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BACKGROUND AND PURPOSE

Conflicting data have been published on whether histamine is inhibitory to the rewarding effects of abused drugs. The
purpose of this study was to clarify the role of neuronal histamine and, in particular, H; receptors in alcohol
dependence-related behaviours, which represent the addictive effects of alcohol.

EXPERIMENTAL APPROACH

Alcohol-induced conditioned place preference (alcohol-CPP) was used to measure alcohol reward. Alcohol-induced locomotor
stimulation, alcohol consumption and kinetics were also assessed. mMRNA levels were quantified using radioactive in situ
hybridization.

KEY RESULTS

Low doses of Hs receptor antagonists, [NJ-10181457 and |NJ-39220675, inhibited alcohol reward in wild-type (WT) mice.
However, these Hs receptor antagonists did not inhibit alcohol reward in histidine decarboxylase knock-out (HDC KO) mice
and a lack of histamine did not alter alcohol consumption. Thus Hs receptor antagonists inhibited alcohol reward in a
histamine-dependent manner. Furthermore, WT and HDC KO mice were similarly stimulated by alcohol. The expression levels
of dopamine D; and D, receptors, STEP61 and DARPP-32 mRNA in striatal subregions were unaltered in HDC KO mice. No
differences were seen in alcohol kinetics in HDC KO compared to WT control animals. In addition, JNJ-39220675 had no
effect on alcohol kinetics in WT mice.

CONCLUSIONS AND IMPLICATIONS

These data suggest that histamine is required for the Hs receptor-mediated inhibition of alcohol-CPP and support the
hypothesis that the brain histaminergic system has an inhibitory role in alcohol reward. Increasing neuronal histamine release
via H; receptor blockade could therefore be a novel way of treating alcohol dependence.

LINKED ARTICLES
This article is part of a themed issue on Histamine Pharmacology Update. To view the other articles in this issue visit
http://dx.doi.org/10.1111/bph.2013.170.issue-1

Abbreviations

Alcohol-CPP, alcohol-induced conditioned place preference; DARPP-32, dopamine- and cAMP-regulated neuronal
phosphoprotein; DID, drinking in the dark; HDC KO, histidine decarboxylase knock-out; STEP61, striatal-enriched
protein 61; TMN, tuberomammillary nucleus
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Introduction

Neuronal histamine is important in several physiological and
behavioural functions including sleep-wake cycle, feeding
behaviour and cognition (Monnier et al., 1967; Sakata et al.,
1988; Cacabelos et al., 1989; Haas and Panula, 2003). The
histaminergic system is altered in several CNS disorders, such
as Alzheimer’s disease (Mazurkiewicz-Kwilecki and Nsonwah,
1989; Airaksinen et al., 1991a,b; Panula et al., 1998), schizo-
phrenia (Nakai et al., 1991; Prell etal., 1995), Parkinson'’s
disease (Anichtchik et al., 2000; 2001; Rinne et al., 2002) and
Tourette syndrome (Ercan-Sencicek ef al.,, 2010; Fernandez
et al., 2012) highlighting the important modulatory role of
histamine in the brain. Early studies have also established that
the brain histaminergic system is involved in the regulation of
reward (Olds and Milner, 1954) and behaviours related to
addictive drugs (Henwood and Mazurikiewicz-Kwilecki, 1975;
Wong, 1975; Mazurkiewicz-Kwilecki and Henwood, 1976) but
the underlying mechanisms are yet to be discovered.

There is some evidence that the concentrations of hista-
mine and its metabolite tele-methylhistamine are elevated in
cortical grey matter of alcoholics compared to non-alcoholics
(Alakarppa et al., 2002; 2003), but most studies on the role of
histamine in alcohol dependence have been performed in
rodents. Brain histamine and tele-methylhistamine levels are
elevated in an alcohol-preferring ALKO alcohol (AA) rat line
compared with the alcohol non-preferring ALKO non-alcohol
(ANA) line. The AA rats also express lower levels of histamine
H; receptor radioligand binding in the brain than ANA rats
(Lintunen et al., 2001). It was also found that H; receptor
antagonists decreased alcohol drinking in a dose-dependent
manner. These studies suggested an association between an
altered histaminergic system and a genetic predisposition to
high alcohol preference.

Previously, we showed that mice lacking histamine (his-
tidine decarboxylase knock-out; HDC KO) display stronger
alcohol-induced conditioned place preference (Alcohol-CPP;
Nuutinen et al., 2010), further supporting the inhibitory role
of histamine in reward. In the present study, we also deter-
mined whether this stronger alcohol reward is due to altera-
tions in dopamine signalling. The expression levels of
dopamine receptors D; and D,, striatal-enriched phosphatase
61 (STEP61) and dopamine- and cAMP-regulated neuronal
phosphoprotein (DARPP-32) mRNA were analysed as impor-
tant components of the dopamine-driven reward system.

