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The involvement of histamine H3 receptors (H3Rs) in memory is well known, and the potential of H3R antagonists in therapeutic management of neuropsychiatric diseases, e.g., Alzheimer disease (AD) is well established. Therefore, the effects of histamine H3 receptor (H3R) antagonist E159 (2.5–10 mg/kg, i.p.) in adult male rats on dizocilpine (DIZ)-induced memory deficits were studied in passive avoidance paradigm (PAP) and in novel object recognition (NOR) using pitolisant (PIT) and donepezil (DOZ) as standard drugs. Upon acute systemic pretreatment of E159 at three different doses, namely 2.5, 5, and 10 mg/kg, i.p., 2.5 and 5 but not 10 mg/kg of E159 counteracted the DIZ (0.1 mg)-induced memory deficits, and this E159 (2.5 mg)-elicited memory-improving effects in DIZ-induced amnesic model were moderately abrogated after acute systemic administration of scopolamine (SCO), H2R antagonist zolantidine (ZOL), but not with H1R antagonist pyrilamine to the animals. Moreover, the observed memory-enhancing effects of E159 (2.5 mg/kg, i.p.) were strongly abrogated when animals were administered with a combination of SCO and ZOL. Furthermore, the E159 (2.5 mg)-provided significant memory-improving effect of in DIZ-induced short-term memory (STM) impairment in NOR was comparable to the DOZ-provided memory-enhancing effect, and was abolished when animals were injected with the CNS-penetrant histamine H3R agonist R-(α)-methylhistamine (RAMH). However, E159 at a dose of 2.5 mg/kg failed to exhibit procognitive effect on DIZ-induced long-term memory (LTM) in NOR. Furthermore, the results observed revealed that E159 (2.5 mg/kg) did not alter anxiety levels and locomotor activity of animals naive to elevated-plus maze (EPM), demonstrating that improved performances with E159 (2.5 mg/kg) in PAP or NOR are unrelated to changes in emotional responding or in spontaneous locomotor activity. These results provide evidence for the potential of drugs targeting H3Rs for the treatment of neuropsychiatric disorders, e.g., AD.
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INTRODUCTION

The main representative character of AD as a neurogenerative disease and related dementias, e.g., cognitive deficit associated with schizophrenia (CDS), is the progressive decline in cognitive performance (Medhurst et al., 2007, 2009; Silva et al., 2014), and enhancing cognitive functions in these conditions embodies a multifaceted task, given the fact that various brain neurotransmission systems and several brain regions are involved in the progress of these conditions (Khan et al., 2015; Shimizu et al., 2015; Sadek et al., 2016a,c). Current pharmacological interventions for AD, such as cholinesterase inhibitors, provide only shortly timed marginal clinical benefit (Silva et al., 2014). Hence, the difficulties to develop satisfactory therapies of AD and CDS are still restricted due to the complicated pathophysiology of these diseases including several pathways, e.g., defective β-amyloid protein metabolism and abnormalities in central neurotransmissions for acetylcholine, glutamate, noradrenaline, serotonin, and dopamine, and the association of these diseases with inflammatory and/or oxidative and hormonal pathways (Doraiswamy, 2002; Cavalli et al., 2008; Zhou et al., 2016). Importantly, the brain histaminergic system’s role in AD has been proposed, and a variety of pharmaceutical agents targeting central histaminergic systems have been developed (Bishara, 2010; Baronio et al., 2014; Sadek and Stark, 2015; Sadek et al., 2016c). Accordingly, H3Rs functioning as auto-receptors modulate synthesis and release of central histamine (Sadek and Stark, 2015; Sadek et al., 2016c). Moreover, dysregulations in a wide range of different central neurotransmitter systems, e.g., dopamine, serotonin, GABA, and glutamate were generally hypothesized for the H3Rs located on neurons other than histmainergic neural cells and functioning as hetero-receptors (Witkin and Nelson, 2004; Sadek and Stark, 2015; Sadek et al., 2016c). Notably, H3R antagonists/inverse agonists have been found to exhibit a unique feature by their potential cognition-enhancing property as indicated by numerous lines of evidence from preclinical studies. Accordingly, several H3R antagonists/inverse agonists have been previously found to counteract DIZ-induced memory deficits in rodents (Witkin and Nelson, 2004; Passani and Blandina, 2011; Sadek and Stark, 2015; Sadek et al., 2016c) Furthermore, previous preclinical as well as clinical experiments revealed that antagonists at N-methyl-D-aspartate receptors (NMDARs), e.g., ketamine, promote cognitive deficits in healthy humans and exaggerate symptomatic parameters in patients with schizophrenia (Luby et al., 1959; Ghoneim et al., 1985; Javitt and Zukin, 1991; Krystal et al., 1994; Malhotra et al., 1997; Brown et al., 2013). NMDAR antagonists were, also, found to induce behavioral deficits in rodents through impairment of their neurocognitive functions (Large, 2007). In addition, there are several evidences that central histamine significantly alter cognitive deficits and that antagonists/inverse agonists selectively targeting central histamine H3Rs may possibly lead to therapeutic entities with potential clinical use in cognitive symptoms, e.g., AD (Witkin and Nelson, 2004; Esbenshade et al., 2008; von Coburg et al., 2009; Sadek and Stark, 2015; Sadek et al., 2016c). Notably, numerous developed H3R antagonists were revealed in their effects to decrease ketamine- and DIZ-induced cognitive deficits in several animal models of schizophrenia (Browman et al., 2004), signifying that these drugs may also be effective against CDS (Witkin and Nelson, 2004; Bardgett et al., 2010; Charlier et al., 2013; Sadek and Stark, 2015; Sadek et al., 2016c). Moreover, previous preclinical experiments showed that several H3R antagonists, e.g., ABT-239 and A-431404, significantly reduced ketamine- and DIZ-induced cognitive deficits in rats when compared to standard antipsychotics, e.g., olanzapine and risperidone (Brown et al., 2013). Based on the high attention level generated by these preclinical outcomes, the central H3Rs represent an attractive target for developing novel H3R antagonists/inverse agonists with the potential role in neuropsychiatric multi-neurotransmitter disorders, e.g., AD and CDS (Yokoyama et al., 1993; Yokoyama, 2001; Harada et al., 2004; Witkin and Nelson, 2004; Uma Devi et al., 2010; Bhowmik et al., 2012; Khan et al., 2015; Sadek and Stark, 2015; Sadek et al., 2016a,c). Therefore, the effects of the newly developed highly potent and selective non-imidazole H3R antagonist/inverse agonist, E159 [1-(6-(2,3-dihydro-1H-inden-5-yloxy)hexyl)-3-methylpiperidine], with high in vitro selectivity toward H3Rs (Lazewska et al., 2006) (Figure 1) has been investigated on its behavioral effects on DIZ-induced memory deficits in PAP and NOR tasks in adult male rats. Also and since anxiety and motor activity could confound learning and memory’s performance of animals (Sadek et al., 2016e), the effects of E159 on locomotor activity and anxiety-like behaviors of the same animals in EPM were tested. Moreover, the abrogative effects of PYR, ZOL, and SCO on the E159-provided memory-enhancing effects in PAP and NOR tests were assessed.
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FIGURE 1. Chemical structure and in vitro affinities of the non-imidazole H3R antagonist/inverse agonist E159. a [125I]Iodoproxyfan binding assay at human H3Rstably expressed in CHO-K1 cells, n = 3 (Ligneau et al., 1994; Ligneau et al., 2000; Lazewska et al., 2006). b [3H]Histamine binding assay performed with cell membrane preparation of Sf9 cells transiently expressing the human histamine H4Rand co-expressed with Gαi2 and Gβ1γ2 subunits, n = 3 (Meier et al., 2001; Amon et al., 2007; Isensee et al., 2009; Tomasch et al., 2013). c [3H]Pyrilamine binding assay performed with cell membrane preparation of CHO-hH1Rcells stably expressing the human H1R, n = 3 (Schibli and Schubiger, 2002; van Staveren and Metzler-Nolte, 2004; Schlotter et al., 2005).



MATERIALS AND METHODS

Animals

Inbred male Wistar rats aged 6–8 weeks (body weight: 180–220 g, Central Animal Facility of the UAE University) were maintained in an air-conditioned animal facility room with controlled temperature (24°C ± 2°C) and humidity (55% ± 15%) under a 12-h light/dark cycle. The animals were given free access to food and water. All experimental procedures were conducted between 9:00 and 14:00 h. The procedures used to assess effects of E159 were approved by the Institutional Animal Ethics Committee of CMHS/UAEU(A30-13). All efforts were considered to reduce number of animals used and their suffering. Also, all behavioral studies were conducted by the same experimenter.

