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Abstract

The brain histamine system has been implicated in regulation of sensorimotor gating deficits and in
Gilles de la Tourette syndrome (GTS). Histamine also regulates alcohol reward and consumption
viaH3 receptor (H3R), possibly through an interaction with the brain dopaminergic system. Here
we identified the histaminergic mechanism of sensorimotor gating and the role of histamine H3R in
the regulation of dopaminergic signaling. We found that H3R knockout mice displayed impaired
prepulse inhibition (PPI) indicating deficiency in sensorimotor gating. H1R knockout and HDC
knockout mice had similar PPl as their controls. Dopaminergic drugs increased PPl of H3R
knockout mice to the same level asin control mice suggesting that changes in dopamine receptors
might underlie deficient PPI response when H3R is lacking. Striatal D1R mRNA level was lower
and D1 and D2 receptor-mediated activation of extracellular signal-regulated kinase 1/2 (ERK1/2)
was absent in the striatum of H3R knockout mice suggesting that H3R is essential for the dopamine
receptor-mediated signaling. In conclusion, these findings demonstrate that H3R is an important
regulator of sensorimotor gating and the lack of H3R significantly modifies striatal dopaminergic
signaling. These data support the usefulness of H3R ligands in neuropsychiatric disorders with pre-

attentional deficits and disturbances in dopaminergic signaling.
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I ntroduction

Prepulse inhibition of the startle reflex (PPI) is an operational measure of sensorimotor gating, in
which the motor response to an abrupt, intense stimulus is inhibited by a preceding weak stimulus
(Swerdlow, 2013). Impaired PPl has been observed in severa neurological disorders, including
schizophrenia, Gilles de la Tourette syndrome (GTS) and Huntington’s disease. Alterationsin the
brain histaminergic system in schizophrenic and Huntington’s disease patients suggest arole for
histamine in the pathophysiology of these diseases (Goodchild et al., 1999; Prell et a., 1995).
Genetic evidence has also indicated adysfunction of histaminergic system in GTS: a highly
penetrant nonsense mutation W317X in histidine decarboxylase (HDC) gene was found in a
pedigree of afather and eight children with GTS (Ercan-Sencicek et al., 2010). Further, a recent
study reported impaired PPl in both mice and humans carrying HDC mutations (Castellan Baldan et
al., 2014).

Dopamine modulates e.g. motor and cognitive functions but is also a key determinant of PPl
(Swerdlow, 2013). Recent in vitro studies have shown that dopamine D1 and D2 receptors (D1Rs
and D2Rs) interact with the brain histamine system by forming receptor heterodimers with the
histamine 3 receptor (H3R) (Ferrada et al., 2008; Ferrada et al., 2009; Moreno et a., 2011). The
striatum is rich in these receptor types suggesting that mediation of PPI, movements and cognitive
functions by dopaminergic neurotransmission are regulated by the brain histaminergic system.
Histaminergic neurons in the tuberomamillary nucleus of the posterior hypothalamus send

proj ections throughout the brain, including the striatum and cortex (Panula et al., 1989), important
areas for sensorimotor gating. The effects of neuronal histamine are mediated via H1, H2 and H3
receptors (H1R, H2R, and H3R, respectively). HIR and H2R are postsynaptic receptors whereas
H3R is present at both pre- and postsynaptic sites (Panula and Nuutinen, 2013). At histaminergic
terminals H3R regulates the release of histamine but it is also expressed on other neurons and

regulates the release of e.g. glutamate and acetylcholine.
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Here, our aim was to first clarify whether histamine per se or a specific histamine receptor is
responsible for regulation of sensorimotor gating by using HDC KO, H1IR KO and H3R KO mice.
After identifying H3R as akey element and necessary for normal PPl we examined the effect of
selected dopaminergic drugs on the locomotor activity of H3R KO mice. We then studied whether
signal transduction in the prefrontal cortex (PFC) and striatum after systemically administrated
dopaminergic drugs is affected by the loss of H3R. The mRNA levels of different key elements of

the dopaminergic system were also measured.

Materials and Methods

Animals

H3R knockout (H3R KO) mice were originally supplied by Janssen Research & Development, LLC
(LaJolla, CA, USA) and generated on a background of 129/0Olaand C57BL/6J mice (Kuhneet al.,
2011). Selective backcrossing was conducted at Janssen over 10 generations. HIR KO mice were
originaly agift from Prof. Takeshi Watanabe (Inoue et a., 1996). HDC KO mice were a gift from
Prof. Hiroshi Ohtsu (Ohtsu et al., 1996; Ohtsu et al., 2001). Single nucleotide polymorphism
analysis was used to analyze that the strains had at least 99.5% identity with C57BL/6J.
Experiments were carried out in male and female mice that were 12-18 weeks old. Mice were
group-housed and standard food pellets (Scanbur, Sweden) and water were available ad libitum. All
animals were naive to drug treatments except for the locomotor activity study where all animals
received 3 drug treatments in randomized order. The wash-out period was at least 1 week between
each locomotor activation study. The total number of animals used in these studies was 152. Mice
were maintained in the Laboratory Animal Centre (LAC) of the University of Helsinki. The
principles of the Finnish Act on the Use of Animals for Experimental Purposes were followed in
conducting these studies and the protocols were approved by the Anima Experiment Committee of

the State Provincia Office of Southern Finland.
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Drug treatments

Apomorphine, haloperidol, MK-801, (-)-quinpirole and (z)-SKF-38393 were from Sigma-Aldrich,
St Louis, MO, USA.. D-amphetamine (Dexedrine®) was from GlaxoSmithKline, Brentford, UK.
Haloperidol was dissolved in 4 % glacial acetic acid (m/m), pH was adjusted to 5.5 with 0.1 N
NaOH and the solution was sterile-filtered. All other drugs were dissolved in sterile 0.9 % saline.
The drug doses correspond to free bases of the compounds. Injections were given intraperitoneally

(i.p.). All trestment groups were formed using randomization.