Our previous studies demonstrated that both pharmaco-
logical blockade and genetic knock out of the H; receptor lead
to diminished alcohol reward, consumption and stimulation
in mice (Nuutinen et al., 2011a,b). In alcohol-preferring rats,
the H; receptor antagonist JNJ-39220675 dose-dependently
reduces both alcohol intake and preference (Galici et al.,
2011), but the role of histamine in these findings was unclear.
Hence, the aim of this study was to reveal the role of hista-
mine in alcohol drinking and reward.

Methods

Animals
Inbred HDC KO mice and wild-type (WT) 129/Sv mice were
used in a two-bottle choice test, locomotor stimulation,

178 British Journal of Pharmacology (2013) 170 177-187

radioactive in situ hybridization and in plasma ethanol con-
centration measurements. HDC KO mice were used in con-
ditioned place preference (CPP). After being backcrossed to
the C57BL/6] background strain, HDC KO and WT mice were
used in the drinking in the dark (DID) paradigm. The genera-
tion of HDC gene deletion has been described previously
(Ohtsu et al., 2001). HDC KO mice were bred in heterozygous
crosses and genotypes verified by PCR amplification. Male
inbred WT JAX®DBA/2] mice were used in the CPP, locomotor
stimulation tests and later for plasma ethanol concentration
measurements. Mice were delivered from Charles River
(France) at the age of 6-8 weeks. HDC KO and WT mice were
naive to drug treatments in the alcohol drinking, CPP, loco-
motor activation and in situ hybridization experiments.
DBA/2] mice used in the CPP tests were later used in the
locomotor activity study after a 2-week break. The total
number of animals used in these studies was 396. Animals
were group-housed, except for the drinking paradigms where
mice were housed singly. Standard food pellets (Scanbur,
Sweden) and water were available ad libitum. Animal rooms
were maintained on a 12-12 h light-dark cycle (lights on at
06 h). Temperature and humidity were controlled at 20 = 1°C
and 50 = 10%, respectively. Behavioural experiments were
carried out between 07 h and 13 h. The principles of the
Finnish Act on the Use of Animals for Experimental Purposes
were followed and all protocols were approved by the Animal
Experiment Committee of the State Provincial Office of
Southern Finland and by the Institutional Animal Care and
Use Committee of Abo Akademi University. All studies
involving animals are reported in accordance with the
ARRIVE guidelines for reporting experiments involving
animals (Kilkenny et al., 2010; McGrath et al., 2010).

Drug treatments

Alcohol drinking solutions were prepared from 99.5% alcohol
(Altia, Rajamdki, Finland) and diluted to 3-20% solutions
(v v'') using tap water. Saccharin (0.033 and 0.066% w v),
quinine (15 and 30 uM) and sucrose (3%, w v'') were dissolved
in tap water. Injected drugs including alcohol [10-20%
(w v)], ciproxifan hydrochloride (Sigma-Aldrich, St Louis,
MO, USA), JNJ-10181457 and JNJ-39220675 (both from
Johnson & Johnson Pharmaceutical Research & Development,
L.L.C., LaJolla, CA, USA; Bonaventure et al., 2007; Galici et al.,
2009; 2011) were diluted with sterile 0.9% saline. All drug
doses correspond to free bases. Injections were given i.p.

Two-bottle choice alcohol drinking

To measure alcohol self-administration and preference,
animals (HDC KO and WT controls in 129/Sv background
strain) were housed singly and trained to drink in a two-
bottle choice procedure. First, mice were habituated to two
water bottles for 1 week. They were then given access to both
water and alcohol for 24 h. To avoid side preference, the
positions of the bottles were alternated daily. Alcohol con-
centration was elevated every 14th day, increasing from 3 to
6 to 10 and finally to 20% (v v''). Average alcohol consump-
tion per body weight per day (g-kg'-day') was calculated
taking into account the density of alcohol (0.7894 g-L™"). The
potential differences in taste preference were also examined.
The same mice were tested for sweet saccharin and bitter



quinine solution intake and preference by providing first
0.033 and then 0.066% saccharin in addition to water for 1
week. After a recovery of 1 week, the mice were given first 15
and then 30 uM quinine solutions in addition to water, both
concentrations for 1 week. Throughout the experiment, fluid
intake and body weight were monitored. Relative alcohol,
saccharine or quinine preference was calculated (alcohol/
total fluid consumption) at each concentration.

DID

Alcohol consumption in HDC KO and WT mice (C57BL/6]
background) was studied using the DID procedure with
minor modifications (Rhodes et al., 2005). The light-dark
cycle was reversed 2 weeks before the experiment and the
mice were housed singly for 1 week before the beginning of
the experiment. In brief, 3 h after the beginning of the dark
period, water bottles were replaced with a graduated tube
containing 20% (v v') alcohol and left in place for 4 h.
Control animals received 3% (w v'!) sucrose. The volume of
alcohol and sucrose consumed was recorded after each drink-
ing session.