Drugs

RAMH dihydrochloride, H1R antagonist PYR, H2R antagonist ZOL dimaleate, DOZ hydrochloride, DIZ hydrogen maleate, and SCO hydrobromide were obtained from Sigma–Aldrich (St. Louis, MO, United States). Chemical synthesis, analysis, and approval of the structure for E159 [1-(6-(2,3-dihydro-1H-inden-5-yloxy)hexyl)-3-methylpiperidine] and PIT were conducted in the Department of Technology and Biotechnology of Drugs (Kraków, Poland) as described previously (Lazewska et al., 2006). DZP manufactured by Gulf Pharmaceutical Industries (Ras Al Khaimah, United Arab Emirates) was obtained from Dr. Ameen Al Amaydah (Department of Emergency Medicine, Emirates International Hospital, Al Ain, United Arab Emirates). All doses were expressed in terms of the free base of all drugs. The drugs used in the current study were dissolved in saline and injected i.p. at a volume of 1 ml/kg. All experimental procedures were carried out in a blinded fashion in which the experimenter was uninformed about the specific treatment groups to which an animal group belonged.

Behavioral Tests

Step-Through PAP Test

The step-through PAP test was done as previously described and in an automatically operated commercial Passive Avoidance Apparatus (step-through cage, 7550, Ugo Basile, Comerio, Italy) (Bernaerts et al., 2004; da Silva et al., 2009; Goshadrou et al., 2013; Khan et al., 2015; Sadek et al., 2015, 2016a,e). The experimental procedure consisted of two trials (training and testing) separated by a 24 h interval. Each rat in the first trial was placed in the white compartment, facing the auto guillotine door and, after a 30-s habituation period, the door was raised automatically, and cut-off time of 60 s was given for the animal to cross to the dark compartment. As soon as the rat placed all four paws in the dark module, the guillotine door was lowered and a scrambled foot-shock of 0.4 mA (20 Hz, 8.3 ms) was delivered to the grid floor for 3 s. Rats that failed to move within this period were excepted from the test on the following day. Directly after receiving the shock, the rat was removed from the dark chamber, returned to its home-cage, and the chambers were thoroughly cleaned. For the second and third training day, the same procedure was followed with the only change that a 300 s cut-off latency was allowed for the test animal to enter the dark compartment, however, without delivery of scrambled foot-shock. Animals that failed to cross into the dark compartment during the training, despite the practices conducted in training sessions, were excluded from the current study. For each experiment, 9–11 rats having the same average of age and weight were trained on the step-through latency (STL) test. Approximately 2–4 rats failed to show improved performance in a cut-off time of 60 s, a time period provided for the animals to cross to the dark compartment. In the current experiments, a sample group of seven rats was used for each STL experiment conducted for the PAP. In the test session, animals were turned amnesic with SCO (2 mg/kg) or DIZ (0.1 mg/kg) 30–45 min prior to the test session, and the rats were given a maximum of 300 s to move into the dark box. In this test session, the STL time taken by the animal to enter the dark box or STL in 5 min was recorded and documented. In order to identify a procognitive effect, 11 groups were acutely pretreated with Saline + Saline, DIZ (0.1 mg) + Saline, DIZ (0.1 mg) + E159 (2.5 mg), DIZ (0.1 mg) + E159 (5 mg), DIZ (0.1 mg) + E159 (10 mg), DIZ + DOZ (1 mg), or DIZ + PIT (10 mg) 30–45 min prior to the test session, respectively, and their effects on DIZ-induced memory deficits were measured by determining the STLs to enter the dark box. The E159-provided procognitive effect was confirmed by conducting additional experiments in which the respective promising dose of E159 (2.5 mg/kg) and PYR (10 mg/kg), ZOL (10 mg/kg), SCO (1 mg/kg), or a combination of SCO and ZOL were co-injected. The doses of SCO, PYR, and ZOL were selected according to previous studies (Orsetti et al., 2001, 2002; Khan et al., 2015; Sadek et al., 2015, 2016a,b,d) (Figures 2–4).
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FIGURE 2. Effects of E159 on DIZ-induced memory deficits in an inhibitory avoidance conditioned response in rats. Gray columns represent the mean STLs measured during the retention test (test latencies) and black columns the mean STLs measured during the training trial before the delivery of the foot-shock (pre-shock latencies). Rats were injected with E159 (2.5, 5, or 10 mg/kg, i.p.), DOZ (1 mg/kg, i.p.), or PIT (10 mg/kg, i.p.) 30–45 min before the test session. ∗∗P < 0.001 for mean STLs vs. the value of the (saline)-treated group. #P < 0.005 for mean STLs vs. the value of the [E159 (2.5 mg)]-treated group. $P < 0.001 for mean STLs vs. the value of the (saline)-treated group. Data are expressed as mean ± SEM (n = 7).
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FIGURE 3. Effect of vehicle, E159, PYR, and ZOL on DIZ-induced deficit in an inhibitory avoidance conditioned response in rats. Gray columns represent the mean STLs measured during the retention test (test latencies) and black columns the mean STLs measured during the training trial before the delivery of the foot-shock (pre-shock latencies). Rats were injected with E159 (2.5 mg/kg, i.p.), PYR (10 mg/kg, i.p.) or ZOL (10 mg/kg, i.p.) 30–45 min before the test session. $P < 0.001 for mean STLs vs. the value of the (Saline)-treated group. ∗∗P < 0.001 for mean STLs vs. the value of the (DIZ)-treated group. ∗P < 0.001 for mean STLs vs. the value of the (DIZ + E159)-treated group. &P < 0.05 vs. the value of the (DIZ)-treated group. Data are expressed as mean ± SEM (n = 7).
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FIGURE 4. Effect of vehicle, E159, ZOL, and SCO on DIZ-induced deficit in an inhibitory avoidance conditioned response in rats. Gray columns represent the mean STLs measured during the retention test (test latencies) and black columns the mean STLs measured during the training trial before the delivery of the foot-shock (pre-shock latencies). Rats were injected with E159 (2.5 mg/kg, i.p.), ZOL (10 mg/kg, i.p.), SCO (1 mg/kg, i.p.) or a combination of ZOL (10 mg/kg) + SCO (1 mg/kg) 30–45 min before the test session. $P < 0.001 for mean STLs vs. the value of the (Saline)-treated group. ∗∗P < 0.001 for mean STLs vs. the value of the (DIZ)-treated group. #P < 0.05 for mean STLs vs. the value of the (DIZ + E159 + ZOL)- and (DIZ + E159 + SCO)-treated group vs. the value of the (DIZ)-treated group. Data are expressed as mean ± SEM (n = 7).