Acoustic Startle Response

The acoustic startle response and PPl were measured using a two-unit automated startle system
(Startle Reflex System, Med Associates Inc., St. Albans, VT, USA) as described earlier (Leppa et
al., 2011). Thefirst set of H3R KO and their control mice were tested with the Startle Reflex
System version 4.01 and all the rest of the mice (both KO and control animals) were tested with the
newer Startle Reflex System MED-ASR-PRO1 (Med Associates Inc.). Both systems were
calibrated. Mouse was placed in aplastic cylinder that was then mounted in an illuminated and
sound-attenuated chamber above a piezoel ectric sensor. Movements of the animal in the cylinder
were detected by a piezoelectric sensor, digitized and analyzed by Startle Reflex System software
(4.01/SOF-825, Med Associates Inc.). The sensitivities of the two chambers were calibrated and
adjusted to be identical. Background noise of 62 dB (4.01/ASP-PRO1) and acoustic stimuli were
delivered through speakersin the ceiling of the chambers. Mice were acclimated to the cylinders
before the experiments. Acoustic startle responsesto stimuli of different intensities were
determined. The test session began with a 5-min acclimation, followed by three blocks of trials
containing stimuli (40 ms) of different intensities (70-120 dB) in a pseudorandom order.

Background noise was on during the acclimation period and throughout the sessions. The startle
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amplitude was defined as the peak amplitude that occurred during the first 100 ms after the onset of

the startle stimulus.

Prepulse inhibition (PPI)

PPI was tested with a minimum of three days after startle testing. For habituation, the test session
began with six trials of 95 dB stimuli (40 ms). This was followed by two blocks containing startle
stimuli (95 dB) alone or combined to a prepulse stimulus (20 ms). The prepulse stimulus was also
delivered alone five times during the session. Two to four different prepulse intensities (70-76 dB)
were used in order to get a comprehensive presentation of the PPl. The order of different type of
stimuli was pseudorandom. The effects of D2R antagonist haloperidol (0.75 mg/kg), apomorphine
(1.0 and 5.0 mg/kg) and NMDA antagonist MK-801 (1.0 mg/kg) on PPl were tested in H3R KO
mice. Drugs were administered 30 min prior to PPl experiment. PPl in percentage was calculated
from the formula: %PPI = [(amplitude of startle pulse alone — amplitude of startle pulse when

preceded by a prepulse)/amplitude of startle pulse alone] x100.

L ocomotor activity

After habituation (60-90 min) in the locomotor activity chamber, animals were injected with saline,
SKF-38393 (10 mg/kg), quinpirole (0.5 mg/kg) or d-amphetamine (5 mg/kg). The activity of the
mice was recorded by Ethovision® Color-Pro 3.0 video-tracking software (Noldus Information
Technology, Wageningen, the Netherlands). Distance moved (cm) and velocity (cm/min) were

analyzed from the recorded data.

Semi-quantitative Western blotting
Mice were injected with saline, SKF-38393 (10 mg/kg) or quinpirole (0.5 mg/kg) and decapitated

20 min after drug injections. Prefrontal cortices (1.5-3.5 mm from Bregma) and striata (0.5-1.5 mm
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from Bregma) were dissected on ice and immediately freezed on dry ice. Samples were kept at -
80°C until analyzed. Samples were weighted and homogenized by sonication onicein lysis buffer
(50 mM Tris[pH 7.4], 5mM EDTA, 1 mM EGTA, 0.1 % Triton-X-100, 5 mM sodium fluoride, 1
X HALT™ phosphatase inhibitor cocktail [Thermo Fisher Scientific, Rockford, IL, USA], Mini
Complete protease inhibitor [Roche Diagnostics, Mannheim, Germany]). Homogenates were
centrifuged at 13 000 x g (5 min, +4°C) and the protein concentration of the supernatant determined
by Bio-Rad Protein assay (Bio-Rad Laboratories, Hercules, CA, USA). Samples (40-50 pg of total
protein/well) were separated based on protein size by 10 % SDS-PAGE gel and transferred to a
nitrocellulose membrane with eBlot® protein transfer system (Genscript, Piscataway, NJ, USA).
Phosphorylated forms of ERK1/2 and AKT were detected with the mouse anti-phospho-ERK 1/2-
44/42 (#9106) and rabbit anti-phospho-AKT (#9271) primary antibodies. The unphosphorylated
forms of the corresponding proteins were detected with rabbit anti-ERK 1/2-44/42 (#9102) and
rabbit anti-AKT (#9272) primary antibodies. All antibodies were manufactured by Cell Signaling
and used at dilutions 1:1000. The following infrared-labeled secondary antibodies (IRDye®, LI-
COR Biosciences) were used at dilutions 1:10 000-1:30 000: 800cw Goat anti-mouse IgGL1 for
monoclonal primary antibodies and 690 LT Goat anti-rabbit for polyclonal primary antibodies. The
signal was detected using Odyssey® Imaging System and quantified with the LI-COR Image Studio
software. The values were corrected by dividing the signal intensity of the phosphorylated protein

with that of the corresponding unphosphorylated protein.

Radioactivein situ hybridization
Selective and specific oligonucleotide probes designed for mouse D1R, D2R, tyrosine hydroxylase
(TH) and dopamine transporter (DAT) were used to quantify the expression of the corresponding

mMRNAs. The length of the probes was 43 bases and the nucleotide sequences were as follows:
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D1R (ATGGACTGCTGCCCTCTCCAAAGCTGAGATGCGCCGGATTTGC), D2R
(GCTTTCTTCTCCTTCTGCTGGGAGAGCTTCCTGCGGCTCATCG), TH
(GGTAGGTTTGATCTTGGTAGGGCTGCACGGCTGCTGTGTCTGG) and DAT
(TCAGCCACGCTACAGTCTGCAGAGCCAACAGGCCTGCATTTCC). The protocol for the

hybridization has been described previously (Lintunen et al., 1998; Vanhanen et a., 2013).

Data analysis

Statistical analyses were performed using GraphPad Prism software. Prepulse inhibition, locomotor
activation, Western blotting, striatal in situ hybridization data were analyzed with 2-way ANOV A
followed by Sidak’s or Bonferroni posttest. Student’s two-tailed t-test was used to analyze
velocities of locomotor activation data. Vaues exceeding more than two standard deviations from

the group mean were excluded from the analysis.
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Results

Impaired startleresponsesin H1R knockout mice

The startle responses in H3R KO and HDC KO mice were similar to their wild type controls (Fig.
1A, C) whereas HIR KO mice displayed significantly lower startle responses as compared with
their controls (interaction for genotype and stimulus intensity F; »,=5.07, P=0.0357, 2-way RM

ANOVA, Fig 1B).

