> .05, one-way ANOVA) and null male mice (F1,36 =1.2; P> .
05, one-way ANOVA) (Fig. 6 g). No genotype dependent differences between wild type and
null male mice were found (F1,66 = 2.2; P> .05, main effect of genotype and F3,66 = 1.1;
P> .05, main effect of trial) (Fig. 6 g). Saline injections reduced the motor activity in both wild
type (F3,32 = 6.7; P< .01, one-way ANOVA) and null male mice(F3,36 = 4.2; P< .05, one-
way ANOVA) (Fig. 6 h). However, only effect of treatment (F3,67 = 10.3; P< .0001) but not
genotype (F1,67 = 3.2; P>.05) was found (Fig.6 h).

3.6. Ethanol Acute Withdrawal Severity

A single 4 g/kg ethanol dose suppressed basal HIC in both the knockout and wild type mice
of both sexes for about 5 hours, followed by increased HIC (Fig. 7 a,c). Preprodynorphin null
and wild type mice of both sexes did not differ in levels of basal HIC (Fig. 7 a,c). Animals of
both genotypes demonstrated signs of withdrawal (HIC scores higher than the basal level) (Fig.
7 a,c). However, there were no significant genotype differences in the area under the curves
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for HIC during withdrawal for female mice (P> .05, t-Student test) as well as for male mice
(P> .05, -Student test) (Fig. 7 b,d).

3.7. Depressant Effects of Ethanol

Only effect of dose (F1,44 =5.1; P< .05 for female mice and F1,24 = 14.1; P< .01 for male
mice) but not genotype (F1,44 = 0.5; P> .05 for female mice and F1,24 = 0.1; P> .05 for male
mice) were found in the anesthetic (depressant) effects of ethanol (Fig.8 a,b).

3.8. Ethanol metabolism

There were no differences in metabolism of ethanol between control and any of the knockout
mice (data not shown).

4. Discussion

A summary of the behavioral results obtained from male and female of preprodynorphin
knockout mice are presented in Table 1. It is clear that deletion of the preprodynorphin gene
from this genetic background leads to substantial reduction of alcohol consumption and
preference in female, but not in male, mice. A possible explanation for this sex-dependent
reduction could be decreased preference for sweet taste observed in both sexes of null mice
which was however accompanied by reduced avoidance of bitter solutions of quinine observed
only in male null mice. On the other hand, it should be noted that effects of mutations on
voluntary ethanol consumption strongly depends on genetic background (Blednov et al.,
2006;Crabbe et al., 2006). Therefore, it is quite possible that a different genetic background
could reveal a reduction in ethanol intake in male mice.

Endorphin and enkephalin interactions with p- and 6-opioid receptors increase dopamine
release in the nucleus accumbens and may initiate the processes associated with reward and
reinforcement, whereas binding of dynorphin to k-opioid receptors produce aversive states and
decrease dopamine release, and reduce reinforcement (Koob, 1992). If this view is correct, we
might expect that the removal of tonic inhibition mediated by «k-opioid receptors and
dynorphins will facilitate reinforcing properties of alcohol and will increase alcohol
consumption. However, mice lacking preprodynorphin (present study) or x-opioid receptors
(Kovacs et al., 2005) showed reduced consumption of alcohol and of sucrose. Ethanol self-
administration might also be reduced by increased aversive effects of ethanol (Broadbent et
al., 2002), but preprodynorphin knockout mice did not differ from wild type in development
of conditioned taste aversion to alcohol. Alternatively, mutation could increase rewarding
properties of alcohol and mice could reduce alcohol consumption because less alcohol is
needed to produce reinforcement. However, deletion of preprodynorphin did not change the
rewarding properties of alcohol measured in the conditioned place preference test. A negative
correlation between hypnotic (loss of righting reflex) effects of ethanol and voluntary ethanol
consumption has been shown (Hodge et al., 1999; Thiele et al., 1998). However, there was no
difference between preprodynorphin knockout and wild type mice in the hypnotic effect of
ethanol. Alcohol withdrawal severity is inversely correlated with alcohol consumption in mice
(Metten at al. (1998) raising the possibility that increased alcohol withdrawal could account
for the differences in alcohol consumption. However, preprodynorphin knockout mice did not
differ from wild type mice in severity of acute ethanol-induced withdrawal. Together, these
data showed that deletion of preprodynorphin does not change several pharmacological effects
of alcohol which can be linked to ethanol consumption.