NOR Test

Novel Object Recognition was assessed with a slight modification as previously described (Ennaceur and Delacour, 1988; Izquierdo et al., 1999; de Lima et al., 2005; Karasawa et al., 2008). The experiments were conducted in a black open field box measuring 50 cm × 35 cm × 50 cm. The experimental procedure included two sessions of habituation separated with a 1-h interval, whereby the animals were permitted for exploratory time of 3-min. On the test day, animals were placed in the test box, and after a 3-min of exploration, two objects (9 cm × 5 cm × 9 cm wood blocks which were in duplicate of the same size but different shape and color) were presented in two corners (approximately 30 cm apart from each other). The experimental session (24 h later) consisted of two trials, namely T1 and T2, each of a duration of 3 min. In T1, rats were exposed to two identical objects, and rats which explored the objects for less than 10 s during T1 were excluded from the experiments. In T2, performed 120 min for STM or 24 h for LTM later, animals were exposed to two objects, one of which was replaced with a new object and the other object was a duplicate of the familiar one to exclude olfactory traits. Also, the familiar or new object as well as the relative position of the two objects were counterbalanced and randomly permuted during trial T2. The measurement was obtained with the time spent by the animal exploring both objects during T1 and T2, and exploration of an object was defined as touching one of both objects with the nose. Other behavioral observations, e.g., turning around or sitting on the object was not considered an experimental behavior. The open field arena as well as the objects were carefully cleaned using 70% (volume/volume; v/v) alcohol. DIZ and all test compounds were dissolved in saline and administered i.p. 30 min following T1 at a volume of 1 ml/kg, and the doses were expressed in terms of the free base. The control groups received an equivalent volume of saline. The doses chosen for the NOR test were derived from the results in PAP and/or previously reported procognitive studies (Bernaerts et al., 2004; da Silva et al., 2009; Goshadrou et al., 2013; Khan et al., 2015; Sadek et al., 2015; Sultan et al., 2017). In order to detect a procognitive effect for STM, eight groups of 6–8 rats each were used. They were injected with Saline + Saline, DIZ + Saline, DIZ + E159 (2.5 mg/kg), DIZ + E159 (2.5 mg) + RAMH (10 mg), DIZ + DOZ (1 mg), DIZ + RAMH (10 mg), Saline + E159 (2.5 mg/kg), or Saline + RAMH (10 mg/kg) 30–45 min after T1, and their effects on DIZ-induced cognitive deficits (STM) were measured by determining the time spent by the rat in exploring objects during trials T1 and T2 (Figure 4). Moreover, the variable N-F/N + F which provides the discrimination index (D) was computed. Also and in order to exclude any confounding factors, E159 (2.5 mg/kg) and RAMH (10 mg/kg) were tested on their effect on two separate saline-treated control groups. The above mentioned experimental protocol was applied to detect the procognitive effect for LTM in another six groups of 6–8 rats each, however, with the only change that E159 (2.5 mg/kg, i.p.) was administered 30–45 min prior to T2. They were injected with Saline + Saline, DIZ + Saline, DIZ + E159 (2.5 mg/kg), DIZ + DOZ (1 mg), Saline + E159 (2.5 mg/kg), or Saline + DOZ(1 mg/kg) (Figure 5). In all experiments, doses of DIZ, RAMH, and DOZ were selected according to previous studies (Bernaerts et al., 2004; de Lima et al., 2005; da Silva et al., 2009; Goshadrou et al., 2013; Khan et al., 2015; Sadek et al., 2015, 2016a; Sultan et al., 2017) (Figures 5, 6).
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FIGURE 5. Effects of E159 on DIZ-induced STM cognitive deficits in the object recognition test in rats. Thirty minutes following training session T1, E159 (2.5 mg/kg), RAMH (10 mg/kg), DOZ (1 mg/kg), or DIZ (0.1 mg/kg) was administrated intraperitoneally. The test session T2 was performed 120 min (STM) after the training session T1. Results are calculated as individual percentage of time spent exploring familiar (black columns) and novel (gray columns) objects. Data represent mean ± SEM of 6–8 animals per experimental group. ∗∗∗P < 0.001 vs. respective familiar object.
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FIGURE 6. Effects of E159 on DIZ-induced LTM cognitive deficits in the object recognition test in rats. Thirty minutes following training session T1, E159 (2.5 mg/kg), DOZ (1 mg/kg), or DIZ (0.1 mg/kg) was administrated intraperitoneally. The test session T2 was performed 24 h (LTM) after the training session T1 in which E159 (2.5 mg/kg) was administered 30–45 min before T2. Results are calculated as individual percentage of time spent exploring familiar (black columns) and novel (gray columns) objects. Data represent mean ± SEM of 6–8 animals per experimental group. ∗∗∗P < 0.001 vs. respective familiar object.



EPM Test

Anxiety-like behaviors were with slight modification assessed in an EPM as previously described (Jiang et al., 2016). The EPM apparatus consisted of several parts including one central part (8 cm × 8 cm), two opposing open and closed arms (30 cm × 8 cm), and non-transparent walls (30 cm in height). The experiment room was light and temperature-controlled, and both the plat form and the wall were thoroughly cleaned between every session using 10% ethanol spray. Animals were placed individually in the center arena of the maze (50 cm above the floor) facing the open arm. The measurement was carried out by observing the amount of time spent with head and forepaws on the open arms and closed arms of the maze and the number of entries into each arm was manually scored for a duration of 5 min. In this experiment, the total number of entries into the closed arms is typically considered as an index for locomotor activity of the respective tested animal. In order to detect anxiety-like and locomotor behavior, three groups of 8–10 animals each were injected i.p. with saline (Saline group) and two test groups that received either E159 (2.5 mg/kg) or DZP (10 mg/kg) (Figures 7A–D).
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FIGURE 7. Effects of acute E159 pretreatment on exploratory behavior in the EPM test. E159 (0 or 2.5 mg/kg) did not change the percentage of time spent on the open arms of the EPM (A), the number of entries into the open arms (B), and the percentage of entries into the open arms (C). Pretreatment with the H3R antagonist/inverse agonist E159 did not affect the number of closed arm entries (D). However, DZP significantly increased the percentage of time spent on the open arms of the EPM (A), increased the number of entries into the open arms (B) and the percentage of entries into the open arms (C), without significant alteration in the number of closed arm entries (D). Data are expressed as mean ± SEM (n = 8–10). ∗P < 0.05 for the value of DZP-treated group vs. the value of the E159 (Saline)- or (2.5 mg)-treated group.



Statistical Analysis

IBM® SPSS Statistics® version 20 software (IBM Middle East, Dubai, United Arab Emirates) was used for all statistical comparisons in all behavioral experiments. Data were expressed as means ± SEM. The effects of E159 on DIZ-induced memory deficits were analyzed using a two-way analysis of variance (ANOVA) with Treatment (vehicle or E159) and Dose (E159) as the between-subjects factor. The effect of E159 in combination with PYR, ZOL, or SCO on STL time was analyzed using one-way ANOVA with Treatment as the between-subject factor. The effects of E159 with the most promising dose in PAP (2.5 mg/kg) on DIZ-induced amnesia in NOR test were analyzed using a mixed repeated-measure two-way analysis of variance (ANOVA) with Treatment (vehicle or E159) and Dose (E159; 2.5 mg/kg, i.p.) as the between-subjects factor. The effect of E159 (2.5 mg/kg) in EPM test were assessed by measuring the time spent on the open arms and closed arms of the maze as well as the number of entries into each arm. The results observed in EPM test were analyzed using one-way ANOVA with Treatment as the between-subject factor. In case of a significant main effect, post hoc comparisons were performed with Bonferroni’s test. The criterion for statistical significance was set at p ≤ 0.05.

RESULTS

Effects of E159, DOZ, and PIT on DIZ-Induced Memory Impairment in Step-Through PAP

Figure 2 shows the effect of E159 (2.5, 5, and 10 mg/kg), DOZ (1 mg/kg), and PIT (10 mg/kg) on DIZ-induced memory impairments in step-through PAP in rats. When injected before the retention test, one-way analysis of variance showed that acute systemic prtreatment with E159 (2.5, 5, and 10 mg/kg), DOZ (1 mg/kg), and PIT (10 mg/kg) exihbited a significant effect on STLs [F(13,84) = 9.691; P < 0.001]. Also and as compared to the (saline)-treated group, subsequent post hoc analyses showed that DIZ (0.1 mg/kg) decreased STL time with [F(1,12) = 820.401; P < 0.001]. In addition, E159 (2.5 and 5 mg/kg), DOZ (1 mg/kg), and PIT (10 mg/kg) exerted significant memory-enhancing effect on STLs when compared to (DIZ)-treated group with [F(1,12) = 34.631; P < 0.001], [F(1,12) = 15.392; P < 0.001], [F(1,12) = 95.365; P < 0.001], and [F(1,12) = 30.074; P < 0.001], respectively. The procognitive effects observed for E159 at a dose of 2.5 mg/kg were not significantly different from (Saline)-treated rats (p = 0.1703). However, E159 tested at a dose of 10 mg/kg failed to exhibit significant memory enhancing effect when compared to (DIZ)-treated group (p = 0.093).

Effects of PYR and ZOL on the E159-Provided Memory Improvement in DIZ-Induced Deficit in Step-Through PAP

For this experiment, separate groups of rats (n = 7 for each group) were pretreated with either the CNS-penetrant H1R antagonist PYR (10 mg/kg) or the CNS-penetrant H2R antagonist ZOL (10 mg/kg) 30–45 min prior to the test session. As shown in Figure 3, pairwise comparisons reported that, as expected, acute systemic pretreatment with E159 (2.5 mg/kg, i.p.) prolonged STL time when compared to the (DIZ)-treated group with [F(1,12) = 34.346; P < 0.001]. This E159-provided prolongation of STL time was partly abrogated following ZOL [F(1,12) = 9.437; p = 0.009: Saline + DIZ + E159 vs. DIZ + E159 + ZOL], but not following an acute systemic administration with PYR when compared to (Saline + DIZ + E159)-treated group [F(1,12) = 2.082; p = 0.175]. Notably, neither Saline + Saline + DIZ vs. Saline + DIZ + PYR, nor Saline + Saline + Saline vs. Saline + DIZ + ZOL differences were found to be significant (p = 0.70 and p = 0.47, respectively) (Figure 3).