Lack of H3R leadsto impaired prepulseinhibition

H3R KO mice displayed lower PPI responses as compared with their wildtype controls indicated
by a significant genotype effect with RM 2-way ANOVA (Fig. 2, F12,=8.16, P=0.0092). Sidak’s
posttest revealed that the 70+95 dB prepul se-pul se combination of H3R KO mice was significantly

different from controls (P<0.05). The PPI responsesin H1IR KO and HDC KO mice were similar

between the genotypes (genotype effects respectively Fi 2 = 2.25, P=0.1493; F; 15=3.74, P=0.0688).

M odulation of prepulseinhibition by drug treatmentsin histamine H3R KO mice

Treatment with dopamine D2R antagonist haloperidol (0.75 mg/kg) did not significantly alter the
PPI in control mice but increased PPl response in H3R KO mice as compared to the baseline
response (Fig. 3A) indicated by asignificant treatment effect (F410s=7.50, P<0.001) by 2-way
ANOVA and Sidak’s multiple comparison test (P<0.001). Apomorphine (1.0 or 5.0 mg/kg) did not
alter the PPl responses in wildtype mice but increased the PPl in H3R KO mice significantly
(P<0.01 and P<0.05 for 1.0 mg/kg and 5.0 mg/kg respectively). NMDA receptor antagonist MK-
801 did not significantly alter PPl in wildtype or H3R KO mice. Some of the drug treatments
affected the startle responses significantly indicated by a significant treatment effect in 2-way

ANOVA (F1101=25.02, P<0.0001). Haloperidol increased startle responses in H3R KO mice

10
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(P<0.01) and MK-801 increased startle responses in both wildtype (P<0.01) and H3R KO mice

(P<0.0001).

L ocomotor activity of H3R KO and wildtype micein response to dopaminer gic drugs

There was no difference in the basal locomotor activity of H3R KO and wildtype mice as expected
from our previous study (Nuutinen et al., 2011b). Interestingly, amphetamine-induced (5 mg/kg,
i.p.) stimulation of locomotor activity was higher in H3R KO mice (Fig. 4A, n=12). A significant
genotype x time interaction confirmed these findings (Fg 19s=3.07, P=0.0018). The velocity was aso
higher in H3R KO mice (Fig. 3B, P=0.0331). In the D2R/D3R agonist quinpirole treated (0.5
mg/Kkg, i.p.) animals there was also a significant interaction (F17576=2.16, p=0.0045) confirming that
both time and genotype affect the result and indicating that the effect of quinpiroleis altered in H3R
KO mice compared to wildtype controls (Fig. 4C, n=18). The velocity of H3R KO mice was also
lower than that of the controls after quinpirole treatment (Fig. 4D, P=0.0007). D1R agonist SKF-
38393 (10 mg/kg, i.p.) induced a stimulation that was similar in both H3R KO and wildtype mice
confirmed by the lack of interaction (Fig. 4E, F17575=1.38, P=0.1374, n=18). The velocity after
SKF-38393 was also unaltered in H3R KO mice (Fig. 4F). Distances moved were analyzed by RM
2-way ANOVA followed by Bonferroni posttest and velocities were analyzed by Student’ s two-

tailed t-test.

Striatal dopaminergic signalingisaltered in H3R KO mice

Quinpirole (0.5 mg/kg, i.p.) increased ERK 1/2 phosphorylation (phosphorylated at Thr202 and
Tyr204) in the striatum (Fig. 5A, P<0.01, n=4-5) but not in the PFC 20 min after drug
administration in wildtype but not in H3R KO mice. Quinpirole had no effect on AKT
(phosphorylated at Ser473) activation in either one of the genotypes in the studied brain regions

(Fig. 5B). SKF-38393 (10 mg/kg, i.p.) induced a modest, but significant phosphorylation of
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ERK1/2 in wildtype but not in H3R KO mouse striatum (Fig. 5C, P<0.05, n=4-5). No SKF-38393-
induced ERK 1/2 phosphorylation was observed in PFC in either wildtype or H3R KO mice. SKF-
38393 had no effect on AKT phosphorylation in either one of the genotypes in the studied brain

regions (Fig.5D). The data was analyzed by 2-way ANOV A and Bonferroni posttest.

Expression of dopaminergic markersin H3R KO mice

The study revealed an overall difference in the mRNA expression of D1R in the striatum confirmed
by a significant genotype effect by 2-way ANOVA (Fig. 6A and B, P=0.0062). No differences were
found between the H3R KO and wildtype mice in the mRNA expression of D2R in the striatum
(P=0.9967, 2-way ANOVA) or TH and DAT in the ventral tegmental area (VTA) (P>0.05,

Student’ s two-tailed t-test).
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Discussion

The mgjor finding of the present study is that lack of H3R leads to impairment of sensorimotor
gating accompanied by altered responses to dopaminergic drugs, changes in striatal dopaminergic
signaling and lower DIR mRNA expression in the striatum.

H3R KO mice displayed significantly weaker PPl than wildtype controls demonstrating the
importance of H3R in sensorimotor gating. A mgor determinant of acoustic PPl isthe hearing
threshold (Swerdlow et al., 2008). The startle responses in H3R KO mice were normal suggesting
that H3R KO mice do not have loss in hearing. Beyond sensory control, nucleus accumbens and
pedunculopontine nucleus (PPTQ) are key brain areas responsible for the neural control of baseline
PPI (Fendt et al., 2001). Both areas receive glutamatergic innervation and the expression of H3R
mRNA within these glutamatergic neurons is dense. Thus, alterations in the neuronal activity of
glutamate neurons within nucleus accumbens and pedunculopontine nucleus in H3R KO mice
might explain the impaired PPI. We found that the effect of MK-801 was similar in H3R KO and
wildtype mice suggesting that at least the glutamatergic NM DA receptors function normally in H3R
KO mice. The release of glutamate could, however, be altered in H3R KO mice.