Alcohol-CPP

The CPP paradigm was used as described previously
(Nuutinen et al., 2010) and it followed the principles of
an unbiased, fully counterbalanced conditioning schedule
(Cunningham et al., 2006). Metal grid and plastic mat were
used as tactile conditioning cues on the cage floors. The
activity of the mice was recorded in each phase using a video
camera attached to Ethovision Color-Pro 3.0 video-tracking
software (Noldus Information Technology, Wageningen, The
Netherlands). The trial consisted of three phases:

Habituation (day 1): animals were weighed and given a saline
injection just before being placed in the centre of the empty
conditioning cage without the conditioning cues for 5 min.
Conditionings (days 2-9): mice were randomly assigned to
one of the two conditioning subgroups (metal or plastic cue).
Mice in the metal cue subgroup received alcohol (2 g-kg™,
i.p.) paired with metal floor and saline paired with the plastic
floor on alternating days. The pretreatment with Hj; receptor
ligands (ciproxifan, JNJ-10181457 or ]JNJ-39220675) was
administered (i.p.) 30 min before the alcohol treatment. Mice
in the plastic cue group received alcohol paired with the
plastic floor and saline paired with the metal floor. Each
mouse went through four conditioning trials (5 min) of both
types on alternating days.

Place preference test (day 10): the place preference test was
carried out 24 h after the last conditioning session; immedi-
ately after a saline injection mice were placed in the centre of
the cage with both floor materials (half metal/half plastic
cue). Time spent during a period of 15 min on different zones
(metal or plastic cue) of the cage and the total distance moved
were recorded. Time spent on the metal floor was used as a
primary dependent variable in data analysis.

Alcohol stimulation

To investigate whether Hj receptor antagonists affect alcohol-
induced stimulation of locomotor activity, we used ciproxi-
fan and JNJ-39220675 (Kathmann et al., 1998; Letavic et al.,
2010). Before the experiment, mice were placed in the plastic
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test cages for 60-90 min to let them habituate to the new
environment. After habituation, animals were pretreated
with a Hj receptor antagonist, after which they were imme-
diately put back in the test cage. Alcohol injection (1.0 or
1.5 g-kg!, i.p.) was given 30 min after the pretreatment. The
activity of the mice was recorded using a video camera and
Ethovision software.

Quantitative radioactive in situ hybridization
The method used was as described previously (Lintunen et al.,
1998). Several 16 um cryostat sections were cut from unfixed,
freshly frozen HDC KO and WT mouse brains and kept
at —80°C wuntil the hybridization. Selective and specific
oligonucleotide probes designed for mouse dopamine D,
and D, receptors, striatal-enriched protein 61 (STEP61) and
dopamine- and cAMP-regulated neuronal phosphoprotein
(DARPP-32) were used to quantify the expression of their
mRNAs. The length of the probes was 43 bases and the
nucleotide sequences were as follows: D, receptor (ATGGACT
GCTGCCCTCTCCAAAGCTGAGATGCGCCGGATTTGC), D,
receptor (GCTTTCTTCTCCTTCTGCTGGGAGAGCTTCCTG
CGGCTCATCG), STEP61 (AGGTATTCATGGGCTGACTCC
TCTCGTGGGGACACCAGGTAGC) and DARPP-32 (two
sequences were combined: CCACACTCACTGGCGATCCC
CGGATGTCAACTTCTGTCAGACC and GCTGGCTCCTTGG
GAATCCAGTGGTAGCATGTGGGCTGAAAGG). The probes
were labelled with radioactive deoxyATP ([**P]-dATP) (Perkin
Elmer, Boston, MA, USA) at their 3’-ends by using terminal
deoxynucleotidyl transferase (Promega, Madison, WI, USA)
and purified with Sephadex G-50 columns (Roche, Man-
nheim, Germany). Sections were covered with the hybridiza-
tion mixture containing 10 000 000 cpm-mL™ of the labelled
probe, 10 pL-mL™" of denatured single-strand salmon sperm
DNA, 50 uL-mL™" of tRNA and 94 uL-mL™" hybridization solu-
tion [50% of deionized formamide, 4 X standard sodium
citrate (SSC; 0.6 M sodium chloride, 0.06 M sodiumcitrate), 1
X Denhardt’s solution, 1% sarcosyl, 0.02 M sodium phos-
phate and 10% dextran sulphate]. Hybridization was carried
out at 45°C for 16 h and thereafter the slides were washed
with 1 x SSC at 55°C. Next, the sections were dehydrated in
a series of ethanol (60, 80 and 100%). Dried sections were
then exposed to Kodak Biomax-MR films (Perkin Elmer, New
York, NY, USA) for 5-7 days. Films were developed with a
Kodak X-omat 1000 Processor and quantified with MCID4
Image Analysis Software. The person doing the analysis was
blinded to the genotype of the mouse. Cresyl violet staining
was carried out in order to select matching striatal sections
(+0.98 mm from bregma).

