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Abstract

:

Sensory gating deficits have been demonstrated in schizophrenia, but the mechanisms involved remain unclear. In the present study, we used disruption of paired-pulse gating of evoked potentials in rats by the administration of (±)-3,4-methylene-dioxymethamphetamine (MDMA) to study serotonergic and dopaminergic mechanisms involved in auditory sensory gating deficits. Male Sprague-Dawley rats were instrumented with cortical surface electrodes to record evoked potential changes in response to pairs of 85dB tones (S1 and S2), 500msec apart. Administration of MDMA eliminated the normal reduction in the amplitude of S2 compared to S1, representing disruption of auditory sensory gating. Pretreatment of the animals with the dopamine D1 receptor antagonist, SCH23390, the dopamine D2 receptor antagonist, haloperidol, the serotonin (5-HT)1A receptor antagonist, WAY100635, or the 5-HT2A receptor antagonist, ketanserin, all blocked the effect of MDMA, although the drugs differentially affected the individual S1 and S2 amplitudes. These data show involvement of both dopaminergic and serotonergic mechanisms in disruption of auditory sensory gating by MDMA. These and previous results suggest that MDMA targets serotonergic pathways, involving both 5-HT1A and 5-HT2A receptors, leading to dopaminergic activation, involving both D1 and D2 receptors, and ultimately sensory gating deficits. It is speculated that similar interactive mechanisms are affected in schizophrenia.
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1. Introduction


Patients with schizophrenia have deficits in sensory gating, which is a form of information processing [1,2]. Sensory gating refers to the ability to filter unnecessary sensory input, so that only salient information is attended to [3]. However, in schizophrenia, individuals appear to have heightened sensitivity and overflow of information input, potentially resulting in or contributing to symptoms including hallucinations and a range of cognitive deficits [3,4]. Sensory gating can be measured using various paradigms, such as P50 suppression [5,6] and the paired-click paradigm [7]. Event-related potentials (ERPs) elicited in response to sensory stimuli can be measured using electroencephalography (EEG). When two identical clicks are presented 500 milliseconds apart, the EEG response to the second stimulus (S2) is reduced when compared to the first response (S1) [8]. A reduced electrophysiological or motor response to the second click represents inhibitory gating of this relatively familiar information to allow attention to be directed towards novel, unfamiliar information; a selection mechanism which allows for an organism to function efficiently [9,10,11,12]. Several studies have found impairments in P50 suppression in schizophrenia patients and the P50 deficit is argued to be an suppression endophenotype marker of the illness [13]. Moreover, the magnitude of P50 gating disruption was associated with specific illness characteristics such as difficulties in attention, poorer working memory, and reduced processing speed [14].



The mechanisms of P50 suppression deficits seen in schizophrenia patients remain unclear. However, previous studies have suggested the involvement of both dopamine and serotonin neurotransmitters. Abnormalities in dopamine D2 [15], dopamine D1 [16], 5-HT2A [17], and 5-HT1A [18] receptor functioning have all been associated with schizophrenia. In healthy cohorts, the 5-HT2A/2C receptor agonist, N,N-dimethyltryptamine, reduced P50 suppression [19]. Moreover, schizophrenia patients treated with atypical antipsychotic medication demonstrate less P50 gating deficits compared to those treated with typical antipsychotics [20]. Combined dopamine and serotonin depletion by consumption of an amino-acid mixture deficient in L-tryptophan, L-tyrosine, and L-phenylalanine amino acids yielded a P50 gating disruption that was not present when the two neurotransmitters were depleted separately [21]. These observations suggest potential interactional mechanisms between serotonin and dopamine systems in P50 sensory gating.



Using the same paired-click paradigm that elicits P50 suppression in humans, sensory gating is seen in rats [8,22,23]. The dopamine releaser, amphetamine, caused a disruption of auditory sensory gating in rats, most likely through activation of the dopamine D2 receptor [9] and potentially the D1 receptor [24]. Administration of the 5-HT2A receptor agonist, 1-(2,5 dimethoxy-4-iodophenyl)-2-aminopropane (DOI), or the 5-HT1A receptor agonist, 8-hydroxy-2-(di-n-propylamino) tetralin (8-OH-DPAT), have also been found to cause disruption of auditory sensory gating in rats, suggesting a role for 5-HT2A and 5-HT1A receptors in sensory gating [8,25]. Less is known on the possible interaction of serotonergic and dopaminergic involvement in this mechanism, although one study noted that the 5-HT1A receptor antagonist, UH-301, was able to block the disruption caused by amphetamine [26].



We previously observed that administration of the serotonin releaser, (±)-3,4 methylene-dioxymethamphetamine hydrochloride (MDMA), disrupts sensory gating in rats [25]. This disruption by MDMA was found to be greater than that elicited by DOI or 8-OH-DPAT administration, suggesting that MDMA may be acting upon both 5-HT2A and 5-HT1A receptor subtypes to cause a more robust disruption [25]. MDMA is a potent serotonin releaser, but also affects other neurotransmitter systems, such as dopamine [27]. After MDMA administration in rats, the release of dopamine was blocked by fluoxetine, a serotonin reuptake inhibitor, suggesting that serotonin may indirectly underlie the effects on the dopamine neurotransmitter system caused by MDMA [28]. The current study aimed to further investigate the mechanisms responsible for the auditory sensory gating disruption caused by MDMA. Specifically, we examined the effect of administering a pre-treatment with the dopamine D2 receptor antagonist, haloperidol, dopamine D1 receptor antagonist, SCH23390, 5-HT2A receptor antagonist, ketanserin, and 5-HT1A receptor antagonist, WAY100635, before MDMA treatment. The ultimate aim of these experiments was to obtain a better understanding of the neurotransmitter mechanisms involved in auditory sensory gating disruption deficits in schizophrenia patients.




2. Materials and Methods


2.1. Animals


Sixty male Sprague-Dawley rats were obtained from the Animal Resource Centre in Perth, WA, Australia, at approximately 200 grams. Treatments, surgical techniques, and experimental protocols were approved by the Howard Florey Institute Animal Experimentation Ethics Committee in accordance with the Australian Code of Practice for the Care and Use of Animals for Scientific Purposes (1990) established by the National Health and Medical Research Council of Australia.



Rats were kept in the animal house facility at the Florey Institute of Neuroscience and Mental Health (Parkville, Victoria, Australia). The rats were initially housed in pairs in standard rat cages with ad libitum access to food pellets and water within a holding room that was maintained at 19–22 °C. A 12 h light/dark cycle was kept, where the lights were on between 7 am and 7 pm. Post-surgery, the rats were housed individually to avoid any complications.




2.2. Surgery


The electrode implantation procedure was based on methodology described previously [8,29]. Briefly, this involved stereotaxic surgery to implant electrodes onto the dura mater of the rat cortex, when the rats were between 250 and 350 grams. Rats were anaesthetised with 5% isoflurane and mounted into a stereotaxic frame with a heating pad maintained at 37 °C. A non-steroidal anti-inflammatory, Carprofen (Rimadyl®, Pfizer Ltd., Sandwich, Kent, UK), was injected at 5 mg/kg. A small area of the head was then shaved and approximately 0.1 mL of Lignocaine (Pfizer, NSW, Australia) was injected under the skin on the head as a local anaesthetic. A 2 cm incision was then made on the head and the bregma, was located. For the recording electrode, one hole was drilled 4 mm posterior and 1 mm lateral to the midline. Holes for the reference and earth electrodes were 1 mm anterior and ± 1 mm lateral from bregma, respectively. Three additional holes around the electrode holes were drilled for anchor screws (0-80 × 3/32, PlasticsOne, Roanake, VA, USA). A pedestal (MS 363, PlasticsOne) and a dust cap (363DC, PlasticsOne) were also used.