To further examine the mechanism underlying PPI deficiency in H3R KO mice dopaminergic drugs
haloperidol and apomorphine were used. Interestingly, we found that both the D2R antagonist
haloperidol and nonselective agonist apomorphine increased the PPI to the same level asin
controls. Unlike in rats, dopamine receptor agonists increase PPl in mice when administered to
nucleus accumbens (Mohr et al., 2007). Thus, similar effect with antagonist and agonist on PPl is
not that surprising. In contrast to rats, dopamine receptor agonist-induced effect on PPl in miceis
not mediated by D2Rs but by D1Rs (Ralph-Williams et al., 2002; Ralph-Williams et al., 2003).
Based on these findings it seems that D1R-mediated control of PPl isaltered in H3R KO mice
resulting in deficient PPI. In agreement with this, we found that the dopamine D1R mRNA levels

were significantly lower in the striatal areasin H3R KO mice as compared with their controls. The
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lower PPl in H3R KO mice could thus be explained by the low level of D1Rs. However, when
dopaminergic drugs such as haloperidol and apomorphine are given to H3R KO mice, we
hypothesize that the D1Rs are activated more efficiently in the absence of H3Rs (not having their
regulating counterpart) and thus result in similar PPl responses as in wildtype mice. Similar
locomotor responses to D1R agonist SKF-38393 in H3R KO and wildtype mice could mean that
aterationsin D1R in H3R KO mice occur in areas responsible for the control of PPI but not for
locomotion.

In addition to the deficient PPI, the H3R KO mice were found to be hyper-responsive to
amphetamine-induced locomotor activation indicating a schizophrenia-like phenotype. However,
this conclusion warrants caution as measurement of PPl is not a diagnostic tool of schizophrenia
(Swerdlow et al., 2008). Impairments of PPl are also found in several other neuropsychiatric
disorders such as GTS, obsessive compulsive disorder and in autism spectrum disorder. Previous
studies have revealed alink between the brain histaminergic system and GTS originating from a
mutation found in afamily of GTS patients (Ercan-Sencicek et al., 2010). Further, Castellan Baldan
et a. (2014) found enhanced startle responses and impaired PPl in HDC KO mice. In contrast, in
our study the startle responses tended to be lower in HDC KO mice but the difference was not
significant. In agreement with Castellan Baldan and colleagues, PPI tended to be lower, although
not statistically, in HDC KO mice. Together, these findings confirm that brain histaminergic system
has arole in sensorimotor gating. However, our findings suggest that lack of H3R has more severe
conseguences on sensorimotor gating that the lack of histamine. Our current findings of aterations
in the brain dopamine system in the H3R KO mice confirm that H3R receptor rather than histamine
itself is an important modulator of dopaminergic signaling. Thisis plausible sincethe H3R is
known to be constitutively active and it does not need histamine to be activated (Morisset et al.,

2000; Wieland et al., 2001).
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More studies are still needed to fully understand the role of H3R in PPl since there is no consensus
on whether H3R antagonists affect PPl or not. Many groups showed initially that the H3R
antagonists improve impaired PPI. Irdabisant, BF2.649 and ABT-239 improved PPl in mice (Fox
et a., 2005; Ligneau et al., 2007; Raddatz et al., 2012). Later, ciproxifan and BF2.639 failed to
reverse the impairment of PPl induced by MK-801 or phencyclidinein mice (Burban et al., 2010).
Further, BF2.649, ABT-239 and ciproxifan failed to reverse the disruption of PPI by apomorphine
in rats. One study found enhanced PPI following administration of both thioperamide and
ciproxifan in DBA/2 mice, whereasin C57BL/6 mice they failed to do that (Browman et a., 2004)..
Thus, therole of H3R in PPl seems to be dependent on both the mouse strain and the use on
imidazole-based H3R antagonist which affect liver CY P450 metabolism (Brabant et al., 2009).
Thus, when administered in combination with drugs using the same route of metabolism,
increased/decreased concentrations of the drugs in the blood can be detected. Thisin turn could lead
to misinterpretation of the data.

Apart from the increased hyperactivity by amphetamine, H3R KO mice responded differentially to
dopamine D2R agonist quinpirole. This suggests that alterations of D2R-mediated responses of
locomotion are atered in H3R KO mice. Quinpirole acts on the autoreceptors and inhibits the
release of dopamine (Bello et al., 2011). We hypothesize that after the hypolocomotor phase
quinpiroleis no longer bound to autoreceptors and thus the release of dopamine is increased.
Interestingly, this does not have a stimulatory effect on locomotion in H3R KO mice. Thus, this
further supports the hypothesis, that the postsynaptic dopaminergic functions are altered in the
absence of H3R. To study the mechanisms further, quinpirole and D1R agonist SKF-38393 were
selected as these compounds have earlier been shown to activate ERK1/2 in cell cultures and striatal
slices(Yan et al., 1999; Cai et a., 2000; Brami-Cherrier et al., 2002; Chen et a., 2004; Wang et al.,
2005; Ferradaet al., 2009; Moreno et al., 2011). We found that both quinpirole and SKF-38393

induced ERK1/2 phosphorylation in wildtype but not in H3R KO mouse striatum. Striatal

15

¥20z ‘0T [1dy uo sfeulnor 134SY e Blo'seuuno fiadse ed| wouy papeojumoq


http://jpet.aspetjournals.org/

JPET Fast Forward. Published on March 4, 2016 as DOI: 10.1124/jpet.115.230771
This article has not been copyedited and formatted. The final version may differ from this version.

JPET 230771

postsynaptic H3Rs located on GABAergic medium spiny neurons (M SN) are co-expressed with
D1Rs or D2RS (Pillot et a., 2002). H3R forms functional heterodimers with D1Rs and D2Rs and
modulates dopaminergic signaling viathis receptor-receptor interaction (Ferrada et al., 2008;
Ferrada et a., 2009). Moreno et a. (2011) has demonstrated that D1R-H3R heterodimers exist in
the brain and the ERK1/2 phosphorylation by H3R agonist was absent in striatal slices of D1R.
Here we show that phosphorylation of ERK1/2 by D1R or D2R agonist is absent in H3R KO mice
suggesting that H3R is critical for the dopamine receptor-mediated signaling in the striatum but not
PFC and giving further support for the tight interaction of the histaminergic and dopaminergic
postsynaptic signaling. However, the effects of H3R on the dopaminergic system seem to be
complex.

Unlike the H3R KO and HDC KO mice, the H1IR KO mice displayed significantly impaired startle
responses as compared to their controls. This could be due to alossin hearing (Swerdlow et al.,
2008). However, similar PPl in HIR KO and control mice suggest that the HIR KO mice do not
have deficit in hearing. The lower startle responses in HIR KO mice might arise from the deficitsin
motor functions as H1IR KO mice show impaired locomotor activity (Inoue et a., 1996). The
normal PPl responses H1R KO suggests that lack of H1R does not lead to major disturbances in
sensorimotor gating. Thisisin agreement with the study by Dai et al. (2005) where the effect of
isolation stress on PPl was studied in HIR KO (Dai et al., 2005). The authors did not directly
compare the PPl between H1R KO and wildtype mice but based on the datathe H1IR KO mice seem
to show similar PPI as control mice. However, Roegge et al. (2007) suggest that the effect of
antipsychotics on PPl are mediated partially viaHI1Rs.