Plasma alcohol concentration measurements
Plasma alcohol concentrations were determined in DBA/2J,
HDC KO and WT control mice after acute alcohol adminis-
tration (2.0 g-kg™', at 10, 20, 100 and 150 min, i.p.). Terminal
blood samples were collected via cardiac puncture immedi-
ately after the mice had been killed with CO,. Blood samples
were transferred to cold lithium heparin 12.51U tubes
(Terumo, Capiject, Leuven, Belgium) and centrifuged at
2000 g for 2 min. Plasma was transferred to microcentrifuge
tubes and kept at —80°C. A commercial enzyme-based assay
(Abcam, ab65343, Cambridge, UK) was used to measure the
alcohol concentration.
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Statistical analysis
Statistical analyses were performed using GraphPad Prism 4
statistical software. After two-way ANOVA, one-way ANOVA was
used in the analysis of CPP studies. Repeated-measures (RM)
ANova was used for drinking paradigms and locomotor stimu-
lation studies. Alcohol kinetics was assessed using a regular
two-way ANOVA. Student’s two-tailed t-test was used to analyse
data from the in situ hybridization. Values exceeding more
than two SD from the group mean were excluded.

The nomenclature used for the receptors conforms to
BJP’s Guide to Receptors and Channels (Alexander et al., 2011).

Results

Low doses of [NJ-10181457 and
JNJ-39220675 inhibit alcohol-CPP

in DBA/2] mice

The unbiased CPP paradigm was applied in order to deter-
mine whether the H; receptor antagonists JNJ-10181457 and
JNJ-39220675 affect alcohol-CPP. Data were first analysed by
two-way ANova in which there was no interaction between
the two factors (cue and treatment), which allowed further

analysis with one-way anova. The difference between the
time spent on the metal and the plastic cue during the place
preference test was significant in the control group (saline
administered before alcohol) (P < 0.01, one-way ANOVA,
Tukey’s post test, Figure 1A) indicative of the development of
alcohol-induced place preference (Cunningham et al., 2006).
Low doses of JNJ-10181457 (5 mg-kg") and JNJ-39220675
(0.3 mg-kg™) inhibited alcohol-CPP as indicated by the lack
of difference in the time spent on the two floor materials
during the preference test (P> 0.05, Figure 1A). The inhibi-
tion of alcohol-CPP was substantially more robust with JNJ-
39220675 (0.3 mg-kg™") than with JNJ-10181457 (5 mg-kg™).
Interestingly, a higher dose of JNJ-10181457 (10 mg-kg™") and
two higher doses (3 and 10 mg-kg™) of JNJ-39220675 had no
effect on the development of CPP as indicated by the signifi-
cant difference between the two subgroups on the time spent
on the metal floor during preference test (P < 0.05-0.01 one-
way ANova, Tukey’s post test, Figure 1A). The activity of mice,
measured as distance moved during the 15 min preference
test, was not significantly different between any of the treat-
ment groups [1490 *= 520-1780 * 260 cm (mean=* SEM)].
Pretreatment with the H; receptor antagonists had no effect
on alcohol stimulation during the conditioning sessions
(data not shown).
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Only low doses of Hs receptor antagonists [NJ-10181457 and JNJ-39220675 inhibit alcohol-induced conditioned place preference (alcohol-CPP)
in DBA/2) male mice. Mice develop alcohol-CPP (Contr), which is inhibited by a pretreatment with |NJ-10181457 (5 mg-kg™, i.p.) or JNJ-
39220675 (0.3 mg-kg™") (A). Higher doses of JNJ-10181457 (10 mg-kg™") and |NJ-39220675 (3 mg-kg™' and 10 mg-kg™") had no effect on
alcohol-CPP. Columns indicate the subgroup that received alcohol paired with the metal floor and the subgroup that received alcohol paired with
the plastic floor. Place preference is confirmed by the significant difference between the two subgroups of each conditioning group. n=8-10 per
subgroup **P > 0.01, *P > 0.05, ns P> 0.05, one-way ANOVA. Data are expressed as mean time spent (s-min~' = SEM) on the metal cue side. H;
receptor antagonist JNJ-39220675 (10 mg-kg™, i.p.) has no effect on plasma alcohol concentration at any measured time point (10, 20 100 and
150 min after 2 g-kg™' alcohol injection) (B). n = 3-5 per group. P > 0.05, two-way anovA. Data are expressed as mean + SEM. |NJ-39220675 does
not alter alcohol-induced locomotor stimulation (C). Pretreatment with saline or JNJ-39220675 (0.3, 3 or 10 mg-kg™, i.p.) was given after a
90-min habituation period and 30 min before alcohol injection (1.0 g-kg™', i.p.). Alcohol induces significant locomotor activation regardless of the
JNJ-39220675 pretreatment; n=13 per group. ***P < 0.0001, two-way RM anova. Data are expressed as mean = SEM.
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Alcohol kinetics and locomotor stimulation differences in alcohol kinetics were detected between the
Plasma alcohol concentrations were measured 10, 20, 100 HDC KO anq WT 129/Sv mice (Figure 2B), verified by
and 150 min after alcohol (2 g-kg, i.p.) administration. Pre- the lack of significant genotype effect by two-way aNova
treatment with JNJ-39220675 (10 mg-kg ™!, i.p.) had no effect (P>0.05).