In addition to the pharmacological effects of alcohol, alcohol consumption depends on caloric
value, taste, olfaction and palatability (Bachmanov et al., 2003; Belknap et al., 1993; Kiefer et
al., 1998; McMillen & Williams, 1998). It is well known, that opioid systems are involved in
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food intake regulation (see Glass et al., 1999; Yamamoto, 2003 for rev.), but the precise role
opioids have in feeding behavior is unclear. One possibility is that opioids mediate the
rewarding or palatable aspects of feeding. Thus, the ability of opioid antagonists to suppress
intake is greater when palatable food items (lard or diets sweetened with sucrose) or drink are
offered (Giraudo etal., 1993; Levine etal., 1982, 1995; Lynch, 1986). Hypothalamic dynorphin
Al1-17 and prodynorphin mRNA levels are elevated by feeding a palatable diet rich in fat and
sucrose whereas caloric restriction of the same diet decreases mRNA levels of prodynorphin,
proenkephalin and POMC, as well as levels of dynorphin A1-17 (Welch et al., 1996). Thus,
the activation of the prodynorphin system may be required to signal palatability and to link
consumption and palatability. This is in agreement with our data showing that deletion of
preprodynorphin leads to reduction of response to palatable solutions of sucrose. However,
this conclusion is not consistent with reports about aversive effects of k-opioid agonists in both
humans and rodents (Kumor et al., 1986; Mucha & Herz, 1985). On the other hand, it is known
that manipulations that block the development of satiation may also increase the intake of
concentrated sucrose solutions (Sclafani, 1991). Thus, the facilitatory effect of activation of
k-opioid neurotransmission on the intake of concentrated sucrose solution may be due, at least
in part, to a reduction in satiation (Badiani et al., 2001). It is also important to note that «-opioid
agonists do not increase the intake of palatable but non-caloric saccharin solutions (Gosnell &
Majchrzak, 1989) and activation of «-opioid receptors has opposite effects on feeding and
drinking in the rat, enhancing food-intake while suppressing water-intake (Badiani & Stewart,
1992, 1993; Nencini & Graziani, 1990). These results are in agreement with our data showing
that mice lacking preprodynorphin do not demonstrate reduced response to saccharin solution
under conditions of non-active consummatory behavior but they increase total fluid
consumption under conditions of 24 hours continuous drinking.

Of course, one of important question is whether compensatory changes in expression of other
genes occur as a result of deletion of preprodynorphin. Several studies show that lack of
preprodynorphin leads to blockade of dysphoric effects of cannabinoids. Thus,
preprodynorphin-deficient mice show specific changes in the behavioral effects of delta-9-
tetrahydrocannabinol (THC), including a reduction of spinal THC analgesia and the absence
of THC-induced conditioned place aversion (Zimmer et al., 2001). On the other hand,
Mendizabal et al. (2006) demonstrated a shift to the left in the dose-intake curve for self-
administration of the cannabinoid agonist WIN 55,212-2 in preprodynorphin knockout mice.
Both cannabinoids and opioids are the active players in regulation of palatability (see Cooper,
2004 for rev.), but changes in cannabinoid neurotransmission observed in preprodynorphin
knockout mice should increase rather than reduce palatability.

Recent findings also suggest that dynorphin-A may play a role in the function of the orexin
neurons and orexin stimulates both food intake and energy expenditure (Nakamachi et al.,
2006; Wang et al., 2003). Chou et al. (2001) showed that nearly all (94%) neurons of the rat
lateral hypothalamic area (LHA) expressing prepro-orexin mRNA also expressed
prodynorphin mRNA. Although, orexin knockout mice do not show decreased expression of
neuronal dynorphin mRNA in LHA (Chou et al., 2001), the possibility that within the orexin
neurons dynorphin may play a role in coordination with orexin can not be ruled out.

It should be also noted that deletion of preprodynorphin leads to compensatory up-regulation
of x-opioid receptors mainly in limbic brain area (Clarke et al., 2003). Chefer and Shippenberg
(2006) showed that this up-regulation is functional because the inhibitory effects of the
selective k-opioid receptor agonist U-69593 on nucleus accumbens dialysate dopamine (DA)
levels are enhanced in preprodynorphin knockout mice. Furthermore, they showed that
constitutive deletion of preprodynorphin is associated with decreased basal extracellular DA
levels. Invitro studies have shown that not only dynorphin but met-enkephalin and B-endorphin
can also bind with relatively high affinity to «-opioid receptors (Kosterlitz et al., 1989).
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Therefore, amore likely explanation for the attenuation of basal DA release in preprodynorphin
knockout mice is that deletion of dynorphin leads to a compensatory increase in k-opioid
receptor number and that, in the absence of dynorphin, endogenous met-enkephalin and/or 8-
endorphin activate k-opioid receptors. Interestingly, the increase of intake of concentrated
sucrose solution observed after administration of k-opioid agonist U-50,488H is also
accompanied by reduction of extracellular DA concentration in the nucleus accumbens
(Badiani et al., 2001). These data are consistent with the notion that the activation of
mesolimbic DA transmission plays a critical role in food reward (Wise, 1994). However, it is
unclear what this up-regulation of «-opioid receptors in preprodynorphin knockout mice has
in common with behavioral responses to ethanol, because behavioral phenotype of these mice
is completely identical with behavioral ethanol phenotype described in mice lacking «k-opioid
receptors (Kovacs et al., 2005).

