


after intracerebroventricular administration of histamine can be

blocked by pretreatment with an H1R-antagonist (Fleckenstein

et al., 1993). However, the lack of H1R-mediated effects on

c-aminobutyric acid (GABA)ergic and ⁄ or dopaminergic neurons had

no effect on the DA levels in the neo- or ventral striatum. In the AMY,

the H1R-KO mice had higher levels of DA, but a lower DOPAC ⁄ DA

ratio relative to the WT mice, suggesting that DA turnover and

transmission is attenuated in this region. We further investigated

whether the changes in dopaminergic parameters in the AMY of the

H1R-KO mice might be related to corresponding differences in TH

Table 5. Histamine concentrations in the brains of H1R-KO and WT mice

Histamine concentrations (pmol ⁄ mg)

FC AMY Neostriatum Cerebellum

H1R-KO 0.53 ± 0.03 0.37 ± 0.04 0.75 ± 0.07 0.10 ± 0.01

WT 0.64 ± 0.07 0.31 ± 0.03 0.73 ± 0.10 0.15 ± 0.04

Data are presenred as means ± SEM. AMY, amygdala; FC, frontal cortex; KO,
knockout; WT, wild-type.

Fig. 6. Acetylcholine esterase (AChE) histochemistry and tyrosine hydroxylase (TH) immunohistochemistry. Representative pictures of AChE histochemistry
(upper panels) and TH immunohistochemistry in H1R-knockout (KO) mice (left panels) and control mice (right panels). Adjacent sections were used to recognize the
same AMY subnuclei. Arrows show two subnuclei with stronger TH reaction. WT, wild-type. All other abbreviations, see Fig. 1.

Table 6. Histochemical reaction for AChE in the FC and subnuclei of the AMY of H1R-KO and WT mice

Histochemical reaction for AChE (relative optical density units)

PFc La BLA BLV Ce Me Co

H1R-KO 0.070 ± 0.008 0.297 ± 0.039 0.692 ± 0.025 0.124 ± 0.009 0.145 ± 0.017 0.042 ± 0.009 0.063 ± 0.007
WT 0.064 ± 0.008 0.337 ± 0.041 0.665 ± 0.037 0.117 ± 0.013 0.163 ± 0.017 0.046 ± 0.009 0.055 ± 0.012

Data are presenred as means ± SEM. Amygdaloid subnuclei: BLA, basolateral anterior; BLV, basolateral ventral; Ce, central; Co, cortical; La, lateral; Me, medial;
KO, knockout; PFc, prefrontal cortex; WT, wild-type.
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activity among different subnuclei of the AMY. The H1R-KO mice

showed significantly higher TH expression in the BLA, BLV and Co

subnuclei of the AMY, suggesting that the increased DA content in the

AMYof the H1R-KO mice might also be due to its increased synthesis

by increased TH expression or higher number of TH terminals. The

latter would also suggest quantitative changes in the dopaminergic

projections to the AMY in brains of the H1R-KO mice.

Beside its important role in mediating fear responses and fear-

induced learning (Phelps & LeDoux, 2005), the AMY has also been

implicated in processes of brain reward and learning. The role of the

AMY in reward-related processes might involve reciprocal connec-

tions between the BLA and the mesolimbic DA system, either with the

ventral tegmental area or the NAc. The BLA provides a direct

excitatory input to the NAc. BLA stimulation induces transient

increases in extracellular DA in the NAc. In addition the Ce nucleus of

the AMY affects the activity of dopaminergic cells in the area

tegmentalis ventralis (Baxter & Murray, 2002). It is conceivable that

the AMY conveys information about emotionally arousing stimuli,

e.g. novelty, into the mesolimbic DA system (Johnson et al., 1994).

The dopaminergic innervation of the AMY might function as a

feedback system signaling the AMY, e.g. whether these stimuli

coincide with a rewarding brain state. It is possible that the changes in

TH reactivity in several subnuclei of the AMY in the H1R-KO mice

reflect changes in the dopaminergic innervation of the AMY, which in

turn might be associated with an inaccurate feedback on the rewarding

effects of emotionally arousing stimuli.

Interestingly, the AMY has been implicated in CPP to addictive

drugs (Hiroi & White, 1991) as well as natural reinforcers such as food

(Schroeder & Packard, 2002) or sweetened liquid (Everitt et al.,

1991). Furthermore, D1 or D2 ⁄ D3 antagonists (Besheer et al., 1999;

Bevins et al., 2002) block a novel object-induced CPP. It is possible

that the changes in the DA parameters in the AMY of the H1R-KO

mice are related to their impairment in the CPP task.

It is known that pharmacological blockade of the H1R has

reinforcing effects and potentiates the effects of addictive drugs

(Hasenöhrl & Huston, 2004). Therefore, one would have expected that

the H1R-KO mice should show rather increased then decreased

responses to rewarding stimuli. However, in this regard it should be

noted that most H1R antagonists used in reward ⁄ addiction studies also

show activity at other histamine receptors (Lim et al., 2005) as well as

on non-histamine, e.g. AChR and even DA-R (Du Buske, 1996).

Therefore, the H1R-KO mice are a promising alternative to pharma-

cological studies to investigate the role of the H1R in reward-related

processes. Most importantly, the H1R-KO mice can be used to test the

pharmacological selectivity of H1R-related agents in vivo.