on plasma alcohol concentrations (Figure 1B) confirmed by
the lack of significant treatment effect by two-way Anova
(P >0.05). JNJ-39220675 pretreatment (0.3, 3 and 10 mg-kg™)
had no effect on the stimulating effect of alcohol (Figure 1C).
All groups were stimulated by alcohol which was confirmed
by a significant time effect (Fzo,1470 = 54, P < 0.0001, two-way
RM aNova). Pretreatments with JNJ-39220675 did not alter
alcohol stimulation, confirmed by the lack of significant
treatment effect (F; 1470 = 1.88, P=0.15, two-way RM ANOvA).

Voluntary or binge-like alcohol consumption
are not affected by the lack of histamine

In the voluntary two-bottle choice paradigm where male
129/Sv mice could freely select to drink either from tap
water or alcohol solution (3, 6, 10, or 20%, v v') bottle,
HDC KO mice consumed as much alcohol (g-kg'-day™) as
the WT control mice (Figure 3A), confirmed by the lack of
genotype effect in the RM two-way aANovAa (Fj;s=1.06,

. P =0.31, Figure 3A). Alcohol preference ratio (alcohol/total
H; recep tor antagonlSts have no eﬁr ect on fluid consumption) was slightly different between the

alcohol-CPP in HDC KO mice genotypes (F, = 7.55, P=0.011, Figure 3B). HDC KO mice
The role of histamine in alcohol-CPP was tested using HDC KO
mice. The H; receptor antagonists (ciproxifan, JNJ-10181457
and JNJ-39220675) did not inhibit alcohol reward, as indi-
cated by the significant difference between the time spent on
the metal and the plastic floor during the place preference test
in each group (P < 0.05-0.001, one-way ANova, Tukey’s post shown).

test, Figure 2A), which demonstrates the development of place In the DID protocol, the consumption of 20% (v v*)
preference (Cunningham et al., 2006). The activity of mice, alcohol of WT (C57BL/6J) and HDC KO mice was measured

measured as distance moved during the 15 min preference for 13 days and no differences in consumption were observed
test, was similar between all treatment groups (1010 = 370- either in male (Fis=1.63, P=0.23, Figure 3C) or female

1250 = 170 cm, mean =+ SEM) Pretreatments with the Hj (F1,84: 3.19, P=0.12, Figure 3E) mice confirmed by the lack
receptor antagonists had no effect on alcohol stimulation of significant genotype effect in two-way RM anova. No dif-
during the conditioning sessions (data not shown). ferences were detected between the genotypes in sucrose

consumption in male mice confirmed by the lack of signifi-

had a tendency to drink more water throughout the
trial, but this was not statistically different (data not
shown). There was no significant difference between
the genotypes in food consumption, preference for
saccharine or aversion for quinine solutions (data not