Effects of ZOL, SCO, and a Combination of ZOL and SCO on the E159-Provided Memory-Improvement in DIZ-Induced Deficit in Step-Through PAP

As depicted in Figure 4, one-way analysis of variance showed that acute systemic pretest administration with E159 (2.5 mg/kg), ZOL (10 mg/kg), SCO (1 mg/kg), and combination of ZOL (10 mg/kg) with SCO (1 mg/kg) exerted a significant memory improving effect on STLs [F(7,48) = 29.436; P < 0.001]. Moreover, subsequent post hoc analyses revealed that DIZ (0.1 mg/kg) reduced STL time with [F(1,12) = 849.171; P < 0.001] when compared to the (Saline)-treated group (Figure 4). Furthermore, E159 (2.5 mg/kg) exhibited significant improving effect on STLs with [F(1,12) = 34.346; P < 0.001] when compared to (DIZ)-treated group, and this E159-induced improvement of STL time was not completely abrogated following acute systemic co-administration with ZOL (10 mg/kg) or SCO (1 mg/kg) with [F(1,12) = 21.382; P < 0.001: Saline + Saline + DIZ vs. DIZ + E159 + ZOL] and [F(1,12) = 8.429; P < 0.05: Saline + Saline + DIZ vs. DIZ + E159 + SCO]. In addition, an acute systemic pretreatment with ZOL (10 mg/kg) combined with SCO (1 mg/kg) showed significantly higher abrogative effect on the E159-provided memory improvement when compared with the abrogation observed by ZOL or SCO administered alone with [F(1,12) = 11.466; P < 0.05: DIZ + E159 + ZOL vs. DIZ + E159 + ZOL + SCO] and [F(1,12) = 5.288; P < 0.05: DIZ + E159 + SCO vs. DIZ + E159 + ZOL + SCO], respectively. Interestingly, SCO failed to alter STL time in both (Saline)- and Saline + DIZ-treated group (p = 0.757 and p = 0.334, respectively) (Figure 4).

Effects of E159 and DOZ on DIZ-Induced STM Deficits in NOR

The results observed in NOR test for the total time exploring both objects during training and test session of the respective group revealed that there were no significant differences between (Saline)- and DIZ-treated groups (Table 1). The latter observation is important to exclude any confounding factors, e.g., that the acute post-training injection with DIZ in the first experiment did not modulate locomotor activity or motivation as sensorimotor parameters. Also, statistical analyses of results observed for exploratory time during T1 revealed that no significant differences were present in exploration between the two identical objects. Figure 5 shows the effect of E159 (2.5 mg/kg) and DOZ (1 mg/kg) on DIZ-induced STM deficits of memory in NOR. Moreover, one-way analysis of variance showed that acute systemic pretreatment with E159 (2.5 mg/kg) and DOZ (1 mg/kg) exhibited a significant effect on exploratory time spent with both objects in T2 with [F(7,40) = 5.799; P < 0.001] when injected 30 min after training session T1. As shown by subsequent post hoc tests, DIZ (0.1 mg/kg) decreased memory for the novel object in T2 with [F(1,12) = 205.423; P < 0.001] when compared to the (saline)-treated group. However, E159 (2.5 mg/kg) enhanced impaired STM when compared to (DIZ)-treated group with [F(1,12) = 24.396; P < 0.001], and was comparable to the DOZ(1 mg/kg)-provided memory-enhancing effect (p = 0.706) (Figure 5). Moreover, discrimination indices measured for the different groups in STM support the latter observed results (Table 1).

TABLE 1. Effects of E159 on DIZ-induced total amount of time spent exploring both objects during object recognition training and test session in rats.

[image: image]

Effects of E159 and DOZ on DIZ-Induced LTM Deficits in NOR

One-way analysis of variance revealed that acute systemic pretreatment with E159 (2.5 mg/kg) and DOZ (1 mg/kg) exerted no significant effect on time spent exploring objects in T2 with [F(5,30) = 1.293; p = 0.293] when injected 30 min after training session T1 and 60 min before T2 and 24 h later (Figure 6). As shown by subsequent post hoc analyses, DIZ (0.1 mg/kg) impaired memory for the novel object in T2 with [F(1,10) = 12.788; P < 0.05] when compared to the (Saline)-treated group (Figure 6). Moreover, acute systemic pretreatment with DOZ (1 mg/kg) enhanced LTM with [F(1,10) = 7.485; P < 0.05] as compared to (DIZ)-treated group. However, E159 (2.5 mg/kg) failed to significantly enhance LTM when compared to (DIZ)-treated group with [F(1,10) = 1.094; p = 0.320]. Also, acute systemic administration of E159 (2.5 mg/kg) or DOZ (1 mg/kg, i.p.) alone failed to modulate LTM in T2 when compared to the DIZ-treated group with [F(1,10) = 2.285; p = 0.057] and [F(1,10) = 0.765; p = 0.402], respectively (Figure 6). Also, observed discrimination indices for the different treated groups support the latter results in LTM (Table 1).

Effect of E159 on Rat Performance in EPM Test

Figure 7 shows the effects of acute administration of E159 (0 or 2.5 mg/kg) on the percentage of time spent in open arms, number of entries into open arms, percentage entries into open arms, and locomotor activity (number of entries into closed arm) of rats observed in the EPM test. Post hoc analyses indicated that compared to saline, E159 failed to alter the percentage of time spent exploring the open arms of the maze during a 5-min session with [F(1,14) = 0.001, p = 0.981] as compared to the (Saline)-treated group (Figure 7A). Moreover, statistical analyses of data describing the number and percentage of entries into the open arms of the maze [F(1,12) = 1.389, p = 0.261; F(1,10) = 0.003, p = 0.954, respectively) generated essentially the same results. As shown in Figures 7B,C, no significant difference from that obtained with the (Saline)-treated group were observed following acute systemic administration with E159 (2.5 mg/kg). However, the percentage time spent in open arms and number and percentage of entries into open arms were significantly modulated after acute systemic administration of DZP (10 mg/kg, i.p.) with [F(1,12) = 14.482, P < 0.05], [F(1,10) = 13.257, P < 0.05], and [F(1,11) = 15.805, P < 0.05], respectively (Figures 7A–C). Interestingly, the number of closed arm entries following E159 (2.5 mg/kg) or DZP (10 mg/kg) injections with [F(1,14) = 0.554, p = 0.469] and [F(1,12) = 1.311, p = 0.275] were not significantly changed, indicating that locomotor activity per se was not modulated subsequent to acute administrations of E159 or DZP when compared to that obtained with saline pretreatment (Figure 7D). Therefore, the detected behavioral alterations were not influenced by any substantial modifications in the traveled distance during the test period.