The earth and reference electrode tips were 2 mm in length and 0.125 mm in diameter (part number E363/1) and the recording electrode was 5 mm in length and 0.25 mm in diameter (part number E363/3). The headpiece, consisting of the pedestal and electrodes, was inserted and dental cement (Vertex-Dental, Zeist, The Netherlands) was used to secure it onto the skull of the rat. After the cement had dried and hardened, the stereotaxic electrode holder was removed from the headpiece and the surrounding skin was sutured closed. A dust cap was secured onto the head plug to avoid any particles blocking the holes in the pedestal and to keep the area clean, and antiseptic cream (Betadine®, povidone-iodine 10% w/w, Faulding Consumer, Salisbury, SA, Australia) was applied to the surrounding skin. The rats were then transferred from the stereotaxic frame into a clean, heated recovery box at 30 °C. When the rats were conscious and mobile, they were placed individually into a clean standard rat cage.




2.3. ERP Testing


2.3.1. Apparatus


The recording chamber consisted of a timber box (44 cm high × 40 cm wide × 40 cm deep) that was lined with foil and connected to an earth point acting as an electromagnetic shield. The rats were placed inside a clear plexiglass cylinder in the middle of the box and plugged into an electronic swivel that allowed freedom of movement. Electromagnetically-shielded speakers were placed against an opening on both sides of the box that was covered with fine aluminium mesh to allow the white noise and clicks to be presented to the rats while maintaining electromagnetic shielding. A third hole at the top of the box, also covered with aluminium mesh, allowed light into the box. An amplifier and laptop computer were connected to the recording chamber to control the presentation of the sounds, as well as record and acquire the data. The amplifier gain was set to 10,000× and high and low pass filters were set to 0.05 Hz and 300 Hz, respectively.




2.3.2. ERP Testing Sessions


Two weeks after surgery, the rats were presented with a full session of white noise and click to acclimatise them to the recording chamber. A series of four experimental pretreatment/treatment sessions commenced 2–3 days later and 2–3 days between sessions to allow drug washout. In each animal, sessions included MDMA only, antagonist only, antagonist plus MDMA, or no drug treatment. A single testing session of 150 individual trials lasted approximately 25 min, including a three min acclimation period. The acclimation period consisted of 65 dB white noise, which was also present between trials. Two identical 85 dB clicks were presented 500 ms apart for each trial. Each trial was separated with random intervals of between 5 and 9 s to minimise the chances of a learned response or expectation of a stimulus impacting upon the results. EEG was measured 200 ms prior to the first click and until 500 ms after the second click.




2.3.3. ERP Signal Processing


The EEGLAB plugin [30] for Matlab was used to import raw epoch data in order to visually inspect all 150 trials. Each epoch was filtered with a 0.1 Hz high-pass filter and the baseline was removed on the basis of the pre-stimulus data. Each epoch was individually inspected and rejected if gross movement or amplifier saturation artefacts were present. The remaining epochs were averaged together to form a single waveform. P1 and N1 components were analysed from this waveform. The P1 amplitude was measured as the highest peak between 0–80 ms after the stimulus, where N1 amplitude was the most negative trough that immediately followed P1. S2:S1 ratios were obtained by P1 minus N1 amplitudes that occurred after the second click (S2 amplitude) divided by the P1 minus N1 that occurred after the first click (S1 amplitude). S2:S1 ratios below 0.6 were considered to be indicative of normal gating mechanisms.





2.4. Drugs


All drugs were diluted and prepared to an injection volume of 1 mL/kg on the day of the testing session. Drug doses used were in accordance with previous literature. A 2 mg/kg dose of MDMA ((±) 3,4 methylene-dioxymethamphetamine hydrochloride, Sigma Aldrich, St. Louis, MO, USA) was injected intraperitoneally. This was previously shown to elicit a paired-pulse sensory gating deficit [25]. Pretreatment drugs, haloperidol (Serenace®, Aspen Pharma Pty Ltd, St Leonards, NSW, Australia) 0.25 mg/kg, SCH23390 (Tocris Bioscience, Bristol, UK) 0.1 mg/kg, ketanserin tartrate (Tocris Bioscience, Bristol, UK) 2 mg/kg and WAY100635 maleate (Tocris Bioscience, Bristol, UK) 1 mg/kg, were all injected subcutaneously. The doses of these drugs were chosen on the basis of literature and preliminary experiments. Saline was injected subcutaneously for pretreatment control, but intraperitoneally for the treatment control injection. The pretreatment drug (saline or antagonist) was administered 30 min prior to the treatment drug (saline or MDMA). Recordings began 10 min after the treatment injection to allow time for the drug to take its effects and for the rat to settle into the chamber.




2.5. Experimental Design and Analysis


Rats were allocated into one of the four antagonist groups and the treatment sequence within each group was pseudorandomised. A 2 × 2 repeated measures design was implemented, where the rats were either injected with saline or the antagonist as the pretreatment, then saline or MDMA as the treatment injection. Data were analysed using Systat 13.0 (SPSS Science, Chicago, IL, USA). A one-way analysis of variance (ANOVA) was used to analyse the S2:S1 ratio with repeated measures applied for the antagonist treatment (saline or antagonist) and treatment (saline or MDMA). A repeated measures ANOVA was also conducted to analyse the P1-N1 amplitudes for both S1 and S2 responses, with the addition of trial type (S1 or S2) variable. Alpha was set at 0.05 for all statistical analyses.





3. Results


3.1. Animals


All sixty rats (mean = 297grams) underwent surgery, however, seventeen rats were excluded from the final analyses due to either incomplete experiments or lack of normal baseline gating, indicated by a saline/saline S2:S1 ratio of above 0.6. In the remaining cohort of 43 rats, ten received haloperidol pretreatment, eight received SCH23390 pretreatment, 13 received ketanserin pretreatment and 12 were pretreated with WAY100635.



Grand-average waveforms indicate clear ERPs elicited by the presentation of the first (S1) and the second (S2) stimulus (Figure 1). A prominent positive peak was labelled as P1 (mean latency for S1 = 42.5 ms, mean latency for S2 = 41.3 ms) and the negative trough as N1 (mean latency for S1 = 83.1 ms, mean latency for S2 = 76.6 ms).




3.2. MDMA


3.2.1. S2:S1 Ratio


In the combined cohort of 43 rats, MDMA administration consistently resulted in a disruption of sensory gating. The S2:S1 ratio from the MDMA treatment condition (mean = 0.74) was significantly higher than the saline treatment condition (mean = 0.47) (F(1,42) = 291.3, p < 0.001).




3.2.2. P1-N1 Amplitude


The effect of MDMA on gating was due to alterations in the S1 response, rather than the S2 response (Figure 2). There was a significant MDMA and trial type interaction (F(1,42) = 56.4, p < 0.001). When analysing S1 alone, the amplitude was significantly lower with MDMA treatment compared to saline treatment (F(1,42) = 16.8, p < 0.001, Figure 2). However, S2 responses remained unchanged with the two treatments (Figure 2).