HDC gene deletion does not aﬁreCt cant genotype effect (Fi20=1.89, P=0.2, Figure 3D). In
alcohol kinetics female mice, two-way RM aNova revealed that HDC KO con-
Plasma alcohol concentrations were measured 10, 20, 100 sumed less sucrose than WT mice (Fi9=9.08, P=0.017,
and 150 min after alcohol (2 g-kg™, i.p.) administration. No Figure 3F).
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Alcohol-induced conditioned place preference in histidine decarboxylase knock-out (HDC KO) mice. HDC KO mice develop alcohol-CPP (Contr)
which was unaffected by H; receptor antagonist pretreatments (Cipr — ciproxifan 3 mg-kg™', JNJ-10181457 1 or 5 mg-kg™', JNJ-39220675 0.3 or
10 mg-kg™") (A). Data are expressed as mean time spent (s-min~' = SEM) on the metal cue side. Columns indicate the subgroup that received
alcohol paired with the metal floor and the subgroup that received alcohol paired with the plastic floor; n = 5-8 per subgroup. Place preference
is confirmed by the significant difference between the two subgroups of each conditioning group ***P < 0.001, **P < 0.01 and *P < 0.05, one-way
ANOVA. Alcohol concentration in the mouse plasma in HDC KO and wild-type (WT) (129/Sv) control mice (B). Blood was collected 10, 20 100 and
150 min after the alcohol injection (2 g-kg™, i.p) No differences were detected between the genotypes; n=3-5. P> 0.05, two-way anova. Data
are expressed as mean = SEM.
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Alcohol consumption of histidine decarboxylase knock-out (HDC KO) and wild-type (WT) mice in two-bottle choice and in the drinking in the dark
experiments. In the two-bottle choice test, no differences were observed between male HDC KO and WT mice (in 129/Sv background strain) in
total alcohol consumption (A) or water-alcohol preference ratio (B). P> 0.05, two-way repeated measures (RM) anovAa. n=13-15 per genotype.
In the drinking in the dark no differences were observed between male HDC KO and WT mice (in C57BL/6) background strain) in total alcohol
(20%, v v, n=7-8) (C) or sucrose (3%, w v, n=5-7) (D) consumption. In female mice, no difference was observed in alcohol (20%, v v,
n = 4-5) consumption (E) but HDC KO mice consumed less sucrose (3%, w v'').P = 0.017, two-way RM anova, n = 4-6. (F). All data are expressed

as mean = SEM.

Hj; receptor antagonism and alcohol-induced
locomotor stimulation

Locomotor activities of HDC KO and WT mice during
pretreatment (saline, ciproxifan or JNJ-39220675) and
in response to alcohol (1.5gkg", i.p.) are shown in
Figure 4A-D. Ciproxifan had no effect on alcohol stimulation
in WT (time effect Fo,16=16.82, P < 0.0001, treatment effect
Fi216=0.98, P=0.33, Figure 4A) or in KO mice (time effect
Fy216=11.39, P < 0.0001, treatment effect F;a=0.19,
P =0.67, Figure 4B), confirmed by two-way RM aNova. Also,
JNJ-39220675 had no effect on alcohol stimulation in WT
(time effect Fo10s=12.05 P < 0.0001, treatment effect
Fy10s=1.24, P=0.31, Figure 4C) or KO mice (time effect
Fo333=34.89, P < 0.0001, treatment effect F,333=0.20,
P =0.82, Figure 4D), confirmed by two-way RM ANOVA.

Expression of dopamine receptor signalling
components in the striatum

To determine whether there is a difference in the expression
levels of D; and D, receptors, STEP61 and DARPP-32 mRNA
in HDC KO and WT mice, we used quantitative radioactive
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in situ hybridization. We found no significant differences
between the genotypes in the mRNA levels measured in any
of the striatal subdivisions, confirmed by the lack of signifi-
cant genotype effect by Student’s two-tailed t-test (n=7-8/
genotype, P> 0.05, Table 1).

Discussion

Several studies have suggested that histamine is an important
neuromodulator in the rewarding effects of addictive drugs
(Brabant et al., 2010; Panula and Nuutinen, 2011; Nuutinen
et al., 2012). There is, however, no consensus on the role of
histamine in reward circuitry. Several studies have shown
that histamine has an inhibitory role in reward. These
include tuberomammillary nucleus (TMN) lesion studies
(Huston et al., 1997) and experiments where it was demon-
strated that histamine, injected discretely into the lateral
hypothalamus, inhibits self-stimulation (Cohn etal.,
1973). However, in contrast, it has also been shown that
histamine-deficient mice are as responsive as WT mice to the
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Figure 4

Hs receptor antagonists do not alter alcohol-induced locomotor stimulation in wild-type (WT; 129/Sv) or in histidine decarboxylase knock-out
(HDC KO) mice. Pretreatment (saline, ciproxifan 3 mg-kg™', INJ-39220675 0.3 or 10 mg-kg™, i.p.) was given after a 60-90 min habituation period
and alcohol (1.5 g-kg™, i.p.) was injected 30 min after the pretreatment. Alcohol induces stimulation in both genotypes. Alcohol-induced
stimulation is not affected by the pretreatment with ciproxifan in WT (A) or in HDC KO (B) mice; n = 12-14 per group. Alcohol-induced stimulation
is also not affected by the pretreatment with JNJ-39220675 in WT (C) or in HDC KO (D) mice; n = 8-9 per group. Two-way repeated measures
ANOVA, no interaction or treatment effect, significant time effect in all groups (P < 0.0001) indicating similar alcohol-induced stimulation regardless
of pretreatments with H; receptor antagonist. All data are expressed as mean *= SEM.