DISCUSSION

Mounting evidences show that acute systemic administration of NMDAR antagonists such as DIZ (Luby et al., 1959) reduces performance of experimental rodents in a wide-ranging varieties of learning and memory tasks (Javitt and Zukin, 1991) including PAP and NOR (Luby et al., 1959; Ghoneim et al., 1985; Javitt and Zukin, 1991; Krystal et al., 1994; Malhotra et al., 1997; Brown et al., 2013; Khan et al., 2015; Sadek and Stark, 2015; Sadek et al., 2016a,c). Therefore, DIZ-induced dementia has been commonly used to evaluate potential therapeutic agents for treating AD and CDS (Luby et al., 1959; Ghoneim et al., 1985; Javitt and Zukin, 1991; Krystal et al., 1994; Malhotra et al., 1997; Brown et al., 2013). In this study, acute systemic administration of E159 only at lower doses (2.5 and 5 mg/kg) significantly reversed the DIZ-induced memory deficits in PAP test in adult rats (Figure 2). It has been proposed that NMDA receptors participate with a significant function in several stages of memory, namely consolidation and retrieval processes (Vorobjev et al., 1993; Brabant et al., 2009, 2013). Therefore, it is possible that in our experiments E159 moderately reduced DIZ-induced memory deficits through direct stimulation of NMDA receptors by the increased release of central histamine as a consequence of blocking histamine H3 auto-receptors by this class of H3R antagonists. These results are in consensus with earlier observations in which histamine was found to improve transmission in cultured hippocampal cells mediated by NMDA receptors, indicating that the interaction between histamine and NMDA receptors possibly will enable the histamine’s capability reduce DIZ-induced memory deficits (Vorobjev et al., 1993; Xu et al., 2005; Brabant et al., 2013; Sadek et al., 2016a). Importantly, the memory-enhancing effect observed for E159 was dose-dependent, since the improvement of memory provided by E159 (2.5 mg/kg) in the DIZ-induced amnesia model was significantly higher when compared to the higher doses (5 and 10 mg/kg), demonstrating that an optimum in memory-enhancing effect was observed when the H3R antagonist/inverse agonist E159 was applied at the lowest dose (2.5 mg/kg), and an off-target effect for E159 at higher doses (5 and 10 mg/kg) might have been observed in the current study (Figure 2). The latter observations of dose dependency are, also, in agreement with earlier experimental results conducted in different rodents (Benetti and Izquierdo, 2013; Benetti et al., 2013; Sadek et al., 2015). Moreover, the observed cognitive enhancing effects for E159 (2.5 mg/kg) were similar to those obtained for the reference H3R antagonist/inverse agonist PIT and the reference drug DOZ (Figure 2). Furthermore, the E159 (2.5 mg/kg)-provided memory-enhancing effects were moderately reversed when rats were administered with the CNS-penetrant H2R antagonist ZOL but not with the CNS-penetrant H1R antagonist PYR. The latter observation confirmed our previous results observed for the non-imidazole H3R antagonist DL77 (2.5–10 mg/kg) in different memory processes, namely acquisition, consolidation, and retrieval (Sadek et al., 2016e). The ameliorative effects found for E159 in DIZ-induced memory deficits further indicate that histaminergic pathways through activation of H2Rs are fundamentally contributing in neuronal pathways important for alteration of retrieval processes. An additional experiment revealed that the E159-provided memory-enhancing effect was, also, moderately abrogated when animals were administered with SCO, however, significantly further abrogated when animals were administered with a combination of SCO and ZOL (Figure 3). The latter experimental finding clearly indicates that cholinergic muscarinic neurotransmission as well as histaminergic circuits through activation of H2Rs are strongly involved in the E159-provided memory enhancing effects (Figure 3). Unlike the PAP test, NOR test in rodents measures natural behavior of rodents and advantages from their distinctive curiosity for discovering their surroundings, and it does not comprise a punishment or a reward. Notably, the NOR is a paradigm used in rodent models to capture characteristics of the neurodevelopmental basis of CDS by interpreting the results without confounding factors, e.g., side effects such as antinociceptive effect of several old-generation imidazole-based H3R antagonists/inverse agonists, e.g., thioperamide (Jaaro-Peled, 2009; Tseng et al., 2009; Brown et al., 2013), and it was found to show high sensitivity to both cognition impairing (Ennaceur and Delacour, 1988; Ennaceur and Meliani, 1992a,b) and enhancing agents (Lebrun et al., 2000; Barak and Weiner, 2011). The results observed in the current study showed that acute systemic post-training administration of E159 (2.5 mg/kg) significantly improved the time spent to explore the novel object compared with the familiar object, and delivered a type of STM (Figure 5). These results are in line with earlier observations which revealed that numerous imidazole-based H3R antagonists, e.g., thioperamide and clobenpropit (Giovannini et al., 1999), and non-imidazole based H3R antagonists, e.g., PIT (Ligneau et al., 2007); GSK189254 (Giannoni et al., 2010), SAR110894 (Griebel et al., 2012), and ABT-239 (Provensi et al., 2016) ameliorate the amnesic effects of SCO, DIZ or time in rodents in NOR tests. Interestingly, the STM-enhancing effects provided with E159 in DIZ-induced memory deficits were significantly abrogated after animals were co-injected with the CNS-penetrant H3R agonist RAMH (Figure 5). The latter observations are in line with an earlier preclinical study in which RAMH abolished the memory-enhancing effects obtained by the imidazole-based H3R antagonist ciproxifan on STM in mice (Pascoli et al., 2009). Contrary, acute systemic post-training administration of E159 (2.5 mg/kg) failed to increase the time spent exploring the novel objects when compared with the familiar objects in LTM (Figure 6). These results in NOR obviously indicate that histaminergic H3Rs are profoundly contributing in neuronal circuits involved in the E159-provided STM-memory enhancing effects, but not in LTM-enhancing effects (Figure 6). Moreover, the discrepancies observed for E159 in PAP and NOR might be explained with the differences of conducts and measured features of both models in rodents. Accordingly, NOR measures natural behavior of animals and advantages from their distinctive curiosity for discovering their surroundings, and it does not comprise a punishment or a reward. Also, NOR is a commonly used paradigm in rodents capture characteristics of the neurodevelopmental basis of CDS (Jaaro-Peled, 2009; Tseng et al., 2009; Brown et al., 2013). Interestingly, several H3R antagonists were in previous preclinical studies identified as promising targets for CDS and were proposed to be of potential therapeutic value based on the fact that H3R functions as auto- and hetero-receptor, thus, modulating the biosynthesis and release of several neurotransmitters, including histamine, dopamine, and acetylcholine, which are important for cognitive functions (Brioni et al., 2011; Sadek and Stark, 2015; Sadek et al., 2016c). Notably, E159 at the dose of 2.5 mg/kg, the dose that provided the most promising procognitive effect in PAP and NOR, failed to change anxiety levels and locomotor activity of the tested rodents (Figures 7A–D). Moreover, E159 used at the same dose did not alter the number of closed arm entries, indicating that E159 did not change locomotor activity of rodents (Figure 7D). The latter observations are significant, since improved performance in PAP or NOR can be the consequence of several variables not related to memory-enhancing effects such as modifications in emotional responding or in spontaneous locomotor activity (McGaugh and Roozendaal, 2009; Charlier et al., 2013). These results are, also, in agreement with previous observations in which acute systemic administration of the H3R antagonist DL77 (2.5–10 mg/kg) failed to modify spontaneous locomotor activity of the same animal species in the open field test (Sadek et al., 2016e).

CONCLUSION

The observed results show that the non-imidazole H3R antagonist E159 reduces DIZ-induced cognitive deficits in PAP and NOR task in adult male rats. Also, the results observed in PAP reveals that acute systemic pretreatment with E159 in DIZ-induced amnesia models significantly ameliorates cognitive impairments via mechanisms dependent on cholinergic muscarinic neurotransmission and – at least partially – H2Rs activation. Moreover, the present results strongly support the potential therapeutic value of histamine H3R antagonists in the treatment of neuropsychiatric diseases, e.g., AD and CDS. Nonetheless, additional preclinical experiments are still warranted with a series of further behavioral test models and with different rodent species to increase the validity of the translational value for possible applicability of H3R antagonists/inverse agonists in the modulation of memory impairment in several neuropsychiatric diseases.

AUTHOR CONTRIBUTIONS

BS was responsible for the study concept, design, acquisition, and analysis of animal data. AA conducted behavioral experiments. KK-K and DŁ were responsible for the generation, synthesis, and pharmacological in vitro characterization the H3R antagonist DL77. BS drafted the manuscript. KK-K, DŁ, and AA provided critical revision for the manuscript. All authors critically reviewed content and approved final version for publication.

ACKNOWLEDGMENTS

BS was supported by intermural research grants sponsored by the Research Office of United Arab Emirates University. The authors acknowledge the partial support of Polish National Science Center granted on the basis of decision numbers DEC-2011/02/A/NZ4/00031; K/ZDS/007121. Support was kindly provided by the EU COST Action CA151315 (KK-K and DŁ).

ABBREVIATIONS

AD, Alzheimer disease; CDS, cognitive deficits associated with schizophrenia; DIZ, dizocilpine; DOZ, donepezil; DZP, diazepam; EPM, elevated plus maze; H3Rs, histamine H3 receptors; LTM, long-term memory; NOR, novel object recognition; PAP, passive avoidance paradigm; PIT, pitolisant; PYR, pyrilamine; RAMH, R-(α)-methyl-histamine; SCO, scopolamine; STL, step-through latency; STM, short-term memory; ZOL, zolantidine.

REFERENCES

Amon, M., Ligneau, X., Camelin, J. C., Berrebi-Bertrand, I., Schwartz, J. C., and Stark, H. (2007). Highly potent fluorescence-tagged nonimidazole histamine H3 receptor ligands. ChemMedChem 2, 708–716. doi: 10.1002/cmdc.200600270

Barak, S., and Weiner, I. (2011). Putative cognitive enhancers in preclinical models related to schizophrenia: the search for an elusive target. Pharmacol. Biochem. Behav. 99, 164–189. doi: 10.1016/j.pbb.2011.03.011

Bardgett, M. E., Davis, N. N., Schultheis, P. J., and Griffith, M. S. (2010). Ciproxifan, an H3 receptor antagonist, alleviates hyperactivity and cognitive deficits in the APP Tg2576 mouse model of Alzheimer’s disease. Neurobiol. Learn. Mem. 95, 64–72. doi: 10.1016/j.nlm.2010.10.008

Baronio, D., Gonchoroski, T., Castro, K., Zanatta, G., Gottfried, C., and Riesgo, R. (2014). Histaminergic system in brain disorders: lessons from the translational approach and future perspectives. Ann. Gen. Psychiatry 13:34. doi: 10.1186/s12991-014-0034-y

Benetti, F., Baldi, E., Bucherelli, C., Blandina, P., and Passani, M. B. (2013). Histaminergic ligands injected into the nucleus basalis magnocellularis differentially affect fear conditioning consolidation. Int. J. Neuropsychopharmacol. 16, 575–582. doi: 10.1017/S1461145712000181

Benetti, F., and Izquierdo, I. (2013). Histamine infused into basolateral amygdala enhances memory consolidation of inhibitory avoidance. Int. J. Neuropsychopharmacol. 16, 1539–1545. doi: 10.1017/S1461145712001514