3.3. Effect of Haloperidol Pretreatment on MDMA-Induced Sensory Gating Disruption


3.3.1. S2:S1 Ratio


MDMA increased the S2:S1 ratio and this effect was blocked by haloperidol pretreatment (Figure 3A). ANOVA revealed a significant interaction between haloperidol pretreatment and MDMA treatment for the S2:S1 ratio (F(1,9) = 21.4, p = 0.001, Figure 3A). Further analysis indicated that when the rats were pretreated with saline, MDMA treatment significantly increased the S2:S1 ratio (F(1,9) = 96.7, p < 0.001), indicating disruption of sensory gating. However, after pretreatment with haloperidol, there were no differences in the S2:S1 ratio between saline- or MDMA-treatment conditions. Moreover, further pairwise analysis indicated that the S2:S1 ratio was significantly lower in the MDMA treatment condition after haloperidol pretreatment compared to saline pretreatment (F(1,9) = 34.6, p < 0.001, Figure 3A).




3.3.2. P1-N1 Amplitude


The interaction of haloperidol pretreatment with the effect of MDMA was more prominent on the S1 compared to the S2 amplitude (Figure 3C,E). There were significant interactions of pretreatment, MDMA dose and trial type (F(1,9) = 17.2, p = 0.003), as well as haloperidol and trial type (F(1,9) = 9.6, p = 0.01) and MDMA and trial type (F(1,9) = 8.2, p = 0.02), while there was a trend towards significance for a haloperidol and MDMA interaction (F(1,9) = 5.1, p = 0.051).



When analysing S1 alone (Figure 3C), there was a significant interaction for haloperidol pretreatment and MDMA treatment (F(1,9) = 13.2, p = 0.005). When rats were pretreated with saline, MDMA treatment caused a significant reduction in S1 amplitude compared to saline treatment (F(1,9) = 11.6, p = 0.008) but there were no differences in S1 amplitude for the haloperidol- pretreatment conditions. In addition, while haloperidol did not alter S1 amplitude on its own, the S1 amplitude in the MDMA-treatment condition was higher after haloperidol pretreatment compared to saline pretreatment (F(1,9) = 8.8, p = 0.02, Figure 3C), consistent with haloperidol blocking the action of MDMA on S1. The S2 amplitude was not affected by haloperidol pretreatment or MDMA treatment (Figure 3E).





3.4. Effect of SCH23390 Pretreatment on MDMA-Induced Sensory Gating Disruption


3.4.1. S2:S1 Ratio


S2:S1 ratio was increased with MDMA treatment and SCH23390 pretreatment was able to block this effect (Figure 3B). ANOVA revealed a significant interaction between SCH23390 pretreatment and MDMA treatment for the S2:S1 ratio (F(1,7) = 18.9, p = 0.003, Figure 4A). When rats were pretreated with saline, MDMA treatment significantly increased the S2:S1 ratio (F(1,7) = 53.9, p < 0.001), indicative of a disruption in sensory gating. However, with SCH23390 pretreatment, saline and MDMA treatment did not alter the S2:S1 ratio. Furthermore, when comparing the MDMA-treatment conditions, pretreatment with SCH23390 resulted in a significantly lower S2:S1 ratio compared to saline pretreatment (F(1,7) = 25.4, p = 0.001, Figure 3B).




3.4.2. P1-N1 Amplitude


The interaction between SCH23390, MDMA and trial type was not significant. However, the interactions between SCH23390 and trial type (F(1,7) = 29.5, p = 0.001) and MDMA and trial type (F(1,7) = 7.8, p = 0.03) were significant, while there was a trend towards significance for the SCH23390 and MDMA interaction (F(1,7) = 5.3, p = 0.055) (Figure 3D,F).



When analysing S1 alone (Figure 3D), there was no significant interaction between SCH23390 and MDMA. In this cohort of rats, MDMA or saline treatment did not alter the S1 responses. However, there was a significant main effect of SCH23390 pretreatment (F(1,7) = 23.1, p = 0.002). Further pairwise comparisons revealed a significantly higher S1 amplitude with SCH23390 pretreatment compared to saline pretreatment for both the saline-treatment (F(1,7) = 24.5, p = 0.002) and MDMA-treatment (F(1,7) = 12.4, p = 0.01, Figure 3D) conditions.



In these animals, in contrast to the S1 amplitudes, ANOVA of S2 amplitudes revealed a significant interaction between SCH23390 and MDMA (F(1,7) = 9.5, p = 0.02, Figure 3F). Further analysis indicated that when rats were pretreated with saline, MDMA treatment slightly, but significantly increased the S2 response (F(1,7) = 7.5, p = 0.03), however, in the SCH23390- pretreatment conditions, the S2 response remained unchanged. Similarly, the S2 responses in the MDMA-treatment conditions were not altered by the pretreatment. On the other hand, the S2 responses in the saline-treatment conditions were significantly higher with SCH23390 pretreatment compared to saline pretreatment (F(1,7) = 10.0, p = 0.02, Figure 3F).





3.5. Effect of Ketanserin Pretreatment on MDMA-Induced Sensory Gating Disruption


3.5.1. S2:S1 Ratio


MDMA caused an increase to the S2:S1 ratio, which was blocked by ketanserin (Figure 4A). There was a significant interaction between ketanserin pretreatment and MDMA treatment for the S2:S1 ratio (F(1,12) = 45.1, p < 0.001, Figure 4A). When rats were pretreated with saline, MDMA treatment significantly increased the S2:S1 ratio compared to saline treatment (F(1,12) = 71.2, p < 0.001), indicating that sensory gating was disrupted. In contrast, MDMA or saline treatment did not affect the S2:S1 ratio after ketanserin pretreatment. With MDMA treatment, ketanserin pretreatment resulted in significantly lower S2:S1 ratio compared to saline pretreatment (F(1,12) = 27.9, p < 0.001). In addition, further pairwise analyses revealed that ketanserin pretreatment slightly, but significantly increased the S2:S1 ratio when rats were treated with saline (F(1,12) = 10.4, p = 0.01, Figure 4A).




3.5.2. P1-N1 Amplitudes


The interaction between ketanserin pretreatment and MDMA treatment was due to changes to S1 amplitude rather than changes to S2 amplitude (Figure 4C,E). There was a significant interaction between ketanserin pretreatment, MDMA treatment and trial type (F(1,12) = 6.9, p = 0.02), as well as a significant interaction between MDMA treatment and trial type (F(1,12) = 14.4, p = 0.003).



When analysing S1 amplitudes alone (Figure 4C), the interaction between ketanserin pretreatment and MDMA treatment was not significant. However, there was a significant main effect of MDMA treatment (F(1,12) = 6.1, p = 0.03). MDMA treatment resulted in a significant reduction of S1 amplitude compared to saline treatment (F(1,12) = 6.9, p = 0.02, Figure 4C). However, there were no changes to the S1 amplitude in the ketanserin-pretreatment conditions. Similarly, the S1 amplitude remained unaltered with saline and ketanserin-pretreatment in the saline-treatment condition. In contrast, in the MDMA-treatment conditions, ketanserin pretreatment resulted in significantly greater S1 amplitudes compared to saline pretreatment (F(1,12) = 11.8, p = 0.005, Figure 4B). In contrast to S1, there were no significant effects of ketanserin pretreatment on the S2 amplitude (Figure 4E).





3.6. Effect of WAY100635 Pretreatment on MDMA-Induced Sensory Gating Disruption


3.6.1. S2:S1 Ratio


MDMA treatment resulted in an increase in the S2:S1 ratio, which was blocked with WAY100635 pretreatment (Figure 4B). ANOVA revealed a significant interaction between WAY100635 pretreatment and MDMA treatment (F(1,11) = 11.6, p = 0.006, Figure 4B). When rats were treated with saline, MDMA treatment significantly increased the S2:S1 ratio compared to saline treatment (F(1,11) = 66.0, p < 0.001), demonstrating a sensory gating disruption. However, when rats were pretreated with WAY100635, there was no difference in the S2:S1 ratio between saline and MDMA treatment. In addition, in the MDMA-treatment condition, there was a significantly lower S2:S1 ratio when rats were pretreated with WAY100635 compared to saline pretreatment (F(1,11) = 15.7, p = 0.002, Figure 4B).




