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ARTICLE



Characterization of the electrophysiological properties of triple reuptake inhibitors on monoaminergic neurons Bruno P. Guiard, Franck Chenu, Mostafa El Mansari and Pierre Blier University of Ottawa, Institute of Mental Health Research, Ottawa, ON, Canada



Abstract Triple reuptake inhibitors represent a potential new class of antidepressant drugs that block norepinephrine (NE), dopamine (DA) and serotonin [5-hydroxytryptamine (5-HT)] transporters. The present in-vivo electrophysiological study was undertaken to determine the eﬀects of the triple reuptake inhibitors SEP-225289 and DOV216303 on the neuronal activities of locus coeruleus (LC) NE, ventral tegmental area (VTA) DA and dorsal raphe (DR) 5-HT neurons. Administered acutely, SEP-225289 and DOV216303 dosedependently decreased the spontaneous ﬁring rate of LC NE, VTA DA and DR 5-HT neurons through the activation of a2, D2 and 5-HT1A autoreceptors, respectively. Both compounds predominantly inhibited the ﬁring rate of LC NE neurons while producing only a partial decrease in VTA DA and DR 5-HT neuronal discharge. SEP-225289 was equipotent at inhibiting 5-HT and NE transporters since it prolonged to the same extent the time required for a 50 % recovery (RT50) of the ﬁring activity of dorsal hippocampus CA3 pyramidal neurons from the inhibition induced by microiontophoretic application of 5-HT and NE. Finally, in the presence of WAY100635, a 5-HT1A receptor antagonist, SEP-225289 activated 5-HT neurons at doses that normally did not inhibit them. Taken together, the present results indicate that reciprocal interactions among NE, DA and 5-HT inputs need to be considered to anticipate the net eﬀect of triple reuptake inhibitors on the enhancement of brain monoamine transmission. The results also suggest that the therapeutic action of triple reuptake inhibitors may be potentiated by antagonizing the cell body 5-HT1A autoreceptors. Received 8 November 2009 ; Reviewed 30 November 2009 ; Revised 28 December 2009 ; Accepted 4 January 2010 Key words : Depression, dopamine, dorsal raphe, electrophysiology, locus coeruleus, norepinephrine, serotonin, ventral tegmental area.



Introduction Over the last 40 yr, many attempts to understand the pathophysiology of depression and the mechanisms of action of antidepressants have focused on brain monoamines. As a result, the majority of pharmacological agents that are now used in the treatment of mood disorders inhibit serotonin [5-hydroxytryptamine (5-HT)] and/or norepinephrine (NE) reuptake. Despite their eﬀectiveness, single-action agents display some limits such as residual symptoms that do not allow complete remission in depressed Address for correspondence : P. Blier, M.D., Ph.D., University of Ottawa, Institute of Mental Health Research (IMHR), 1145 Carling Avenue, Ottawa, ON, Canada K1Z 7K4. Tel. : +01 (613)-722-6521 (ext. 6908) Fax : +01 (613)-761-3610 Email : [email protected]



patients (Frazer, 2001). A second generation of compounds targeting both monoamines (5-HT and NE) has therefore been developed with the aim of producing more robust eﬀects (Chen & Skolnick, 2007). Among these antidepressants, venlafaxine was proposed to be signiﬁcantly more eﬀective than selective serotonin reuptake inhibitors (SSRIs) in depressed patients (Bauer et al. 2009 ; Mazeh et al. 2007 ; Montgomery et al. 2007 ; Poirier & Boyer, 1999 ; Smith et al. 2002). Although these ﬁndings suggest that the therapeutic eﬃcacy of antidepressant drugs might depend on their capacity to simultaneously enhance brain 5-HT and NE transmission, this hypothesis remains controversial. Indeed, a recent meta-analysis emphasizes that venlafaxine, duloxetine, and milnacipran have a modest eﬃcacy advantage compared to SSRIs in mood disorders (Papakostas et al. 2007).
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Multiple lines of evidence indicate that dopamine (DA) also plays a role in the pathophysiology and treatment of depression. For example, reduced levels of DA and its metabolite were observed in the cerebrospinal ﬂuid of depressed patients (Kapur & Mann, 1992 ; Roy et al. 1992 ; Willner, 1997). Moreover, pharmacological interventions that block central dopaminergic transmission or decrease brain DA levels produce depressive symptoms (Jimerson, 1984 ; Kapur & Mann, 1992) raising the possibility that a dopaminergic deﬁciency is an important factor in mood disorders. In agreement with this hypothesis, it has been reported that the prevalence of depression can reach up to 50 % in individuals suﬀering from Parkinson’s disease (McDonald et al. 2003). In contrast, clinical studies indicate that it is possible to achieve an antidepressant action by enhancing DA neurotransmission. This is supported by several reports of the augmenting action of the D2 receptor agonists such as pramipexole in treatment-resistant patients (Cassano et al. 2004 ; Goldberg et al. 2004 ; Lattanzi et al. 2002 ; Perugi et al. 2001 ; Sporn et al. 2000 ; Zarate et al. 2004), and by the intrinsic antidepressant activity of these drugs in placebo-controlled trials (Bouras & Bridges, 1982 ; Corrigan et al. 2000). These clinical studies support the development of a third generation of antidepressants : the triple reuptake inhibitors that simultaneously inhibit the reuptake of the three monoamines (5-HT, NE, DA ; Chen & Skolnick, 2007). Since some comorbid symptoms of depression such as anhedonia, loss of motivation, energy, and attention are directly connected to a deﬁcit in central dopaminergic transmission, this type of drug may provide greater symptomatic relief than currently available antidepressants. Of particular interest are the preclinical observations showing that combination of SSRIs with bupropion lead to a synergy on monoamine transmission (Ghanbari et al. 2008 ; Li et al. 2002 ; Prica et al. 2008), as well as producing a robust antidepressant eﬀect especially in treatment-resistant depressed patients (Leuchter et al. 2008 ; Zisook et al. 2006). Since functional interactions between brain monoaminergic neurons occur at somatodendritic (Guiard et al. 2008) and nerve terminal levels (Lucas & Spampinato, 2000 ; Millan et al. 2000 ; Mongeau et al. 1997), it may be diﬃcult to anticipate the net eﬀects of triple reuptake inhibitors on brain monoaminergic transmission. As an example, microdialysis data have shown that the addition of the DA transporter (DAT) inhibitors methylphenidate or GBR12909 (1-(2[bis(4-ﬂuorophenyl)methoxy]ethyl)-4-(3-phenylpropyl) piperazine) attenuates the ability of citalopram to