Bernaerts, P., Lamberty, Y., and Tirelli, E. (2004). Histamine H3 antagonist thioperamide dose-dependently enhances memory consolidation and reverses amnesia induced by dizocilpine or scopolamine in a one-trial inhibitory avoidance task in mice. Behav. Brain Res. 154, 211–219. doi: 10.1016/j.bbr.2004.02.017

Bhowmik, M., Khanam, R., and Vohora, D. (2012). Histamine H3 receptor antagonists in relation to epilepsy and neurodegeneration: a systemic consideration of recent progress and perspectives. Br. J. Pharmacol. 167, 1398–1414. doi: 10.1111/j.1476-5381.2012.02093.x

Bishara, D. (2010). Once-monthly paliperidone injection for the treatment of schizophrenia. Neuropsychiatr. Dis. Treat. 6, 561–572. doi: 10.2147/NDT.S8505

Brabant, C., Alleva, L., Grisar, T., Quertemont, E., Lakaye, B., Ohtsu, H., et al. (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 202, 673–687. doi: 10.1007/s00213-008-1345-y

Brabant, C., Charlier, Y., and Tirelli, E. (2013). The histamine H(3)-receptor inverse agonist pitolisant improves fear memory in mice. Behav. Brain Res. 243, 199–204. doi: 10.1016/j.bbr.2012.12.063

Brioni, J. D., Esbenshade, T. A., Garrison, T. R., Bitner, S. R., and Cowart, M. D. (2011). Discovery of histamine H3 antagonists for the treatment of cognitive disorders and Alzheimer’s disease. J. Pharmacol. Exp. Ther. 336, 38–46. doi: 10.1124/jpet.110.166876

Browman, K. E., Komater, V. A., Curzon, P., Rueter, L. E., Hancock, A. A., Decker, M. W., et al. (2004). Enhancement of prepulse inhibition of startle in mice by the H3 receptor antagonists thioperamide and ciproxifan. Behav. Brain Res. 153, 69–76. doi: 10.1016/j.bbr.2003.11.001

Brown, J. W., Whitehead, C. A., Basso, A. M., Rueter, L. E., and Zhang, M. (2013). Preclinical evaluation of non-imidazole histamine H3 receptor antagonists in comparison to atypical antipsychotics for the treatment of cognitive deficits associated with schizophrenia. Int. J. Neuropsychopharmacol. 16, 889–904. doi: 10.1017/S1461145712000739

Cavalli, A., Bolognesi, M. L., Minarini, A., Rosini, M., Tumiatti, V., Recanatini, M., et al. (2008). Multi-target-directed ligands to combat neurodegenerative diseases. J. Med. Chem. 51, 347–372. doi: 10.1021/jm7009364

Charlier, Y., Brabant, C., Serrano, M. E., Lamberty, Y., and Tirelli, E. (2013). The prototypical histamine H3 receptor inverse agonist thioperamide improves multiple aspects of memory processing in an inhibitory avoidance task. Behav. Brain Res. 253, 121–127. doi: 10.1016/j.bbr.2013.07.016

da Silva, A. L., Silva Martins, B., Linck Vde, M., Herrmann, A. P., Mai, N., Nunes, D. S., et al. (2009). MK801- and scopolamine-induced amnesias are reversed by an Amazonian herbal locally used as a “brain tonic”. Psychopharmacology 202, 165–172. doi: 10.1007/s00213-008-1272-y

de Lima, M. N., Laranja, D. C., Bromberg, E., Roesler, R., and Schroder, N. (2005). Pre- or post-training administration of the NMDA receptor blocker MK-801 impairs object recognition memory in rats. Behav. Brain Res. 156, 139–143. doi: 10.1016/j.bbr.2004.05.016

Doraiswamy, P. M. (2002). Non-cholinergic strategies for treating and preventing Alzheimer’s disease. CNS Drugs 16, 811–824. doi: 10.2165/00023210-200216120-00003

Ennaceur, A., and Delacour, J. (1988). A new one-trial test for neurobiological studies of memory in rats. 1: behavioral data. Behav. Brain Res. 31, 47–59. doi: 10.1016/0166-4328(88)90157-X

Ennaceur, A., and Meliani, K. (1992a). A new one-trial test for neurobiological studies of memory in rats. III. Spatial vs. non-spatial working memory. Behav. Brain Res. 51, 83–92.

Ennaceur, A., and Meliani, K. (1992b). Effects of physostigmine and scopolamine on rats’ performances in object-recognition and radial-maze tests. Psychopharmacology 109, 321–330.

Esbenshade, T. A., Browman, K. E., Bitner, R. S., Strakhova, M., Cowart, M. D., and Brioni, J. D. (2008). The histamine H3 receptor: an attractive target for the treatment of cognitive disorders. Br. J. Pharmacol. 154, 1166–1181. doi: 10.1038/bjp.2008.147

Ghoneim, M. M., Hinrichs, J. V., Mewaldt, S. P., and Petersen, R. C. (1985). Ketamine: behavioral effects of subanesthetic doses. J. Clin. Psychopharmacol. 5, 70–77. doi: 10.1097/00004714-198504000-00003

Giannoni, P., Medhurst, A. D., Passani, M. B., Giovannini, M. G., Ballini, C., Corte, L. D., et al. (2010). Regional differential effects of the novel histamine H3 receptor antagonist 6-[(3-cyclobutyl-2,3,4,5-tetrahydro-1H-3-benzazepin-7-yl)oxy]-N-methyl-3-pyridine carboxamide hydrochloride (GSK189254) on histamine release in the central nervous system of freely moving rats. J. Pharmacol. Exp. Ther. 332, 164–172. doi: 10.1124/jpet.109.158444

Giovannini, M. G., Bartolini, L., Bacciottini, L., Greco, L., and Blandina, P. (1999). Effects of histamine H3 receptor agonists and antagonists on cognitive performance and scopolamine-induced amnesia. Behav. Brain Res. 104, 147–155. doi: 10.1016/S0166-4328(99)00063-7

Goshadrou, F., Kermani, M., Ronaghi, A., and Sajjadi, S. (2013). The effect of ghrelin on MK-801 induced memory impairment in rats. Peptides 44, 60–65. doi: 10.1016/j.peptides.2013.03.022

Griebel, G., Pichat, P., Pruniaux, M. P., Beeske, S., Lopez-Grancha, M., Genet, E., et al. (2012). SAR110894, a potent histamine H(3)-receptor antagonist, displays procognitive effects in rodents. Pharmacol. Biochem. Behav. 102, 203–214. doi: 10.1016/j.pbb.2012.04.004

Harada, C., Hirai, T., Fujii, Y., Harusawa, S., Kurihara, T., and Kamei, C. (2004). Intracerebroventricular administration of histamine H3 receptor antagonists decreases seizures in rat models of epilepsia. Methods Find. Exp. Clin. Pharmacol. 26, 263–270.

Isensee, K., Amon, M., Garlapati, A., Ligneau, X., Camelin, J. C., Capet, M., et al. (2009). Fluorinated non-imidazole histamine H3 receptor antagonists. Bioorg. Med. Chem. Lett. 19, 2172–2175. doi: 10.1016/j.bmcl.2009.02.110

Izquierdo, I., Medina, J. H., Vianna, M. R., Izquierdo, L. A., and Barros, D. M. (1999). Separate mechanisms for short- and long-term memory. Behav. Brain Res. 103, 1–11. doi: 10.1016/S0166-4328(99)00036-4

Jaaro-Peled, H. (2009). Gene models of schizophrenia: DISC1 mouse models. Prog. Brain Res. 179, 75–86. doi: 10.1016/S0079-6123(09)17909-8

Javitt, D. C., and Zukin, S. R. (1991). Recent advances in the phencyclidine model of schizophrenia. Am. J. Psychiatry 148, 1301–1308. doi: 10.1176/ajp.148.10.1301

Jiang, Y. M., Li, X. J., Meng, Z. Z., Liu, Y. Y., Zhao, H. B., Li, N., et al. (2016). Effects of xiaoyaosan on stress-induced anxiety-like behavior in rats: involvement of CRF1 receptor. Evid Based Complement. Alternat. Med. 2016:1238426. doi: 10.1155/2016/1238426

Karasawa, J., Hashimoto, K., and Chaki, S. (2008). D-Serine and a glycine transporter inhibitor improve MK-801-induced cognitive deficits in a novel object recognition test in rats. Behav. Brain Res. 186, 78–83. doi: 10.1016/j.bbr.2007.07.033

Khan, N., Saad, A., Nurulain, S. M., Darras, F. H., Decker, M., and Sadek, B. (2015). The dual-acting H3 receptor antagonist and AChE inhibitor UW-MD-71 dose-dependently enhances memory retrieval and reverses dizocilpine-induced memory impairment in rats. Behav. Brain Res. 297, 155–164. doi: 10.1016/j.bbr.2015.10.022