3.6.2. P1-N1 Amplitude


The effect of MDMA-induced sensory gating disruption was due to changes to the S1, rather than the S2 (Figure 4D,F). There was a significant interaction between WAY100635 pretreatment, MDMA treatment and trial type (F(1,11) = 9.0, p = 0.012), as well as a significant MDMA x trial type interaction (F(1,11) = 25.8, p < 0.001).



When analysing S1 and S2 alone, there were no significant interactions between WAY100635 pretreatment and MDMA treatment. However, pairwise comparison between saline-pretreatment conditions revealed that the S1 amplitude was significantly lower for MDMA treatment compared to saline treatment (F(1,11) = 8.1, p = 0.016, Figure 4D), whereas the S2 amplitude remained unchanged between these two conditions (Figure 4F). Further analysis revealed no significant differences between MDMA-treatment or saline-treatment conditions for both S1 and S2 amplitudes after WAY100635 pretreatment (Figure 4D,F).






4. Discussion


This study examined the role of dopamine and serotonin receptors in the disruption of paired-pulse sensory gating caused by MDMA in rats. Antagonist drugs acting at dopamine D1, dopamine D2, 5 HT1A and 5-HT2A receptors were all effective in reversing the sensory gating deficit induced by MDMA administration. These findings suggest that dopamine D1 and D2, and 5-HT1A and 5 HT2A receptors may act in series and synergistically which results in any one of the antagonists inducing a blockade of auditory sensory gating disruption caused by MDMA.



4.1. In-Series Involvement of Serotonin and Dopamine Pathways


The fact that antagonism of each of the four receptors that were investigated in the current study completely blocked the MDMA effect suggests that the serotonin and dopamine pathways act in series and not parallel to one another. If they were to act in parallel, only partial blockade of the MDMA disruption would be seen with each antagonist treatment. Though speculative, the current data supports literature, which suggests that the dopaminergic pathways that are involved in the regulation of sensory gating may be downstream of serotonergic neurons [28,31].



Given that MDMA is primarily a serotonin releaser, it is perhaps unsurprising that the 5-HT receptor antagonists were able to completely restore sensory gating after disruption caused by MDMA. However, the results that both of the dopamine receptor antagonists, haloperidol and SCH23390, were also able to completely block the MDMA-induced disruption to auditory sensory gating is somewhat surprising considering that the effects of MDMA on the dopamine system have been reported to be less potent than on the serotonin system. For instance, Stone et al., [32] found that within 15 minutes of acute MDMA administration, there was a decrease in the levels of the serotonin precursor enzyme, tryptophan hydroxylase, in the neostriatum, frontal cortex, hippocampus and hypothalamus of the rat, attributed to the rapid release and activity of serotonin induced by MDMA. On the other hand, MDMA did not alter the activity of tyrosine hydroxylase, but dopamine levels were temporarily increased in the neostriatum within the same time period [32]. Moreover, Biezonski et al. [31] reported that one week after a 10mg/kg binge of MDMA administered once every hour for 4 hours, serotonin concentrations in the striatum and frontal cortex were reduced. However, there was no significant reduction of dopamine levels. Lastly, Oakly et al. [33] showed that in serotonin transporter knockout rats, the reinforcing properties of MDMA were markedly enhanced, illustrating an important primary effect of MDMA on serotonergic neurons in rats [33]. Despite all of the above reports, the current results indicate that the dopaminergic system is also implicated, at least secondarily, in the mechanism of action of MDMA in addition to the serotonergic system.



Previous studies support the hypothesis that the action of ketanserin in restoring sensory gating could involve downstream effects on the dopamine system, particularly in the VTA and nucleus accumbens. Bortolozzi et al. [34] found that 5-HT2A receptors in the medial prefrontal cortex mediated dopamine release in the medial prefrontal cortex and the VTA. The authors found that administration of DOI resulted in increased activity in 65% of the dopaminergic VTA neurons recorded. Moreover, Orejarena et al. [35] found that compared to wildtype mice, 5-HT2A receptor knockout mice have reduced mesolimbic dopaminergic activity, particularly in the nucleus accumbens, which resulted in behavioural deficits in self-administration of MDMA. Interestingly, this receptor knockout did not affect d-amphetamine or cocaine self-administration, suggesting that the 5-HT2A receptor is selectively implicated in the action of this serotonin releaser, MDMA [35]. Therefore, it is possible that in the current study ketanserin reduced a 5-HT2A-mediated increase in dopaminergic transmission, which may have blocked MDMA-induced sensory gating deficits.



5-HT2A receptors have also been found to act upstream to dopamine D1 receptors [36,37]. Scarlota et al. [36] found that DOI induced head bobs in rabbits, which were reduced with SCH23390 pretreatment. As DOI has low affinity for dopamine receptors, it is likely that the dopamine D1 receptor involvement is due to a downstream effect from the 5-HT2A receptors. Therefore, it is possible that in the current study, blockade of 5-HT2A receptor activity also indirectly blocked enhanced dopamine D1 receptor activation, which prevented MDMA from causing a disruption to sensory gating.



Similar to 5-HT2A receptors, post-synaptic 5-HT1A receptors have been postulated to modulate dopamine transmission, particularly in the prefrontal cortex and VTA [38,39]. Ichikawa et al. [39] found that 8-OH-DPAT increased dopamine release in the prefrontal cortex of male Sprague-Dawley rats, effects that were reversed by WAY100635. Increases in dopamine activity in cortical regions were also induced with various atypical antipsychotics with partial 5-HT1A receptor agonist activity, such as ziprasidone. Striatal dopamine release has been found to be unaltered by WAY100635 or 8-OH-DPAT treatment [40]. Therefore, the mesocortical dopamine pathways and prefrontal dopamine activity may be activated by 5-HT1A receptors. In the current study, administration of WAY100635 may have decreased the cortical dopaminergic activation associated with MDMA administration through blockade of post-synaptic 5-HT1A receptors, which prevented a disruption of auditory sensory gating. It is unclear which dopamine receptor subtype is targeted by this increase in cortical dopamine release. However, it is more likely to be dopamine D1 receptors rather than dopamine D2 receptors, as they are more prevalent in the prefrontal cortex. Furthermore, Diaz-Mataix et al. [38] found that administration of the 5-HT1A agonist, BAYx3702, affected dopamine release in the VTA in addition to the medial prefrontal cortex. There is a high density of 5-HT1A receptors in the area of the medial prefrontal cortex that projects to the VTA, which also contains 5-HT2A and dopamine D2 receptors [38]. It is, thus, possible that activation of 5-HT1A receptors results in complex indirect stimulation of dopamine D1 receptors in the prefrontal cortex, as well as downstream dopamine D2 and/or 5-HT2A receptors in the VTA. Conversely, WAY100635 pretreatment may have inhibited downstream dopaminergic activity through lack of activation of the downstream dopamine D1, dopamine D2 and/or 5-HT2A receptors, and, thus, MDMA effects were blocked.