Table 1

The mRNA expression levels (nCi-mg~', average = SEM) of D; and D, receptors, STEP61 and DARPP-32 following radioactive in situ hybridization
in the striatal subdivisions of WT (129/Sv) and HDC KO mice brain

D; receptor D, receptor STEP61 DARPP-32
HDC KO HDC KO HDC KO HDC KO
DL Cpu 214 £ 8 219 = 11 343 = 15 348 = 14 335 £9 323 + 8 21 =1 20 = 1
DM Cpu 203 = 8 204 = 12 321 = 11 327 =12 327 =7 313+ 8 22 =1 22 =1
V Cpu 204 = 6 201 =12 334 £ 12 342 =13 336 = 10 328 £ 8 21 =1 21 =1
NA Core 155 =9 148 = 8 264 £ 6 260 + 7 296 £ 5 296 £ 9 22 =1 22 =1
NA Shell 169 = 10 172 £ 9 271 £ 6 275+ 6 293 £ 8 294 =7 22 =1 21 =1

Cpu, caudate putamen; DL, dorsolateral; DM, dorsomedial; NA, nucleus accumbens; V, ventral.
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psychostimulant effects of cocaine (Brabant et al., 2007). The
purpose of this study was to clarify the role of neuronal
histamine in alcohol dependence-related behaviours.

Here, we found that H; receptor antagonist-mediated
inhibition of alcohol-CPP is dose-dependent. Low doses of Hs
receptor antagonists JNJ-10181457 and JNJ-39220675 inhib-
ited the development of alcohol-CPP in DBA/2] mice whereas
the higher doses had no effect. The underlying mechanisms
remain unclear. Pharmacokinetic interactions are unlikely as
JNJ-39220675 had no effect on the pharmacokinetic profile of
alcohol. The possible different roles played by the different
splice forms of the Hj receptor expressed in different parts of
the circuits involved, including the striatum, cortex and mid-
brain ventral tegmental area (Drutel et al., 2001) may contrib-
ute to the findings. Both JNJ-10181457 and JNJ-39220675
penetrate easily through the blood-brain barrier in rats
(Bonaventure et al., 2007; Galici et al., 2009; 2011), and the
doses used here were chosen based on studies carried out in
rats. When JNJ-39220675 is administered ex vivo, H; receptor
occupancy reaches the maximal level quickly at both 3 and
10 mg-kg™" doses (Galici etal.,, 2011), suggesting that H;
receptor-dependent effects can be seen when using lower
doses. Another reason for the low dose inhibition of alcohol-
CPP might arise from the H; receptors located both postsyn-
aptically in dendrites and cell bodies of GABAergic medium
spiny neurons and at autoreceptors in histaminergic termi-
nals. H; receptor antagonists acting at presynaptic H; autore-
ceptors increase histamine release allowing more histamine
to act on the postsynaptic histamine receptors, which include
H; receptors, perhaps most importantly on the GABAergic
neurons which then indirectly inhibit dopaminergic
neurons. Thus, the responses seen with different doses of H;
receptor ligands might in part be explained by opposing
receptor effects.

Interestingly, in this study, we found that none of the
tested receptor antagonists tested inhibited alcohol-CPP in
HDC KO mice suggesting that the inhibition of alcohol
reward, mediated by H; receptor antagonists, is histamine-
dependent. Furthermore, it has been reported that the expres-
sion of H; receptors in the hippocampus is decreased in HDC
KO mice, whereas the expression of H; receptor mRNA is
increased in the TMN (Chepkova ef al., 2012). This could in
part explain why Hj receptor antagonists did not block the
rewarding effects of alcohol, however, the expression of H;
receptors in the striatum of HDC KO mice has not yet been
reported. H; receptors are expressed on both the somata and
terminals of the GABAergic medium spiny neurons, which
form the feedback loop to the midbrain dopaminergic
neurons (Pillot et al., 2002). One possible mechanism by
which Hj receptor antagonists might inhibit alcohol reward
is via these H; receptors on GABAergic neurons. Increased
release of histamine by H; receptor antagonists might
increase the firing of GABAergic neurons (Korotkova et al.,
2002; Ellender et al., 2011), which in turn would suppress the
activity of dopaminergic neurons. On the other hand, HDC
KO mice were of the 129/Sv background strain, which has a
low baseline activity and that might partly explain these
results. Correlation analyses have reflected stronger prefer-
ences in CPP in less active strains, such as 129/Sv (Gremel and
Cunningham, 2007). Therefore, further studies with HDC KO
mice using a different, more active background strain (e.g.
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C57BL/6]) are needed to clarify the role of histamine in the H;
receptor antagonist-evoked prevention of alcohol-CPP.