In conclusion, the lack of H3R leads to impairment in sensorimotor gating, lower DIR mRNA
levels and altered dopaminergic signaling in the striatum. All these findings together with our
previous findings in addictive behaviors (Nuutinen et al., 2010; Nuutinen et al., 2011a; Nuutinen et

a., 2011b; Vanhanen et a., 2013; Vanhanen et al., 2015) indicate that histaminergic and
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dopaminergic systems are in close connection, mainly via receptor level interaction of H3R with
D1R and D2R in the striatum. These findings implicate that targeting H3R could offer treatment
options for neuropsychiatric diseases where sensorimotor gating is disturbed and dopaminergic
and/or glutamatergic neurotransmission is altered such as GTS, motor function disorders and

acoholism.

Acknowledgements
We thank Reeta Huhtala, M Sc, and Mira Tissari, BSc, for technical assistance and Janssen Research

& Development, LLC for H3R KO mice.

Author ship Contributions

Participated in research design: Kononoff, Nuutinen and Panula
Conducted experiments: Kononoff, Nuutinen and Tuominen
Performed data analysis: Kononoff and Nuutinen

Wrote or contributed to the writing of the manuscript: Kononoff, Nuutinen and Panula

17

¥20z ‘0T [1dy uo sfeulnor 134SY e Blo'seuuno fiadse ed| wouy papeojumoq


http://jpet.aspetjournals.org/

JPET Fast Forward. Published on March 4, 2016 as DOI: 10.1124/jpet.115.230771
This article has not been copyedited and formatted. The final version may differ from this version.

JPET 230771

References

Bello EP, Mateo Y, Gelman DM, Noain D, Shin JH, Low MJ, Alvarez VA, Lovinger DM,
Rubinstein M. (2011) Cocaine supersensitivity and enhanced motivation for reward in mice lacking

dopamine D2 autoreceptors. Nat Neurosci 14:1033-1038.

Brabant C, Alleva L, Grisar T, Quertemont E, Lakaye B, Ohtsu H, Lin JS, Jatlow P, Picciotto MR,
Tirelli E. (2009) Effects of the H3 receptor inverse agonist thioperamide on cocaine-induced
locomotion in mice: Role of the histaminergic system and potential pharmacokinetic interactions.

Psychopharmacology (Berl) 202:673-687.

Brami-Cherrier K, Valjent E, GarciaM, Pages C, Hipskind RA, Caboche J. (2002) Dopamine
induces a PI3-kinase-independent activation of akt in striatal neurons: A new route to CAMP

response el ement-binding protein phosphorylation. J Neurosci 22:8911-8921.

Browman KE, Komater VA, Curzon P, Rueter LE, Hancock AA, Decker MW, Fox GB. (2004)
Enhancement of prepulse inhibition of startlein mice by the H3 receptor antagonists thioperamide

and ciproxifan. Behav Brain Res 153:69-76.

Burban A, Sadakhom C, Dumoulin D, Rose C, Le Pen G, Frances H, Arrang JM. (2010)
Modulation of prepulse inhibition and stereotypies in rodents: No evidence for antipsychotic-like

properties of histamine H3-receptor inverse agonists. Psychopharmacol ogy (Berl) 210:591-604.

Cai G, Zhen X, Uryu K, Friedman E. (2000) Activation of extracellular signal-regulated protein
kinases is associated with a sensitized locomotor response to D2 dopamine receptor stimulation in

unilateral 6-hydroxydopamine-lesioned rats. J Neurosci 20:1849-1857.

Castellan Baldan L, Williams KA, Gallezot JD, Pogorelov V, Rapanelli M, Crowley M, Anderson

GM, Loring E, GorczycaR, Billingslea E, Wasylink S, Panza KE, Ercan-Sencicek AG, Krusong K,

18

¥20z ‘0T [1dy uo sfeulnor 134SY e Blo'seuuno fiadse ed| wouy papeojumoq


http://jpet.aspetjournals.org/

JPET Fast Forward. Published on March 4, 2016 as DOI: 10.1124/jpet.115.230771
This article has not been copyedited and formatted. The final version may differ from this version.

JPET 230771

Leventhal BL, Ohtsu H, Bloch MH, Hughes ZA, Krystal JH, Mayes L, de Araujo |, Ding YS, State
MW, Pittenger C. (2014) Histidine decarboxylase deficiency causes tourette syndrome: Parallel

findings in humans and mice. Neuron 81:77-90.

Chen J, Rusnak M, Luedtke RR, Sidhu A. (2004) D1 dopamine receptor mediates dopamine-

induced cytotoxicity viathe ERK signal cascade. J Biol Chem 279:39317-39330.

Da H, Okuda T, Sakurai E, Kuramasu A, Kato M, JiaF, Xu AJ, linumaK, Sato I, Yanai K. (2005)
Blockage of histamine H1 receptor attenuates social isolation-induced disruption of prepulse

inhibition: A study in H1 receptor gene knockout mice. Psychophar macology (Berl) 183:285-293.

Ercan-Sencicek AG, Stillman AA, Ghosh AK, Bilguvar K, ORoak BJ, Mason CE, Abbott T, Gupta
A, King RA, Pauls DL, Tischfield JA, Heiman GA, Singer HS, Gilbert DL, Hoekstra PJ, Morgan
TM, Loring E, Yasuno K, Fernandez T, Sanders S, Louvi A, Cho JH, Mane S, Colangelo CM,
Biederer T, Lifton RP, Gunel M, State MW. (2010) L-histidine decarboxylase and tourette's

syndrome. N Engl J Med 362:1901-1908.

Fendt M, Li L, Yeomans JS. (2001) Brain stem circuits mediating prepulse inhibition of the startle

reflex. Psychophar macology (Berl) 156:216-224.

Ferrada C, Ferre S, Casado V, Cortes A, Justinova Z, Barnes C, Canela El, Goldberg SR, Leurs R,
Lluis C, Franco R. (2008) Interactions between histamine H3 and dopamine D2 receptors and the

implications for striatal function. Neuropharmacology 55:190-197.