Our results showing decreased alcohol consumption, lower saccharin preference, and lower
sucrose intake in preprodynorphin knockout mice are consistent with previous observations of
opioid involvement in regulation of food intake. Together with similar ethanol behavioral
phenotypes demonstrated in mice lacking k-opioid receptors (Kovacs et al., 2005), these
findings indicate the important role of dynorphin/k-opioid receptors system in regulation of
orosensory reward.
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(two-way ANOVA, Bonferroni post-hoc analyses).
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Voluntary quinine consumption in prodynorphin deficient mice.

A. Females. Preference for quinine. B. Females. Total intake (quinine + water). C. Males.
Preference for quinine. D. Males. Total intake (quinine + water). n=10 for all groups. * - p<0.05
— significant differences relative to wild type mice for similar concentration of tastants (two-

way ANOVA, Bonferroni post-hoc analyses).
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FIG.4.

Limited access to saccharin or sucrose solutions in prodynorphin deficient mice.

A. Females. Amount of consumed saccharin solutions. B. Females. Amount of consumed
sucrose solutions. C. Males. Amount of consumed saccharin solutions. D. Males. Amount of
consumed sucrose solutions. n= 10-14 per genotype and sex. * - p<0.05; *** - p<0.001-
significant differences relative to correspondent control (one-way ANOVA, Bonferroni post-
hoc analyses).
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Ethanol induced conditioned taste aversion in prodynorphin deficient mice.

Females. Saccharin is the conditioned stimulus. B. Females. NaCl is the conditioned stimulus.
C. Males. Saccharin is the conditioned stimulus. B. Males. NaCl is the conditioned stimulus.
n = 5-6 for saline injection for all genotypes. n = 9-10 for groups with ethanol injection.
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o

Saline trials

Ethanol-induced conditioned place preference in prodynorphin deficient mice.

Females. Percent of time spent on different floors during 30-min test session in control saline-
treated groups. B. Females. Percent of time spent on the bars by saline-treated groups and
GRID- conditioned subgroups (ethanol injection was paired with bars). C. Females. Motor
activity during each 5-min ethanol conditioned trials (CS+). D. Females. Motor activity during
each 5-min saline conditioned trials (CS-). E. Males. Percent of time spent on different floors
during 30-min test session in control saline-treated groups. F. Males. Percent of time spent on
the bars by saline-treated groups and GRID- conditioned subgroups (ethanol injection was
paired with bars). G. Males. Motor activity during each 5-min ethanol conditioned trials (CS
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+). H. Males. Motor activity during each 5-min saline conditioned trials (CS-). n = 11 for saline-
injected groups of each genotype, n = 9-11 for ethanol-injected groups of each genotype and
sex. *** - p<0.001- significant differences between different types of floor for the same
genotype (two-way ANOVA, Bonferroni post-hoc analyses).
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FIG.7.

Severity of ethanol-induced withdrawal in prodynorphin deficient mice.

A. Females. HIC scores. B. Females. Area under HIC curve and above the basal HIC level. C.
Males. HIC scores. D. Males. Area under HIC curve and above the basal HIC level. n = 7-8
for both genotypes and sex.
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Ethanol-induced loss of righting reflex in prodynorphin deficient mice.
A. Females. Duration of LORR. B. Males. Duration of LORR. n = 9-16 for females of both
genotypes per dose of ethanol. n = 6-9 for males of both genotypes per dose of ethanol.
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Summary of effects of deletion of preprodynorphin gene on ethanol-related behaviors in male and female mice.

Behavior

Female_sl

2 bottle choice: Ethanol intake (preference)

Males]
0

2 bottle choice: Ethanol intake (g/kq)

2 bottle choice: Total intake (a/kq)

2 bottle choice: Saccharin intake (preference)

2 bottle choice: Quinine intake (avoidance)

Limited access: Saccharin intake (g/kq)

Limited access: Sucrose intake (9/kq)

Conditioned taste aversion

Conditioned place preference

Loss of righting reflex

(=} (e} (e} e} (e} By Eod (e} ()

(=} (@) (e} (ol (e} @} Fog Eed Eo B

Acute withdrawal

(=)

(=}

| Decreased behavior in comparison with wild type. 1- Increased behavior in comparison with wild type. 0 — No change in comparison with wild type.
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