Emotional and adaptive behavior in a novel environment

Rodents typically show increased rearing frequency in novel vs

familiar environments, suggesting that rearing activity reflects behav-

ioral arousal and information gathering in novel environments. The

H1R-KO mice showed a significantly reduced number of rearings in

the open-field, suggesting that the arousing effect of spatial novelty is

diminished in H1R-KO mice. Reduced rearing activity in H1R-KO

mice after exposure to a novel environment has been reported earlier

(Inoue et al., 1996). In contrast to the present results, it has also been

reported that H1R-KO mice show reduced locomotor behavior in

novel environments (Inoue et al., 1996). This discrepancy is likely due

to methodological differences between this earlier and the present

study. In the Inoue et al. (1996) study the animals received a single

trial of 30 min duration, whereas we subjected the animals to four

trials with an intertrial interval of 24 h and a 10-min trial duration. If

one compares the locomotion of the H1R-KO with that of the WT

mice across the first 9 min in the Inoue et al. (1996) study (see fig. 4A

in the Inoue et al., 1996 study) there seems no significant difference

between H1R-KO and WT mice, similar to the insignificant result

between H1R-KO and WT mice that we obtained on the first day of

testing. It remains to be tested whether a single 30-min session in a

novel environment would lead to results in line with those of Inoue

et al. (1996).

Novelty-induced arousal can also be aversive and can evoke fear-

related responses. We assessed possible changes in the emotional

reactivity to spatial novelty in H1R-KO mice by assessing the amount

and course of center avoidance vs corner preference during the process

of behavioral habituation. Behavioral habituation, in terms of

locomotory activity, was not significantly different between H1R-

KO and WT mice, suggesting intact spatial recognition in H1R-KO

mice. However, the groups differed in terms of their emotional

reactivity to spatial novelty. In this regard, the H1R-KO mice spent

less time in the corners, but more time in the center of the open-field,

and showed reduced running speed in the center of the open-field.

Thus, the H1R-KO mice showed reduced emotionality when

confronted with spatial novelty. We conclude that H1R-deficiency in

the mouse attenuates both the rewarding as well as the aversive

motivational effects of novelty.

Decreased motivational effects of novelty in H1R-KO mice

might be due to decreased novelty-induced arousal

Cortical ACh regulates the gating or excitability of sensory neurons

during the processing of novel stimuli. In rats, exploration of a novel

environment coincides with large increases of extracellular levels of

cortical ACh. Both exploratory behaviors and extracellular levels of

cortical ACh progressively decline when the environment becomes

familiar (Inglis et al., 1994; Giovannini et al., 1998). The motivational

effects of novelty might be due to arousal, which can be dependent on

the initial state of arousal, either rewarding or aversive. The brain’s

ACh systems have been implicated in behavioral arousal (Sarter &

Bruno, 2000). ACh release can be modulated by systemic and

intracerebral application of histamine-related agents, including H1R-

antagonists (Blandina et al., 2004). We found increased concentrations

of ACh in the FC and AMY of the H1R-KO mice. The increase of

Table 7. Immunohistochemical reaction for TH in different subnuclei of the amygdala of H1R-KO and WT mice

Immunohistochemical reaction for TH (relative optical density units)

PFc La BLA BLV Ce Me Co

H1R-KO 0.016 ± 0.001 0.022 ± 0.004 0.045 ± 0.006* 0.030 ± 0.005* 0.043 ± 0.005 0.036 ± 0.007 0.040 ± 0.006*
WT 0.018 ± 0.002 0.012 ± 0.002 0.024 ± 0.004 0.016 ± 0.003 0.037 ± 0.005 0.020 ± 0.003 0.021 ± 0.004

Data are presenred as means ± SEM. *P < 0.05, Student’s t-test for non-paired data. Amygdaloid subnuclei: BLA, basolateral anterior; BLV, basolateral ventral; Ce,
central; Co, cortical; La, lateral; Me, medial; KO, knockout; PFc, prefrontal cortex; WT, wild-type.
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ACh levels in the PFc and AMY of H1R-KO mice concomitant with

unchanged AChE levels in these brain regions suggest a lower

utilization of ACh and thus a decreased ACh neurotransmission in

these mice. Therefore, it is possible that the changes in FC and AMY

ACh levels have a detrimental effect on well-adjusted arousal

reactions to different types of novel stimuli and their activating effect

on the brain’s reward and ⁄ or emotional systems.

Hippocampal H1R and the motivational effects of novelty

Recently it has been shown that intrahippocampal H1R but not H2R

play a significant role in the motivational effects of novelty in rats

(Alvarez & Alvarez, 2008). These authors tested rats in an elevated

asymmetric plus-maze either with or without novel objects, and found

that rats decrease their horizontal, ambulatory and non-ambulatory

activity in favor of exploration of a novel object. Rats also increased

their sojourn time on the most fear-inducing arm when a novel object

was present, suggesting that exploration of a novel object is indeed

rewarding. This motivated exploratory response was suppressed after

microinjection of histamine into the ventral hippocampus. Pre-

treatment with an H1R- but not an H2R-antagonist was effective to

block the inhibitory effect of histamine on the object-motivated

exploration (Alvarez & Alvarez, 2008). It remains to be determined

whether the changes in the motivational effects of novelty in the H1R-

KO mice are due to the absence of H1R-mediated effects on

intrahippocampal processing of novel stimuli.

Conclusions

The motivational effects of novelty are diminished or even absent in

the H1R-KO mice. The changes in behavioral reactivity and

adaptation to different types of novelty of the H1R-KO mice might

be either due to reduced novelty-induced arousal (possibly related to

the changes in ACh levels in the FC and AMY), or a dysfunctional

brain reward system (possibly related to changes in the dopaminergic

innervation of the AMY).
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