Krystal, J. H., Karper, L. P., Seibyl, J. P., Freeman, G. K., Delaney, R., Bremner, J. D., et al. (1994). Subanesthetic effects of the noncompetitive NMDA antagonist, ketamine, in humans. Psychotomimetic, perceptual, cognitive, and neuroendocrine responses. Arch Gen. Psychiatry 51, 199–214. doi: 10.1001/archpsyc.1994.03950030035004

Large, C. H. (2007). Do NMDA receptor antagonist models of schizophrenia predict the clinical efficacy of antipsychotic drugs? J. Psychopharmacol. 21, 283–301. doi: 10.1177/0269881107077712

Lazewska, D., Ligneau, X., Schwartz, J. C., Schunack, W., Stark, H., and Kiec-Kononowicz, K. (2006). Ether derivatives of 3-piperidinopropan-1-ol as non-imidazole histamine H3 receptor antagonists. Bioorg. Med. Chem. 14, 3522–3529. doi: 10.1016/j.bmc.2006.01.013

Lebrun, C., Pilliere, E., and Lestage, P. (2000). Effects of S 18986-1, a novel cognitive enhancer, on memory performances in an object recognition task in rats. Eur. J. Pharmacol. 401, 205–212. doi: 10.1016/S0014-2999(00)00429-5

Ligneau, X., Garbarg, M., Vizuete, M. L., Diaz, J., Purand, K., Stark, H., et al. (1994). [125I]iodoproxyfan, a new antagonist to label and visualize cerebral histamine H3 receptors. J. Pharmacol. Exp. Ther. 271, 452–459.

Ligneau, X., Morisset, S., Tardivel-Lacombe, J., Gbahou, F., Ganellin, C. R., Stark, H., et al. (2000). Distinct pharmacology of rat and human histamine H(3) receptors: role of two amino acids in the third transmembrane domain. Br. J. Pharmacol. 131, 1247–1250. doi: 10.1038/sj.bjp.0703712

Ligneau, X., Perrin, D., Landais, L., Camelin, J. C., Calmels, T. P., Berrebi-Bertrand, I., et al. (2007). BF2.649 [1-{3-[3-(4-Chlorophenyl) propoxy]propyl}piperidine, hydrochloride], a nonimidazole inverse agonist/antagonist at the human histamine H3 receptor: preclinical pharmacology. J. Pharmacol. Exp. Ther. 320, 365–375. doi: 10.1124/jpet.106.111039

Luby, E. D., Cohen, B. D., Rosenbaum, G., Gottlieb, J. S., and Kelley, R. (1959). Study of a new schizophrenomimetic drug; sernyl. AMA Arch. Neurol. Psychiatry 81, 363–369. doi: 10.1001/archneurpsyc.1959.02340150095011

Malhotra, A. K., Pinals, D. A., Adler, C. M., Elman, I., Clifton, A., Pickar, D., et al. (1997). Ketamine-induced exacerbation of psychotic symptoms and cognitive impairment in neuroleptic-free schizophrenics. Neuropsychopharmacology 17, 141–150. doi: 10.1016/S0893-133X(97)00036-5

McGaugh, J. L., and Roozendaal, B. (2009). Drug enhancement of memory consolidation: historical perspective and neurobiological implications. Psychopharmacology 202, 3–14. doi: 10.1007/s00213-008-1285-6

Medhurst, A. D., Atkins, A. R., Beresford, I. J., Brackenborough, K., Briggs, M. A., Calver, A. R., et al. (2007). GSK189254, a novel H3 receptor antagonist that binds to histamine H3 receptors in Alzheimer’s disease brain and improves cognitive performance in preclinical models. J. Pharmacol. Exp. Ther. 321, 1032–1045. doi: 10.1124/jpet.107.120311

Medhurst, A. D., Roberts, J. C., Lee, J., Chen, C. P., Brown, S. H., Roman, S., et al. (2009). Characterization of histamine H3 receptors in Alzheimer’s disease brain and amyloid over-expressing TASTPM mice. Br. J. Pharmacol. 157, 130–138. doi: 10.1111/j.1476-5381.2008.00075.x

Meier, G., Apelt, J., Reichert, U., Grassmann, S., Ligneau, X., Elz, S., et al. (2001). Influence of imidazole replacement in different structural classes of histamine H(3)-receptor antagonists. Eur. J. Pharm. Sci. 13, 249–259. doi: 10.1016/S0928-0987(01)00106-3

Orsetti, M., Ferretti, C., Gamalero, R., and Ghi, P. (2002). Histamine H3-receptor blockade in the rat nucleus basalis magnocellularis improves place recognition memory. Psychopharmacology 159, 133–137. doi: 10.1007/s002130100892

Orsetti, M., Ghi, P., and Di Carlo, G. (2001). Histamine H(3)-receptor antagonism improves memory retention and reverses the cognitive deficit induced by scopolamine in a two-trial place recognition task. Behav. Brain Res. 124, 235–242. doi: 10.1016/S0166-4328(01)00216-9

Pascoli, V., Boer-Saccomani, C., and Hermant, J. F. (2009). H3 receptor antagonists reverse delay-dependent deficits in novel object discrimination by enhancing retrieval. Psychopharmacology 202, 141–152. doi: 10.1007/s00213-008-1171-2

Passani, M. B., and Blandina, P. (2011). Histamine receptors in the CNS as targets for therapeutic intervention. Trends Pharmacol. Sci. 32, 242–249. doi: 10.1016/j.tips.2011.01.003

Provensi, G., Costa, A., Passani, M. B., and Blandina, P. (2016). Donepezil, an acetylcholine esterase inhibitor, and ABT-239, a histamine H3 receptor antagonist/inverse agonist, require the integrity of brain histamine system to exert biochemical and procognitive effects in the mouse. Neuropharmacology 109, 139–147. doi: 10.1016/j.neuropharm.2016.06.010

Sadek, B., Khan, N., Darras, F. H., Pockes, S., and Decker, M. (2016a). The dual-acting AChE inhibitor and H3 receptor antagonist UW-MD-72 reverses amnesia induced by scopolamine or dizocilpine in passive avoidance paradigm in rats. Physiol. Behav. 165, 383–391. doi: 10.1016/j.physbeh.2016.08.022

Sadek, B., Saad, A., Latacz, G., Kuder, K., Olejarz, A., Karcz, T., et al. (2016b). Non-imidazole-based histamine H3 receptor antagonists with anticonvulsant activity in different seizure models in male adult rats. Drug Des. Devel. Ther. 10, 3879–3898. doi: 10.2147/DDDT.S116192

Sadek, B., Saad, A., Sadeq, A., Jalal, F., and Stark, H. (2016c). Histamine H3 receptor as a potential target for cognitive symptoms in neuropsychiatric diseases. Behav. Brain Res. 312, 415–430. doi: 10.1016/j.bbr.2016.06.051

Sadek, B., Saad, A., Schwed, J. S., Weizel, L., Walter, M., and Stark, H. (2016d). Anticonvulsant effects of isomeric nonimidazole histamine H3 receptor antagonists. Drug Des. Devel. Ther. 10, 3633–3651. doi: 10.2147/DDDT.S114147

Sadek, B., Saad, A., Subramanian, D., Shafiullah, M., Lazewska, D., and Kiec-Kononowiczc, K. (2016e). Anticonvulsant and procognitive properties of the non-imidazole histamine H3 receptor antagonist DL77 in male adult rats. Neuropharmacology 106, 46–55. doi: 10.1016/j.neuropharm.2015.10.023

Sadek, B., Saad, A., Subramanian, D., Shafiullah, M., Lazewska, D., and Kiec-Kononowiczc, K. (2015). Anticonvulsant and procognitive properties of the non-imidazole histamine H3 receptor antagonist DL77 in male adult rats. Neuropharmacology 106, 46–55. doi: 10.1016/j.neuropharm.2015.10.023

Sadek, B., and Stark, H. (2015). Cherry-picked ligands at histamine receptor subtypes. Neuropharmacology 106, 56–73. doi: 10.1016/j.neuropharm.2015.11.005

Schibli, R., and Schubiger, P. A. (2002). Current use and future potential of organometallic radiopharmaceuticals. Eur. J. Nucl. Med. Mol. Imaging 29, 1529–1542. doi: 10.1007/s00259-002-0900-8

Schlotter, K., Boeckler, F., Hubner, H., and Gmeiner, P. (2005). Fancy bioisosteres: metallocene-derived G-protein-coupled receptor ligands with subnanomolar binding affinity and novel selectivity profiles. J. Med. Chem. 48, 3696–3699. doi: 10.1021/jm050170s