In support of an inhibitory role of histamine in alcohol
reward, in our previous study we demonstrated that HDC
KO mice develop a stronger alcohol-CPP than WT mice
(Nuutinen et al., 2010), which led us to study whether some
dopaminergic signalling molecules are altered in these mice.
In the present study, we showed that the expression levels of
D; and D, receptor, STEP61 and DARPP-32 mRNA in the HDC
KO were similar to those of WT mice. Thus, the elevated
alcohol reward in HDC KO mice cannot be explained by
changes in the mRNA expression of these proteins. Neverthe-
less, dopaminergic signalling should be further studied in
HDC KO mice. In addition, in the present study we showed
that histamine-deficient mice consumed as much alcohol as
the WT mice, demonstrating that a deficit of histamine has
no effect on voluntary or binge-like alcohol consumption.
Interestingly, our previous findings have demonstrated that
H; receptor KO mice consume less alcohol in both voluntary
and binge-like drinking paradigms and that H; receptor
antagonists inhibit binge-like drinking (Nuutinen etal.,
2011a). The present data suggest that a deficit of histamine
per se fails to bring about such a marked effect on alcohol
consumption.

Mesolimbic and nigrostriatal dopaminergic systems are
known to be crucial in motivated behaviours and locomotion
(Beninger, 1983; Mogenson and Yang, 1991; Vallone et al.,
2000; Wise, 2009). Alcohol injected systemically or locally
into the tegmental area increases extracellular dopamine in
the nucleus accumbens (Di Chiara and Imperato, 1985; Yim
et al., 1998) and produces a dose-dependent increase in the
locomotor activity (Cunningham and Noble, 1992). In con-
trast to our previous findings in HDC KO mice (Nuutinen
et al., 2010), in the present study we showed that HDC KO
mice are as stimulated by alcohol as WT mice. In our previous
study, we measured the cumulative distance moved during
the 30 min experiment, whereas in the present study we
looked at the effects on locomotor activity in greater detail.
We now found that the activation peak is already present at
5 min after alcohol injection and declines quickly thereafter.
It is therefore likely that cumulative effects over 30 min do
not exclusively reflect the stimulating effect of alcohol.

In the present study, the DBA/2] mice were highly stimu-
lated by alcohol, even more so than we previously observed
(Nuutinen et al., 2011b). This is probably because the same
mice were used in the CPP study previously (see Methods)
and they were probably sensitized to the locomotor activat-
ing effect of alcohol (Cunningham and Noble, 1992). Regard-
less of the different doses used, JNJ-39220675 had no effect
on the alcohol-induced stimulation in DBA/2] mice. This
result was in contrast to that observed previously with cip-
roxifan, which was found to increase and prolong the loco-
motor activation (Nuutinen et al., 2011b). The lack of effect
of JNJ-39220675 on alcohol-induced locomotion might be
advantageous if this drug is to be used clinically. However,
neither ciproxifan nor JNJ-39220675 altered the stimulant
effects of alcohol in the 129/Sv mice, demonstrating robust
differences in behavioural responsiveness between mouse
strains.

H; receptor activation inhibits dopamine synthesis
(Molina-Hernandez et al.,, 2000) and D; receptor-induced



cAMP accumulation in rat striatum (Sanchez-Lemus and
Arias-Montano, 2004). Dopamine signalling via D, receptors
is essential in alcohol preference and sensitivity (Phillips
etal., 1998). Importantly, D, and D, receptors have been
shown to heteromerize in the presynaptic terminals, for
example, in the nucleus accumbens and globus pallidus
(Perreault etal.,, 2010). Interestingly, the postsynaptic Hj
receptors may also heteromerize with both D, and D, recep-
tors leading to altered dopaminergic signalling (Ferrada et al.,
2008; 2009; Moreno et al., 2011). All these findings highlight
the close interaction between the histaminergic and
dopaminergic signalling cascades. Accordingly, the results
from the present study support the concept that the modu-
lation of dopaminergic signalling requires both histamine
and functional H; receptors. However, our results also indi-
cate that histamine is unlikely to regulate the mRNA expres-
sion of D; or D, receptors or other essential components of
the dopamine signalling pathway. Studies on dopamine
receptor radioligand binding and second messengers are
needed to reveal the mechanisms of the histamine-dopamine
interactions in the alcohol reward response.

Conclusions

The present data suggest that H; receptor antagonist-
mediated inhibition of alcohol-CPP is dose-dependent. The
Hs receptor antagonists did not inhibit alcohol-CPP in mice
lacking histamine suggesting that H; receptor antagonist-
mediated inhibition of alcohol reward is dependent on his-
tamine. We also found that a total lack of histamine has no
effect on alcohol consumption or stimulation. Altogether,
these findings support the concept that brain histamine has
an inhibitory role in alcohol reward. Increasing neuronal
histamine via H; receptor blockade could therefore poten-
tially be a novel way of treating alcohol dependence.
However, the dose-dependent effect of H; receptor antago-
nists may be challenging in clinical practice.
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