Although the primary mechanism of action of MDMA is likely enhanced serotonin release via the serotonin transporter, clearly dopaminergic mechanisms are also involved. Haloperidol pretreatment was effective in completely blocking the MDMA-induced auditory sensory gating deficits through prevention of a S1 amplitude decrease. It has been previously shown by Adler et al. [9] that haloperidol reverses sensory gating deficits induced by amphetamine and the current study demonstrates that dopamine D2 receptors also play a crucial role in the effects of MDMA. de Bruin et al. [41] found that auditory sensory gating can be disrupted by administration of the dopamine D2 receptor agonist, quinpirole, directly into the nucleus accumbens. While the current study did not employ localised injections, it is possible that MDMA disrupted sensory gating via a similar pathway through serotonin release that resulted in increased dopamine release in the nucleus accumbens. Moreover, the results of the current study support previous findings [41] that haloperidol was able to reverse this disruption. Combined with the current findings, this highlights that dopamine D2 receptor may be crucial to auditory sensory gating.



SCH23390 pretreatment was effective in blocking the MDMA-induced sensory gating disruption, which suggests that the dopamine D1 receptor is involved in this process. In contrast to all the other cohorts, the SCH23390-pretreated rats had MDMA-induced gating disruptions that were due to an increase in the S2 response as opposed to a decrease in the S1 amplitude. The reason for this difference is unknown, but it may indicate an alternative mechanism. de Bruin et al. [41] suggested that S1 alterations were due to dopaminergic activity, while S2 changes were adrenergic, therefore, there may be other mechanisms involved that were not investigated in the current study. Moreover, SCH23390 pretreatment alone also increases the amplitude of S1 and S2 responses independent of a change in the S2:S1 ratios. A study by McLean et al. [42] found that administration of a dopamine D1 receptor agonist, SKF38393, reversed novel object recognition and reversal learning deficits in rats induced by the glutamate NMDA receptor antagonist, PCP. These deficits were re-induced by administration of SCH23390, however, there was also a trend for SCH23390 to impair cognition when administered alone. This suggests that, like in the current study, blocking dopamine D1 receptors with SCH23390 may influence information processing and cognitive processes.



Dopamine D1 receptors are most abundant in cortical regions. We previously found that systemic administration of a dopamine D1/D2 agonist, apomorphine, caused significant disruptions to PPI but these effects were greater after pretreatment with SCH23390 locally injected into the frontal cortex. These findings suggested that medial prefrontal dopamine D1 receptor activity is critical to PPI regulation [43] and thus may also be crucial to other forms of sensory information processing, which is supported by the results of the current study. Conversely, Gogos et al. [44] found that haloperidol, but not SCH23390, pretreatment could reverse a deficit of PPI induced by 8-OH-DPAT, suggesting that dopamine D2 and not dopamine D1 receptors are involved in sensory gating. However, considering the current results that indicate 5-HT1A, dopamine D2 and dopamine D1 receptors in addition to 5-HT2A receptors are all associated in a common pathway, dopamine D1 receptors may be implicated in this type of sensory gating but not necessarily PPI.




4.2. Interactive Effects of D1 and D2 Receptors and of 5-HT2A and 5-HT1A Receptors


In addition to the sequential activation of serotonin and dopamine pathways, activation of all four receptors appeared required to cause the MDMA-induced disruption of auditory sensory gating, and thus, antagonism at any of the four investigated receptors blocked the pathway required to cause a disruption. This implies interactive effects of dopamine D1 and D2 receptors, and of 5-HT2A and 5 HT1A receptors.



Previous research has suggested that 5-HT2A and 5-HT1A receptors have opposing actions [18,39]. In contrast, the current results indicate that the two receptors have analogous actions. The reason for the discrepancies between previous results and the current results is unclear but could be related to the behavioural paradigm studied. The fact that both DOI and 8-OH-DPAT can independently disrupt auditory gating [25] suggests that in this paradigm 5-HT2A and 5-HT1A receptors have similar actions to one another. It has also been shown that there is an interdependence of 5 HT1A and 5-HT2A receptors in several other behavioural paradigms. Already in 1989, Arnt and Hyttel showed that DOI administration facilitated the effect of 8-OH-DPAT on forepaw treading although 8 OH-DPAT inhibited the effect of DOI on head twitches [45,46]. Interestingly, 5-HT2A receptor-mediated head twitches were not only antagonized by 5-HT1A receptor agonists, but also by dopamine D1 receptor and dopamine D2 receptor antagonists [47]. More recently, 5-HT2A and 5-HT1A receptor interaction was shown in hypothalamo-pituitary-adrenal axis activity [48], drug discrimination [49] and frontal cortical pyramidal neurons [50].



Previous research also demonstrated interactive effects of dopamine D1 and dopamine D2 receptors, for example synergistic activation of these receptors is required for a disruption of PPI [51]. These authors found that co-administration of the dopamine D2 agonist, quinpirole, and dopamine D1 receptor agonist, SKF38393, resulted in a disruption of PPI that was not seen when these receptor agonist drugs were administered alone. This result suggests that simultaneous dopamine D2 and dopamine D1 receptor activation may be required to cause a disruption to sensory gating. Similarly, in the current study, combined dopamine D2 and dopamine D1 receptor activation may have resulted in the disruption of paired-click sensory gating induced by MDMA and blocking either of these receptors inhibits the MDMA-induced disruption.



Overall, it is possible that MDMA administration initiates serotonin release from projections of neurons in the raphe nucleus. This serotonin release activates 5-HT receptors, including 5-HT2A and 5-HT1A receptors in the medial prefrontal cortex and VTA. Subsequently, dopamine levels are also altered which results in activation of dopamine D2 and dopamine D1 receptors, likely in the nucleus accumbens or prefrontal cortex, such that the activation of both dopamine D2 and D1 receptors ultimately causes the sensory gating disruption observed. In order to obtain better spatial information regarding areas of the brain and the associated pathway involved in this MDMA induced auditory sensory gating disruption, future studies should incorporate the use of localised injections, as well as subcortical electrodes. Localised injections into the brain could provide information about where the actions of the drugs originate from and which receptor subtypes are acting to affect auditory gating. The use of subcortical electrodes implanted into specific regions of the brain would elucidate which area of the brain is responsible for the gating responses to narrow down the possible pathways involved. The findings could further clarify convergent and divergent mechanisms of PPI and paired-click sensory gating found by Swerdlow et al. [8], who reported that PPI and sensory gating disruptions induced by apomorphine, PCP and DOI revealed different neurobiological mechanisms of the two sensory gating measurement paradigms. Finally, co-administration of DOI and WAY100635, as well as 8-OH-DPAT and ketanserin could establish whether 5-HT2A and 5-HT1A receptors do, in fact, have analogous, and not opposing actions in sensory gating.



A limitation of this study is that, while effects on S2:S1 ratio were highly consistent between the different cohorts and drug studies, there was variability in the amplitude of the individual P and N components of the waveforms, resulting in variability of drug effects on S1 vs. S2. It is unclear why there was this inconsistency although previous studies similarly found some variability of effects on waveform components when comparing MDMA with other serotonergic compounds [25] or following changes in experimental protocol [6,8,52]. Future studies should aim to replicate the present results in larger animal cohorts to reduce experimental variability and more clearly associate drug effects to individual waveform components.



It should furthermore be noted that SCH23390 has some affinity for 5-HT2A receptors [53]. Therefore, the effect of SCH23390 may be partially due to it blocking 5-HT2A receptors rather than dopamine D1 receptors. However, the affinity of SCH23390 for dopamine D1 receptors is 10 to 100-fold greater compared to 5-HT2A receptors [53], thus it is likely that dopamine D1 receptors are involved in the effect of SCH23390 in reversing the MDMA-induced sensory gating disruption. In a study by Schindler et al. [37], DOI- and lysergic acid diethylamide- (LSD) induced head bobs in rabbits were reduced by pretreatment with SCH23390, as well as the 5-HT2A receptor antagonist, ritanserin. This highlights a role for dopamine D1 receptors in this 5-HT2A receptor-mediated hallucinogenic behaviour. The current results suggest that while 5-HT2A receptor-mediated serotonin release may indirectly stimulate dopamine D1 receptor activation to cause an auditory sensory gating disruption, 5-HT1A and dopamine D2 receptors are also involved in the process.