Ferrada C, Moreno E, Casado V, Bongers G, Cortes A, Mallol J, Canela El, Leurs R, Ferre S, Lluis
C, Franco R. (2009) Marked changes in signal transduction upon heteromerization of dopamine D1

and histamine H3 receptors. Br J Pharmacol 157:64-75.

19

¥20z ‘0T [1dy uo sfeulnor 134SY e Blo'seuuno fiadse ed| wouy papeojumoq


http://jpet.aspetjournals.org/

JPET Fast Forward. Published on March 4, 2016 as DOI: 10.1124/jpet.115.230771
This article has not been copyedited and formatted. The final version may differ from this version.

JPET 230771

Fox GB, Esbenshade TA, Pan JB, Radek RJ, Krueger KM, Yao BB, Browman KE, Buckley MJ,
Ballard ME, Komater VA, Miner H, Zhang M, Faghih R, Rueter LE, Bitner RS, Drescher KU,
Wetter J, Marsh K, Lemaire M, Porsolt RD, Bennani YL, Sullivan JP, Cowart MD, Decker MW,
Hancock AA. (2005) Pharmacological properties of ABT-239 [4-(2-{ 2-[(2R)-2-
methylpyrrolidinyl]ethyl} -benzofuran-5-yl)benzonitril€]: 1. neurophysiological characterization
and broad preclinical efficacy in cognition and schizophrenia of a potent and selective histamine H3

receptor antagonist. J Pharmacol Exp Ther 313:176-190.

Goodchild RE, Court JA, Hobson |, Piggott MA, Perry RH, Ince P, Jaros E, Perry EK. (1999)
Distribution of histamine H3-receptor binding in the normal human basal ganglia: Comparison with

huntington's and parkinson's disease cases. Eur J Neurosci 11:449-456.

Inoue |, Yana K, Kitamura D, Taniuchi I, Kobayashi T, Niimura K, Watanabe T, Watanabe T.
(1996) Impaired locomotor activity and exploratory behavior in mice lacking histamine H1

receptors. Proc Natl Acad Sci U SA 93:13316-13320.

Kuhne S, Wijtmans M, Lim HD, Leurs R, de Esch 1J. (2011) Several down, afew to go: Histamine
H3 receptor ligands making the final push towards the market? Expert Opin Investig Drugs

20:1629-1648.

LeppaE, Linden AM, Vekovischeva QY , Swinny JD, Rantanen V, Toppila E, Hoger H, Sieghart
W, Wulff P, Wisden W, Korpi ER. (2011) Removal of GABA(A) receptor gamma2 subunits from

parvalbumin neurons causes wide-ranging behavioral alterations. PLoS One 6:624159.

Ligneau X, LandaisL, Perrin D, Piriou J, Uguen M, Denis E, Robert P, Parmentier R, Anaclet C,
Lin JS, Burban A, Arrang JM, Schwartz JC. (2007) Brain histamine and schizophrenia: Potential
therapeutic applications of H3-receptor inverse agonists studied with BF2.649. Biochem Phar macol

73:1215-1224.

20

¥20z ‘0T [1dy uo sfeulnor 134SY e Blo'seuuno fiadse ed| wouy papeojumoq


http://jpet.aspetjournals.org/

JPET Fast Forward. Published on March 4, 2016 as DOI: 10.1124/jpet.115.230771
This article has not been copyedited and formatted. The final version may differ from this version.

JPET 230771
Lintunen M, Sallmen T, Karlstedt K, Fukui H, Eriksson KS, Panula P. (1998) Postnatal expression
of H1-receptor mRNA in the rat brain: Correlation to L-histidine decarboxylase expression and

local upregulation in limbic seizures. Eur J Neurosci 10:2287-2301.

Mohr D, Pilz PK, Plappert CF, Fendt M. (2007) Accumbal dopamine D2 receptors are important for

sensorimotor gating in C3H mice. Neuroreport 18:1493-1497.

Moreno E, Hoffmann H, Gonzalez-Sepulveda M, Navarro G, Casado V, Cortes A, Mallol J, Vignes
M, McCormick PJ, CanelaEl, LluisC, MoratallaR, Ferre S, Ortiz J, Franco R. (2011) Dopamine
D1-histamine H3 receptor heteromers provide a selective link to MAPK signaling in GABAergic

neurons of the direct striatal pathway. J Biol Chem 286:5846-5854.

Morisset S, Traiffort E, Arrang JM, Schwartz JC. (2000) Changes in histamine H3 receptor

responsiveness in mouse brain. J Neurochem 74:339-346.

Nuutinen S, Karlstedt K, Aitta-Aho T, Korpi ER, PanulaP. (2010) Histamine and H3 receptor-
dependent mechanisms regulate ethanol stimulation and conditioned place preference in mice.

Psychophar macol ogy (Berl) 208:75-86.

Nuutinen S, Lintunen M, Vanhanen J, Ojala T, Rozov S, Panula P. (2011a) Evidence for the role of
histamine H3 receptor in alcohol consumption and alcohol reward in mice.

Neur opsychophar macology 36:2030-2040.

Nuutinen S, Vanhanen J, Pigni MC, Panula P. (2011b) Effects of histamine H3 receptor ligands on
the rewarding, stimulant and motor-impairing effects of ethanol in DBA/2J mice.

Neur ophar macology 60:1193-1199.

21

¥20z ‘0T [1dy uo sfeulnor 134SY e Blo'seuuno fiadse ed| wouy papeojumoq


http://jpet.aspetjournals.org/

JPET Fast Forward. Published on March 4, 2016 as DOI: 10.1124/jpet.115.230771
This article has not been copyedited and formatted. The final version may differ from this version.

JPET 230771

Ohtsu H, Kuramasu A, Suzuki S, Igarashi K, Ohuchi Y, Sato M, Tanaka S, Nakagawa S, Shirato K,
Yamamoto M, Ichikawa A, Watanabe T. (1996) Histidine decarboxylase expression in mouse mast

cell line P815 isinduced by mouse peritoneal cavity incubation. J Biol Chem 271:28439-28444.