Shimizu, S., Mizuguchi, Y., Sobue, A., Fujiwara, M., Morimoto, T., and Ohno, Y. (2015). Interaction between anti-Alzheimer and antipsychotic drugs in modulating extrapyramidal motor disorders in mice. J. Pharmacol. Sci. 127, 439–445. doi: 10.1016/j.jphs.2015.03.004

Silva, T., Reis, J., Teixeira, J., and Borges, F. (2014). Alzheimer’s disease, enzyme targets and drug discovery struggles: from natural products to drug prototypes. Ageing Res. Rev. 15, 116–145. doi: 10.1016/j.arr.2014.03.008

Sultan, A., Yang, K. S., Isaev, D., Nebrisi, E. E., Syed, N., Khan, N., et al. (2017). Thujone inhibits the function of alpha7-nicotinic acetylcholine receptors and impairs nicotine-induced memory enhancement in one-trial passive avoidance paradigm. Toxicology 384, 23–32. doi: 10.1016/j.tox.2017.04.005

Tomasch, M., Schwed, J. S., Paulke, A., and Stark, H. (2013). Bodilisant-a novel fluorescent, highly affine histamine h3 receptor ligand. ACS Med. Chem. Lett. 4, 269–273. doi: 10.1021/ml300383n

Tseng, K. Y., Chambers, R. A., and Lipska, B. K. (2009). The neonatal ventral hippocampal lesion as a heuristic neurodevelopmental model of schizophrenia. Behav. Brain Res. 204, 295–305. doi: 10.1016/j.bbr.2008.11.039

Uma Devi, P., Manocha, A., Khanam, R., and Vohora, D. (2010). Beneficial interaction between clobenpropit and pyridoxine in prevention of electroshock-induced seizures in mice: lack of histaminergic mechanisms. Hum. Exp. Toxicol. 30, 84–88. doi: 10.1177/0960327110372398

van Staveren, D. R., and Metzler-Nolte, N. (2004). Bioorganometallic chemistry of ferrocene. Chem. Rev. 104, 5931–5985. doi: 10.1021/cr0101510

von Coburg, Y., Kottke, T., Weizel, L., Ligneau, X., and Stark, H. (2009). Potential utility of histamine H3 receptor antagonist pharmacophore in antipsychotics. Bioorg. Med. Chem. Lett. 19, 538–542. doi: 10.1016/j.bmcl.2008.09.012

Vorobjev, V. S., Sharonova, I. N., Walsh, I. B., and Haas, H. L. (1993). Histamine potentiates N-methyl-D-aspartate responses in acutely isolated hippocampal neurons. Neuron 11, 837–844. doi: 10.1016/0896-6273(93)90113-6

Witkin, J. M., and Nelson, D. L. (2004). Selective histamine H3 receptor antagonists for treatment of cognitive deficiencies and other disorders of the central nervous system. Pharmacol. Ther. 103, 1–20. doi: 10.1016/j.pharmthera.2004.05.001

Xu, L. S., Yang, L. X., Hu, W. W., Yu, X., Ma, L., Liu, L. Y., et al. (2005). Histamine ameliorates spatial memory deficits induced by MK-801 infusion into ventral hippocampus as evaluated by radial maze task in rats. Acta Pharmacol. Sin. 26, 1448–1453. doi: 10.1111/j.1745-7254.2005.00229.x

Yokoyama, H. (2001). The role of central histaminergic neuron system as an anticonvulsive mechanism in developing brain. Brain Dev. 23, 542–547. doi: 10.1016/S0387-7604(01)00261-3

Yokoyama, H., Onodera, K., Iinuma, K., and Watanabe, T. (1993). Effect of thioperamide, a histamine H3 receptor antagonist, on electrically induced convulsions in mice. Eur. J. Pharmacol. 234, 129–133. doi: 10.1016/0014-2999(93)90717-V

Zhou, X., Li, Y., Shi, X., and Ma, C. (2016). An overview on therapeutics attenuating amyloid beta level in Alzheimer’s disease: targeting neurotransmission, inflammation, oxidative stress and enhanced cholesterol levels. Am. J. Transl. Res. 8, 246–269.

Conflict of Interest Statement: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2017 Alachkar, Łażewska, Kieć-Kononowicz and Sadek. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) or licensor are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/fphar-08-00709-g006.jpg
de ek *%k%*

SAL SAL E159 DOZ E159 DOZ

B Familiar
[ INovel

*k%k

*kk

DIZ (0.1 mg/kg, i.p.)

SAL





OPS/images/fphar-08-00709-g005.jpg
100 -

% Time Spent
w A OO

o
L

o O O
[P TP T

“~SAL SAL SAL RAMHRAMHDOZ E159 RAMH

B Familiar
[ Novel

%%k

E159 SAL
DIZ (0.1 mg/kg, i.p.)






OPS/images/fphar-08-00709-g004.jpg
350+ Il Training
1 [_JTest
300
E *%
@ 250- £
=
o 200-
) )
o
S 1504 %
2 4 *%
< 100+
50 -
! $ $
0 - ALINESALINESALINE ZOL ~ SCO ~ ZOL ~ SCO  SCO
SALINE +SCO ~ SALINE

E159 (2.5 mg/kg, i.p.)
DIZ (0.1 mg/kg, i.p.)






OPS/images/fphar-08-00709-g003.jpg
$

SALINE SALINESALINE PYR ZOL _PYR ZOL
SALIN

Il Training
[ ]Test

**%

*&

E159 (2.5 mg/Kg, 1.p.) SALINE

DIZ (0.1 mg/kg, i.p.)





OPS/images/fphar-08-00709-g007.jpg
© T o N - o ©  © < o~ o
m (u) yo samju3z a (u) vo saju3z

© © 9 © ©9 © © ©
~ © B ¥ ® N
$) (%) VO sauug






OPS/images/cross.jpg
3,

i





OPS/images/cover.jpg


OPS/images/fphar-08-00709-t001.jpg
Group n STMT1

Saline 6  87.50+8.20
DIZ (0.1 mg/kg) 8 8600273
DIZ + E159 (2.5 mg/kg) 8  2375+218
DIZ + E159 (2.5 mg/kg) + RAMH (10mg/kg) 6 37.50+ 152
DIZ + DOZ (1 mg/kg) 6 2483172
DIZ + RAMH (10 mg/kg) 6 2350+ 1.41
Saline + E159 (2.5 mg/kg) 6  8567+293
Saline -+ RAMH (10 mg/kg) 6  8567+293

Time exploring objects (s)

STM T2

37.83 +£3.39
4225 +£1.567
22.67 +4.84
4117 £2.43
25.33 £ 1.68
24.33 +£1.59
37.33 £ 2.19
32.33 £ 1.59

LTMT1

36.67 + 2.95

23.33+2.01

24.63+2.74
ND

23.00 £ 3.34
ND

36.50 +£2.78
ND

LTM T2

30.83 £ 3.22

2267 £2.35

27.67 +3.48
ND

21.00 £ 2.49
ND

36.83 + 1.46
ND

Discrimination index “D”*

ST™M

051 +£0.05
0.03 +0.01*
0.14 £ 0.05*
0.06 £0.11
028 £0.11*

0+0.02
0.36 + 0.07
0.34 £ 0.09

L™

0.36 £ 0.04

0.03 £ 0.07*

0.05 +0.09
ND

0.32 £ 0.07*
ND

024 £0.15
ND

Data are expressed as mean % SEM of 6-10 animals per experimental group. There were no significant differences among training and test exploring time in STM and

LTM group of each respective treatment.

aDiscrimination index (D) calculated as; D = N — F/N + F, where N and F are the time spent with novel object and famillar object, respectively. ND, not determined.
*P < 0.05 for mean D vs. the value of the (DIZ)-treated group vs. value of (Saline)-treated group. *P < 0.05 for mean D vs. the value of the (Salin)- and (DIZ + E159)-treated
group vs. the value of the (DiZ)-treated group. Data are expressed as mean = SEM (n = 7).





OPS/images/logo.jpg
, frontiers
in Pharmacology





OPS/images/fphar-08-00709-g002.jpg
Average STL (s)

- -
o 9]
o o
L.

200 -

$

N
o o
a1

**

*%

"SALINESALINE 2.5mg 5mg 10 mg

E159

Bl aining
[ ]Test

**

.
I

DOZ PIT

DIZ (0.1 mg/kg, i.p.)





OPS/images/fphar-08-00709-g001.jpg
O D
E159

[1-(6-(2,3-dihydro-1 H-inden-5-yloxy)hexyl)-3-methylpiperidine]
pK;(hH3R)? = 6.12; pK;(hH4R)? > 4 ; pK,(hHIR)® = 4.77