5. Conclusions


The current study has demonstrated that MDMA has profound effects on both serotonin and dopamine systems. Several dopamine and serotonin receptor subtypes are involved in the effects of MDMA that may contribute to the wide array of symptoms, such as both mood and perceptual effects that may underlie some cognitive deficits seen with MDMA use. The results of the current study also provide insight into this sensory gating disruption seen in schizophrenia and mechanisms involved for a greater understanding of deficits in this mental illness. The results of the current study support the involvement of both serotonin and dopamine systems in this information processing deficit. Moreover, they support serotonin and dopamine dysfunction in the pathophysiology of schizophrenia and the use of atypical antipsychotic drugs with both dopaminergic and serotonergic mechanisms of action as treatment for schizophrenia preferential to first-generation antipsychotic medications.



The current results, moreover, suggest that serotonin and dopamine systems act closely with one another. In fact, 5-HT2A, 5-HT1A, dopamine D2 and dopamine D1 receptors may act synergistically and in series in a common pathway that can cause a deficit to auditory sensory gating in the rat, highlighting the involvement of a complex circuitry. It is hypothesised that dopamine receptors act downstream to serotonin receptors, such that 5 HT2A and 5-HT1A receptors can mediate dopamine release, which acts upon dopamine D2 and dopamine D1 receptor activity.







Author Contributions


S.T., A.G. and M.v.d.B. conceptualized the study; J.L. and S.T. performed the experiments and initial data analysis; all authors contributed to final data analysis and statistics; J.L. wrote the first draft of the paper; all authors reviewed and edited the final draft of the mansucript; M.v.d.B. finalized and submitted the manuscript. All authors have read and agreed to the published version of the manuscript.




Funding


S.T. was a recipient of an Australian Postgraduate Award. At the time of these studies, A.G. was supported by a Discovery Early Career Researcher Award from the Australian Research Council (ARC) and M.v.d.B. was supported by a Senior Research Fellowship from the National Health and Medical Research Council of Australia (NHMRC).




Conflicts of Interest


The authors do not have any conflicts of interest to report.




References


	



Freedman, R.; Adler, L.E.; Gerhardt, G.A.; Waldo, M.; Baker, N.; Rose, G.M.; Drebing, C.; Nagamoto, H.; Bickford-Wimer, P.; Franks, R. Neurobiological studies of sensory gating in schizophrenia. Schizophr. Bull. 1987, 13, 669–678. [Google Scholar] [CrossRef] [PubMed]

	



McDowd, J.M.; Filion, D.L.; Harris, M.J.; Braff, D.L. Sensory gating and inhibitory function in late-life schizophrenia. Schizophr. Bull. 1993, 19, 733–746. [Google Scholar] [CrossRef] [PubMed]

	



Light, G.A.; Braff, D.L. Sensory gating deficits in schizophrenia: Can we parse the effects of medication, nicotine use, and changes in clinical status? Clin. Neurosci. Res. 2003, 3, 47–54. [Google Scholar] [CrossRef]

	



Uhlhaas, P.J.; Singer, W. The development of neural synchrony and large-scale cortical networks during adolescence: Relevance for the pathophysiology of schizophrenia and neurodevelopmental hypothesis. Schizophr. Bull. 2011, 37, 514–523. [Google Scholar] [CrossRef]

	



Boutros, N.N.; Brockhaus-Dumke, A.; Gjini, K.; Vedeniapin, A.; Elfakhani, M.; Burroughs, S.; Keshavan, M. Sensory-gating deficit of the N100 mid-latency auditory evoked potential in medicated schizophrenia patients. Schizophr. Res. 2009, 113, 339–346. [Google Scholar] [CrossRef]

	



Patterson, J.V.; Hetrick, W.P.; Boutros, N.N.; Jin, Y.; Sandman, C.; Stern, H.; Potkin, S.; Bunney, W.E., Jr. P50 sensory gating ratios in schizophrenics and controls: A review and data analysis. Psychiatry Res. 2008, 158, 226–247. [Google Scholar] [CrossRef]

	



Dalecki, A.; Croft, R.J.; Johnstone, S.J. An evaluation of P50 paired-click methodologies. Psychophysiology 2011, 48, 1692–1700. [Google Scholar] [CrossRef]

	



Swerdlow, N.R.; Geyer, M.A.; Shoemaker, J.M.; Light, G.A.; Braff, D.L.; Stevens, K.E.; Sharp, R.; Breier, M.; Neary, A.; Auerbach, P.P. Convergence and divergence in the neurochemical regulation of prepulse inhibition of startle and N40 suppression in rats. Neuropsychopharmacology 2006, 31, 506–515. [Google Scholar] [CrossRef]

	



Adler, L.E.; Rose, G.; Freedman, R. Neurophysiological studies of sensory gating in rats: Effects of amphetamine, phencyclidine, and haloperidol. Biol. Psychiatry 1986, 21, 787–798. [Google Scholar] [CrossRef]

	



Erwin, R.J.; Turetsky, B.I.; Moberg, P.; Gur, R.C.; Gur, R.E. P50 abnormalities in schizophrenia: Relationship to clinical and neuropsychological indices of attention. Schizophr. Res. 1998, 33, 157–167. [Google Scholar] [CrossRef]

	



McGhie, A.; Chapman, J. Disorders of attention and perception in early schizophrenia. Br. J. Med. Psychol. 1961, 34, 103–116. [Google Scholar] [CrossRef] [PubMed]

	



Oranje, B.; Geyer, M.A.; Bocker, K.B.; Leon Kenemans, J.; Verbaten, M.N. Prepulse inhibition and P50 suppression: Commonalities and dissociations. Psychiatry Res. 2006, 143, 147–158. [Google Scholar] [CrossRef]

	



Brockhaus-Dumke, A.; Schultze-Lutter, F.; Mueller, R.; Tendolkar, I.; Bechdolf, A.; Pukrop, R.; Klosterkoetter, J.; Ruhrmann, S. Sensory gating in schizophrenia: P50 and N100 gating in antipsychotic-free subjects at risk, first-episode, and chronic patients. Biol. Psychiatry 2008, 64, 376–384. [Google Scholar] [CrossRef] [PubMed]

	



Hamilton, H.K.; Williams, T.J.; Ventura, J.; Jasperse, L.J.; Owens, E.M.; Miller, G.A.; Subotnik, K.L.; Nuechterlein, K.H.; Yee, C.M. Clinical and cognitive significance of auditory sensory processing deficits in schizophrenia. Am. J. Psychiatry 2018, 175, 275–283. [Google Scholar] [CrossRef] [PubMed]

	



Abi-Dargham, A.; Rodenhiser, J.; Printz, D.; Zea-Ponce, Y.; Gil, R.; Kegeles, L.S.; Weiss, R.; Cooper, T.B.; Mann, J.J.; Van Heertum, R.L.; et al. Increased basline occupancy of D2 receptors by dopamine in schizophrenina. Proc. Natl. Acad. Sci. USA 2000, 97, 8104–8109. [Google Scholar] [CrossRef] [PubMed]

	