Ohtsu H, Tanaka S, Terui T, Hori Y, Makabe-Kobayashi Y, Pegjler G, TchougounovaE, Hellman L,
Gertsenstein M, Hirasawa N, Sakurai E, Buzas E, Kovacs P, Csaba G, Kittel A, OkadaM, HaraM,
Mar L, Numayama-Tsuruta K, Ishigaki-Suzuki S, Ohuchi K, Ichikawa A, Falus A, Watanabe T,
Nagy A. (2001) Mice lacking histidine decarboxylase exhibit abnormal mast cells. FEBS Lett

502:53-56.

Panula P, Flugge G, Fuchs E, Pirvola U, Auvinen S, Airaksinen MS. (1989) Histamine-

immunoreactive nerve fibers in the mammalian spinal cord. Brain Res 484:234-239.

Panula P and Nuutinen S. (2013) The histaminergic network in the brain: Basic organization and

rolein disease. Nat Rev Neurosci 14:472-487.

Pillot C, Heron A, Cochois V, Tardivel-Lacombe J, Ligneau X, Schwartz JC, Arrang JM. (2002) A
detailed mapping of the histamine H(3) receptor and its gene transcriptsin rat brain. Neuroscience

114:173-193.

Prell GD, Green JP, Kaufmann CA, Khandelwal JK, Morrishow AM, Kirch DG, LinnoilaM, Wyatt
RJ. (1995) Histamine metabolites in cerebrospinal fluid of patients with chronic schizophrenia:
Their relationships to levels of other aminergic transmitters and ratings of symptoms. Schizophr Res

14:93-104.

Raddatz R, Hudkins RL, Mathiasen JR, Gruner JA, Flood DG, Aimone LD, Le S, Schaffhauser H,
Duzic E, Gasior M, Bozyczko-Coyne D, Marino MJ, Ator MA, Bacon ER, Mallamo JP, Williams

M. (2012) CEP-26401 (irdabisant), a potent and selective histamine H(3) receptor

22

¥20z ‘0T [1dy uo sfeulnor 134SY e Blo'seuuno fiadse ed| wouy papeojumoq


http://jpet.aspetjournals.org/

JPET Fast Forward. Published on March 4, 2016 as DOI: 10.1124/jpet.115.230771
This article has not been copyedited and formatted. The final version may differ from this version.

JPET 230771

antagonist/inverse agonist with cognition-enhancing and wake-promoting activities. J Pharmacol

Exp Ther 340:124-133.

Ralph-Williams RJ, Lehmann-Masten VV, Geyer MA. (2003) Dopamine D1 rather than D2 receptor

agonists disrupt prepulse inhibition of startle in mice. Neur opsychophar macology 28:108-118.

Ralph-Williams RJ, Lehmann-Masten V, Otero-Corchon V, Low MJ, Geyer MA. (2002)
Differential effects of direct and indirect dopamine agonists on prepulse inhibition: A study in D1

and D2 receptor knock-out mice. J Neurosci 22:9604-9611.

Roegge CS, Perraut C, Hao X, Levin ED. (2007) Histamine H1 receptor involvement in prepulse
inhibition and memory function: Relevance for the antipsychotic actions of clozapine. Pharmacol

Biochem Behav 86:686-692.

Swerdlow NR. (2013) Update: Studies of prepulse inhibition of startle, with particular relevance to

the pathophysiology or treatment of tourette syndrome. Neur osci Biobehav Rev 37:1150-1156.

Swerdlow NR, Weber M, Qu Y, Light GA, Braff DL. (2008) Realistic expectations of prepulse
inhibition in translational models for schizophrenia research. Psychophar macology (Berl) 199:331-

388.

Vanhanen J, Kinnunen M, Nuutinen S, Panula P. (2015) Histamine H3 receptor antagonist INJ-
39220675 modul ates locomotor responses but not place conditioning by dopaminergic drugs.

Psychopharmacology (Berl) 232:1143-1153.

Vanhanen J, Nuutinen S, Lintunen M, Maki T, Ramo J, Karlstedt K, Panula P. (2013) Histamine is
required for H(3) receptor-mediated alcohol reward inhibition, but not for alcohol consumption or

stimulation. Br J Pharmacol 170:177-187.

23

¥20z ‘0T [1dy uo sfeulnor 134SY e Blo'seuuno fiadse ed| wouy papeojumoq


http://jpet.aspetjournals.org/

JPET Fast Forward. Published on March 4, 2016 as DOI: 10.1124/jpet.115.230771
This article has not been copyedited and formatted. The final version may differ from this version.

JPET 230771
Wang C, Buck DC, Yang R, Macey TA, Neve KA. (2005) Dopamine D2 receptor stimulation of

mitogen-activated protein kinases mediated by cell type-dependent transactivation of receptor

tyrosine kinases. J Neurochem 93:899-909.

Wieland K, Bongers G, Yamamoto Y, Hashimoto T, Yamatodani A, Menge WM, Timmerman H,
Lovenberg TW, Leurs R. (2001) Constitutive activity of histamine h(3) receptors stably expressed
in SK-N-MC cells: Display of agonism and inverse agonism by H(3) antagonists. J Pharmacol Exp

Ther 299:908-914.

Yan Z, Feng J, Fienberg AA, Greengard P. (1999) D2 dopamine receptors induce mitogen-activated
protein kinase and cCAM P response element-binding protein phosphorylation in neurons. Proc Natl

Acad Sci U SA 96:11607-11612.

24

¥20z ‘0T [1dy uo sfeulnor 134SY e Blo'seuuno fiadse ed| wouy papeojumoq


http://jpet.aspetjournals.org/

JPET Fast Forward. Published on March 4, 2016 as DOI: 10.1124/jpet.115.230771
This article has not been copyedited and formatted. The final version may differ from this version.

JPET 230771

Footnotes

Thiswork was supported by grants from the Academy of Finland, Sigrid Juselius Foundation, the
Finnish Foundation for Alcohol Studies, Finska Lakaresallskapet, Magnus Ehrnrooth’s Foundation

and by the doctoral program Brain & Mind.

25

¥20z ‘0T [1dy uo sfeulnor 134SY e Blo'seuuno fiadse ed| wouy papeojumoq


http://jpet.aspetjournals.org/

JPET Fast Forward. Published on March 4, 2016 as DOI: 10.1124/jpet.115.230771
This article has not been copyedited and formatted. The final version may differ from this version.