Domyo, T.; Kurumaji, A.; Toru, M. An increase in [3H]SCH23390 binding in the cerebral cortex of postmortem brains of chronic schizophrenics. J. Neural Transm. 2001, 108, 1475–1484. [Google Scholar] [CrossRef] [PubMed]

	



Rasmussen, H.; Erritzoe, D.; Andersen, R.; Ebdrup, B.H.; Aggernaes, B.; Oranje, B.; Kalbitzer, J.; Madsen, J.; Pinborg, L.H.; Baare, W.; et al. Decreased frontal serotonin2A receptor binding in antipsychotic-naive patients with first-episode schizophrenia. Arch. Gen. Psychiatry 2010, 67, 9–16. [Google Scholar] [CrossRef]

	



Hashimoto, T.; Kitamura, N.; Kajimoto, Y.; Shirai, Y.; Shirakawa, O.; Mita, T.; Nishino, N.; Tanaka, C. Differential changes in serotonin 5-HT1A and 5-HT2 receptor binding in patients with chronic schizophrenia. Psychopharmacology 1993, 112, S35–S39. [Google Scholar] [CrossRef]

	



Riba, J.; Rodriguez-Fornells, A.; Barbanoj, M.J. Effects of ayahuasca on sensory and sensorimotor gating in humans as measured by P50 suppression and prepulse inhibition of the startle reflex, respectively. Psychopharmacology 2002, 165, 18–28. [Google Scholar] [CrossRef]

	



Adler, L.E.; Olincy, A.; Cawthra, E.M.; McRae, K.A.; Harris, J.G.; Nagamoto, H.T.; Waldo, M.C.; Hall, M.; Bowles, A.; Woodward, L.; et al. Varied effects of atypical neuroleptics on P50 auditory gating in schizophrenia patients. Am. J. Psychiatry 2004, 161, 1822–1828. [Google Scholar] [CrossRef]

	



Mann, C.; Croft, R.J.; Scholes, K.E.; Dunne, A.; O’Neill, B.V.; Leung, S.; Copolov, D.; Phan, K.L.; Nathan, P.J. Differential effects of acute serotonin and dopamine depletion on prepulse inhibition and P50 suppression measures of sensorimotor and sensory gating in humans. Neuropsychopharmacology 2008, 33, 1653–1666. [Google Scholar] [CrossRef] [PubMed]

	



Bickford-Wimer, P.C.; Nagamoto, H.; Johnson, R.; Adler, L.E.; Egan, M.; Rose, G.M.; Freedman, R. Auditory sensory gating in hippocampal neurons: A model system in the rat. Biol. Psychiatry 1990, 27, 183–192. [Google Scholar] [CrossRef]

	



Ellenbroek, B.A. Pre-attentive processing and schizophrenia: Animal studies. Psychopharmacology 2004, 174, 65–74. [Google Scholar] [CrossRef] [PubMed]

	



Stevens, K.E.; Fuller, L.L.; Rose, G. Dopaminergic and noradrenergic modulation of amphetamine-induced changes in auditory gating. Brain Res. 1991, 555, 91–98. [Google Scholar] [CrossRef]

	



Thwaites, S.J.; Gogos, A.; van den Buuse, M. Schizophrenia-like disruptions of sensory gating by serotonin receptor stimulation in rats: Effects of MDMA, DOI and 8-OH-DPAT. Pharmacol. Biochem. Behav. 2013, 112, 71–77. [Google Scholar] [CrossRef] [PubMed]

	



Stevens, K.E.; O’Neill, H.C.; Rose, G.M.; Luthman, J. The 5-HT1A receptor active compounds (R)-8-OH-DPAT and (S)-UH-301 modulate auditory evoked EEG responses in rats. Amino Acids 2006, 31, 365–375. [Google Scholar] [CrossRef]

	



De la Torre, R.; Farré, M.; Roset, P.N.; Pizarro, N.; Abannades, S.; Segura, M.; Segura, J.; Camí, J. Human pharmacology of MDMA. Drug Monit. 2004, 26, 137–144. [Google Scholar] [CrossRef]

	



Gudelsky, G.A.; Nash, J.F. Carrier-mediated release of serotonin by 3,4-methylenedioxymethamphetamine: Implications for serotonin-dopamine interactions. J. Neurochem. 1996, 66. [Google Scholar] [CrossRef]

	



Breier, M.R.; Lewis, B.; Shoemaker, J.M.; Light, G.A.; Swerdlow, N.R. Sensory and sensorimotor gating-disruptive effects of apomorphine in Sprague Dawley and Long Evans rats. Behav. Brain Res. 2010, 208, 560–565. [Google Scholar] [CrossRef]

	



Delorme, A.; Makeig, S. EEGLAB: An open source toolbox for analysis of single-trial EEG dynamics including independent component analysis. J. Neurosci. Methods 2004, 134, 9–21. [Google Scholar] [CrossRef]

	



Biezonski, D.K.; Piper, B.J.; Shinday, N.M.; Kim, P.J.; Ali, S.F.; Meyer, J.S. Effects of a short-course MDMA binge on dopamine transporter binding and on levels of dopamine and its metabolites in adult male rats. Eur. J. Pharmacol. 2013, 701, 176–180. [Google Scholar] [CrossRef] [PubMed]

	



Stone, D.M.; Merchant, K.M.; Hanson, G.R.; Gibb, J.W. Immediate and long-term effect of 3,4-methylenedioxymethamphetamine on serotonin pathways in brain of rat. Neuropharmacology 1987, 26, 1677–1683. [Google Scholar] [CrossRef]

	



Oakly, A.C.; Brox, B.W.; Schenk, S.; Ellenbroek, B.A. A genetic deletion of the serotonin transporter greatly enhances the reinforcing properties of MDMA in rats. Mol. Psychiatry 2014, 19, 534–535. [Google Scholar] [CrossRef] [PubMed]

	



Bortolozzi, A.; Diaz-Mataix, L.; Scorza, M.C.; Celada, P.; Artigas, F. The activation of 5-HT receptors in prefrontal cortex enhances dopaminergic activity. J. Neurochem. 2005, 95, 1597–1607. [Google Scholar] [CrossRef]

	



Orejarena, M.J.; Lanfumey, L.; Maldonado, R.; Robledo, P. Involvement of 5-HT2A receptors in MDMA reinforcement and cue-induced reinstatement of MDMA-seeking behaviour. Int. J. Neuropsychopharmacol. 2011, 14, 927–940. [Google Scholar] [CrossRef]

	



Scarlota, L.C.; Harvey, J.A.; Aloyo, V.J. The role of serotonin-2 (5-HT2) and dopamine receptors in the behavioral actions of the 5-HT2A/2C agonist, DOI, and putative 5-HT2C inverse agonist, SR46349B. Psychopharmacology 2011, 213, 393–401. [Google Scholar] [CrossRef]

	



Schindler, E.A.; Dave, K.D.; Smolock, E.M.; Aloyo, V.J.; Harvey, J.A. Serotonergic and dopaminergic distinctions in the behavioral pharmacology of (+/-)-1-(2,5-dimethoxy-4-iodophenyl)-2-aminopropane (DOI) and lysergic acid diethylamide (LSD). Pharmacol. Biochem. Behav. 2012, 101, 69–76. [Google Scholar] [CrossRef]

	



Diaz-Mataix, L.; Scorza, M.C.; Bortolozzi, A.; Toth, M.; Celada, P.; Artigas, F. Involvement of 5-HT1A receptors in prefrontal cortex in the modulation of dopaminergic activity: Role in atypical antipsychotic action. J. Neurosci. 2005, 25, 10831–10843. [Google Scholar] [CrossRef]

	



Ichikawa, J.; Ishii, H.; Bonaccorso, S.; Fowler, W.L.; O’Laughlin, I.A.; Meltzer, H.Y. 5-HT2A and D2 receptor blockade increases cotical DA release via 5-HT1A receptor activation: A possible mechanism of atypical antipsychotic-induced cortical dopamine release. J. Neurochem. 2001, 76, 1521–1531. [Google Scholar] [CrossRef]

	



Rollema, H.; Lu, Y.; Schmidt, A.W.; Sprouse, J.S.; Zorn, S.H. 5-HT1A receptor activation contributes to ziprasidone-induced dopamine release in the rat prefrontal cortex. Biol. Psychiatry 2000, 48, 229–237. [Google Scholar] [CrossRef]

	



De Bruin, N.M.W.J.; Ellenbroek, B.; Luijtelaar, E.; Cools, A.R.; Stevens, K.E. Hippocampal and cortical sensory gating in rats: Effects of quinpirole microinjections in nucleus accumbens core and shell. Neuroscience 2001, 105, 169–180. [Google Scholar] [CrossRef]

	



McLean, S.L.; Idris, N.F.; Woolley, M.L.; Neill, J.C. D1-like receptor activation improves PCP-induced cognitive deficits in animal models: Implications for mechanisms of improved cognitive function in schizophrenia. Eur. Neuropsychopharmacol. 2009, 19, 440–450. [Google Scholar] [CrossRef] [PubMed]

	



De Jong, I.E.; van den Buuse, M. SCH 23390 in the prefrontal cortex enhances the effect of apomorphine on prepulse inhibition of rats. Neuropharmacology 2006, 51, 438–446. [Google Scholar] [CrossRef]

	



Gogos, A.; Kwek, P.; Chavez, C.; van den Buuse, M. Estrogen treatment blocks 8-hydroxy-2-dipropylaminotetralin- and apomorphine-induced disruptions of prepulse inhibition: Involvement of dopamine D1 or D2 or serotonin 5-HT1A, 5-HT2A, or 5-HT7 receptors. J. Pharmacol. Exp. Ther. 2010, 333, 218–227. [Google Scholar] [CrossRef]

	



Arnt, J.; Hyttel, J. Facilitation of 8-OHDPAT-induced forepaw treading of rats by the 5-HT2 agonist DOI. Eur. J. Pharmacol. 1989, 161, 45–51. [Google Scholar] [CrossRef]

	



Darmani, N.A.; Martin, B.R.; Pandey, U.; Glennon, R.A. Do functional relationships exist between 5-HT1A and 5-HT2 receptors? Pharmacol. Biochem. Behav. 1990, 36, 901–906. [Google Scholar] [CrossRef]

	



Schreiber, R.; Brocco, M.; Audinot, V.; Gobert, A.; Veiga, S.; Millan, M.J. (1-(2,5-dimethoxy-4 iodophenyl)-2-aminopropane)-induced head-twitches in the rat are mediated by 5-hydroxytryptamine (5-HT) 2A receptors: Modulation by novel 5-HT2A/2C antagonists, D1 antagonists and 5-HT1A agonists. J. Pharmacol. Exp. Ther. 1995, 273, 101–112. [Google Scholar]

	



Mikkelsen, J.D.; Hay-Schmidt, A.; Kiss, A. Serotonergic stimulation of the rat hypothalamo-pituitary-adrenal axis: Interaction between 5-HT1A and 5-HT2A receptors. Ann. N.Y. Acad. Sci. 2004, 1018, 65–70. [Google Scholar] [CrossRef]

	



Reissig, C.J.; Eckler, J.R.; Rabin, R.A.; Rice, K.C.; Winter, J.C. The stimulus effects of 8-OH-DPAT: Evidence for a 5-HT2A receptor-mediated component. Pharmacol. Biochem. Behav. 2008, 88, 312–317. [Google Scholar] [CrossRef]

	



Amargós-Bosch, M.; Bortolozzi, A.; Puig, M.V.; Serrats, J.; Adell, A.; Celada, P.; Toth, M.; Mengod, G.; Artigas, F. Co-expression and in vivo interaction of serotonin1A and serotonin2A receptors in pyramidal neurons of prefrontal cortex. Cereb. Cortex 2004, 14, 281–299. [Google Scholar] [CrossRef]

	



Wan, F.; Taaid, N.; Swerdlow, N.R. Do D1/D2 interactions regulate prepulse inhibition in rats? Neuropharmacology 1996, 14, 265–274. [Google Scholar] [CrossRef]

	



Johnson, R.G.; Stevens, K.E.; Rose, G.M. 5-Hydroxytryptamine2 receptors modulate auditory filtering in the rat. J. Pharmacol. Exp. Ther. 1998, 285, 643–650. [Google Scholar] [PubMed]

	



Ekelund, J.; Slifstein, M.; Narendran, R.; Guillin, O.; Belani, H.; Guo, N.N.; Hwang, Y.; Hwang, D.R.; Abi-Dargham, A.; Laruelle, M. In vivo DA D1 receptor selectivity of NNC 112 and SCH 23390. Mol. Imaging Biol. 2007, 9, 117–125. [Google Scholar] [CrossRef] [PubMed]








[image: Brainsci 10 00044 g001 550] 





Figure 1. Grand-average waveforms for each MDMA cohort and condition. Clear event-related potentials (ERP) from the two clicks, indicated by the grey vertical lines, were elicited for each cohort in each condition. (A) shows the grand-average waveform for the haloperidol (Hal) cohort. (B) displays the grand-average waveforms for the SCH23390 (SCH) cohort. (C) shows the grand-average waveforms for the ketanserin (Ket) cohort. (D) displays the grand-average waveforms for the WAY100635 (WAY) cohort. 
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Figure 2. (±)-3,4-methylene-dioxymethamphetamine (MDMA) disrupted auditory sensory gating via a reduction in the S1 amplitude. Mean S1 and S2 amplitudes for all saline/saline and saline/MDMA conditions are displayed with error bars indicating standard error of the mean (SEM). * denotes significance at p < 0.05. N = 43. 
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Figure 3. Effect of haloperidol (A,C,E) or SCH23390 (B,D,F) on MDMA-induced disruption of auditory sensory gating. (A,B) MDMA increased the S2:S1 ratio, an effect that was blocked by haloperidol and SCH23390 pretreatment, respectively. (C) MDMA treatment reduced the S1 amplitude and pretreatment with haloperidol prevented this effect. (D) SCH23390 pretreatment increased S1 amplitude for both saline and MDMA treatments. (E) S2 amplitudes remained unaffected by MDMA and haloperidol. (F) MDMA slightly increased S2 amplitude in the saline pretreatment condition. SCH23390 pretreatment prevented this effect and increased S2 amplitude. Data are mean ± standard error of the mean (SEM). * denotes significance at p < 0.05. N = 10 and 8, respectively. 
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Figure 4. Effect of ketanserin (A,C,E) or WAY100635 (B,D,F) on MDMA-induced disruption of auditory sensory gating. (A,B) MDMA increased the S2:S1 ratio, an effect which was blocked by both ketanserin and WAY100635 pretreatment, respectively. (C,D) MDMA treatment reduced the S1 amplitude and this effect was blocked by pretreatment with ketanserin or WAY100635, respectively. (E,F) S2 amplitudes remained unaffected by MDMA, ketanserin or WAY100635. Data are mean ± standard error of the mean (SEM). * denotes significance at p < 0.05. N = 13 and 12, respectively. 
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