JPET 230771

Figurelegends

Figure 1. Acoustic startle response isimpaired in mice lacking histamine H1R but is normal in
H3R and HDC KO mice. Results are expressed as means + SEM of startle amplitudes after various
acoustic stimuli in histamine H3R (A), H1R (B) and HDC KO (C) mice. Each mouse strain was
analyzed separately by repeated measures 2-way ANOVA followed by Sidak’s posttest. Thereisa
significant genotype effect in HIR KO mice (B) indicating impaired startle responses, P=0.0357.

n=9-12/genotype.

Figure 2. Prepulse inhibition isimpaired in H3R but not in HIR and HDC KO mice. Results are
presented as means +SEM of prepulse inhibition when 70 or 76 dB prepulse was presented prior to
higher 95 dB acoustic stimulus. Each mouse strain was analyzed separately with RM 2-way

ANOVA followed by Sidak’s multiple comparison test. **P<0.01, n= 9-12 per group.

Figure 3. Prepulse inhibition of acoustic startle response in H3R KO mice in response to
pharmacological treatments. A) Pretreatment with dopaminergic drugs haloperidol and
apomorphine (APO) increased the PPI in H3R KO mice and abolished the difference between the
genotypes seen without medication (baseline). MK-801 did not significantly alter PPl in either of
the genotypes. Results are shown as mean prepulse inhibition percentage +SEM analyzed by 2-way
ANOVA and Sidak’s multiple comparison test. *P<0.05 from the wildtype baseline; *#P<0.001,
#P<0.01, "P<0.05 from the H3R KO mice baseline. B) Startle amplitudes following drug treatments
at 95 dB stimulus. Results are shown as mean startle amplitude +SEM and analyzed with 2-way
ANOVA and Sidak’s posttest. **P<0.01 from wildtype baseline; *P<0.01 from the H3R KO

basdline.
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Figure 4. Amphetamine-induced stimulation of locomotor activity is greater in H3R KO mice as
compared to the wildtype controls. Quinpirole but not SKF-38393 induced |locomotor responseis
also altered in H3R KO mice. Mice were habituated for 60-90 min in the test chamber prior to
administration of amphetamine (5 mg/kg, i.p.), quinpirole (0.5 mg/kg, i.p.) or SKF-38393 (10
mg/kg, i.p.). A) H3R KO mice are more stimulated by amphetamine than wildtype controls,
indicated by a significant time x genotype —interaction. B) The velocity of miceishigher in H3R
KO mice after amphetamine treatment. B) In the quinpirole-treated animals thereis a significant
time x genotype -interaction indicating that the effect of quinpirole is altered in H3R KO mice
compared to the wildtype controls. D) Quinpirole-treated H3R KO mice move significantly slower
than the wildtype controls. E) SKF-38393-induced a stimulation that is similar in both H3R KO and
wildtype mice. F) The velocity after SKF-38393 is unaltered in H3R KO mice. Drugs were
administered at time point 0 min. Results are expressed as distance moved within 10 min intervals
with means +SEM. n=12-18/genotype 2-way RM ANOVA followed by Bonferroni posttest.

Velocities were analyzed by Student’s two-tailed t-test, *P=0.0331, ***P=0.0007.

Figure5. Lack of striatal ERK 1/2 activation in H3R KO mice in response to systemic
administration of D2R agonist quinpirole and D1R agonist SKF-38393. Western blotting was used
to assess the signal transduction responses to dopaminergic compounds in H3R KO and wildtype
mice. A) ERK1/2 is phosphorylated in wildtype mice striatum 20 min after quinpirole (0.5 mg/kg,
i.p.) treatment, but in the H3R KO mice the treatment had no effect. In PFC ERK1/2 is not
phosphorylated by quinpirole in neither of the genotypes. B) Quinpirole does not induce AKT
phosphorylation in the striatum or PFC neither in wildtype nor H3R KO mice. C) ERK1/2is
phosphorylated in wildtype mice striatum 20 min after SKF-38393 (10 mg/kg, i.p.) treatment, but in
the H3R KO mice the treatment had no effect. In PFC ERK1/2 is not phosphorylated by SKF-38393

in neither of the genotypes. D) SKF-38393 does not induce AKT phosphorylation in the striatum or
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PFC neither in wildtype nor H3R KO mice. n=4-5/genotype, 2-way ANOV A followed by

Bonferroni posttest, ** P<0.01, * P<0.05.

Figure 6. The mRNA expression of dopaminergic markersin H3R KO mice. A) Illustration on the
right represents the striatal subdivisions that were analyzed from the striatal sections. DL CPu (1);
dorsolateral caudate putamen, DM CPu (2); dorsomedial caudate putamen, CPu (3); ventral caudate
putamen, AcbC (4); nucleus accumbens core, AcbSh (5); nucleus accumbens shell. Demonstrative
figures following radioactive in situ hybridization are shown on the left. B) The mRNA expression
levels (UCi/mg, average £ SEM) of D1R and D2R in the striatal subdivisionsand TH and DAT in
the VTA of H3R KO and wildtype mice. The study revealed an overall differencein the mRNA
expression of D1R in the striatum (significant genotype effect, P=0.0062, 2-way ANOVA). Thereis
no difference between the H3R KO and wildtype mice in the mRNA expression of D2R in the
striatum (P=0.9967, 2-way ANOVA) or TH and DAT inthe VTA (P>0.05, Student’s two-tailed t-

test). n=6-7/genotype.
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Figure 5
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Figure 6
Striatal
C57BL/6J H3R KO subdivisions
o (1-5)

DM pL
CPu  CPu

Ventral CPu

B GENOTYPE
WT H3R KO EFFECT
D1 recentor DL CPu (1) 0.35+0.06 0.33+£0.06
DM CPu (2) 0.32£0.07 0.28 £0.07
V CPu (3) 0.35+£0.06 0.29 +0.08 **P=0.0062
AcbC (4) 0.27 £0.06 0.23+£0.05
AcbSh (5) 0.30 £ 0.05 0.23 +£0.06
D2 receptor DL CPu (1) 0.35+0.02 0.33 +0.05
DM CPu (2) 0.30+0.02 0.29+0.03
V CPu (3) 0.31+£0.02 0.30+0.05 P=0.9967
AcbC (4) 0.25+0.02 0.26 £ 0.05
AcbSh (5) 0.23+£0.03 0.26 £ 0.05
TH VTA 0.38 £ 0.06 0.39+0.03 P=0.4364
DAT VTA 0.43 £0.09 0.45 +£0.05 P=0.5204
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