increase cortical 5-HT levels (Weikop et al. 2007a, b) suggesting that the enhancement of DA transmission may play an inhibitory role in controlling the extracellular concentrations of 5-HT. The purpose of the present study was thus to examine, for the ﬁrst time, the eﬀects of two novel triple reuptake inhibitors (SEP-225289 and DOV216303) on the ﬁring activity of monoaminergic neurons and characterize their mechanism of action by using an electrophysiological approach in anaesthetized rats. Both compounds have been reported to display a balanced proﬁle in rat in-vitro functional assays. Their potency for 5-HT transporter (SERT), NE transporter (NET) and DAT is as follows [IC50 values : 11, 6, 4 nM and 13, 20, 78 nM for SEP-225289 and DOV216303, respectively (Schreiber et al. 2009 ; Skolnick et al. 2003)].



Material and methods Animals Male Sprague–Dawley rats (Charles River, Canada) weighing 250–300 g, were used for the experiments. They were kept under standard laboratory conditions (12-h light/dark cycle, lights on 07:00 hours, with food and water available ad libitum) and handled according to the guidelines of the Canadian Council on Animal Care (CCAC). Protocols in this study were approved by the local Animal Care Committee (Ottawa Health Research Institute, Canada). Test articles SEP-225289 and DOV216303 were provided by Sepracor Inc. (USA). All other compounds used in the present study such as 5-HT creatinine sulfate, L-NE hydrochloride, quisqualic acid, WAY100635, idazoxan and haloperidol were purchased from Sigma (Canada). In-vivo electrophysiological recordings Rats were anaesthetized with chloral hydrate (400 mg/kg i.p.) and placed into a stereotaxic frame. The extracellular recordings of 5-HT, DA and NE neurons in the dorsal raphe (DR), the ventral tegmental area (VTA) and the locus coeruleus (LC), respectively, were performed using single-barrelled glass micropipettes (Stoelting, USA) preloaded with a 2 M NaCl solution. Their impedance typically ranged between 4–7 MV. The extracellular recordings of pyramidal neurons in the CA3 region of the hippocampus were performed using multi-barrelled glass micropipettes. The central barrel used for extracellular



Monoamine neurons and triple reuptake inhibitors
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Table 1. Electrophysiological characteristics of presumed monoaminergic neurons recorded in the rat DR, VTA and LC Monoaminergic neurons DR 5-HT neurons (n=19) Spontaneous ﬁring rate (Hz) Waveform duration (ms) % of neurons exhibiting bursting activity Number of bursts/min Number of single spikes within burst



1.5¡0.1 2.5¡0.1 15 (n=3) 12¡3 2¡0.0



VTA DA neurons (n=22) 5.1¡0.4 4.2¡0.5 100 (n=22) 38¡4 3.5¡0.6



LC NE neurons (n=16) 1.8¡0.2 1.9¡0.1 31 (n=5) 19¡1 2.1¡0.1



DR, dorsal raphe ; VTA, ventral tegmental area ; LC, locus coeruleus. n=number of neurons recorded.



unitary recording was ﬁlled with 2 M NaCl solution. One side barrel, ﬁlled with 2 M NaCl solution, was used for automatic current balancing. The three other side barrels were ﬁlled with NE [L-NE HCl, 20 mM in 0.2 M NaCl (pH 4)] or 5-HT creatinine sulfate [25 mM in 0.2 M NaCl (pH 4)] and quisqualate [Quis, 1.5 mM in 0.2 M NaCl (pH 8)]. NE and 5-HT were ejected as cations and retained with currents of x8 to x10 nA. Quis was ejected as an anion and retained with a current of +5 nA. The impedance of the central barrel was 2–5 MV and those of the balance barrel and side barrels were 20–30 MV and 50–100 MV, respectively. Recording of DR 5-HT neurons The single-barrelled glass micropipette was positioned using the following coordinates (in mm from lambda) : AP, +1.0 to 1.2 ; L, 0¡0.1 ; V, 5 to 7. The presumed 5-HT neurons were then identiﬁed using the following criteria : a slow (0.5–2.5 Hz) and regular ﬁring rate and long-duration (2–5 ms) bi- or triphasic extracellular waveform (Aghajanian & Vandermaelen, 1982b). As previously demonstrated, 5-HT neurons may display a bursting activity (Hajos et al. 2007). This occasional ﬁring pattern of 5-HT neurons was analysed by spike interval burst analysis following the criteria set by Hajos et al. (2007). Recording of VTA DA neurons The single-barrelled glass micropipette was positioned using the following coordinates (in mm from bregma) : AP, x6 to x5.4 ; L, 1 to 0.6 ; V, 7 to 9. The presumed DA neurons were identiﬁed according to the well-established electrophysiological properties in vivo : a typical triphasic action potential with a marked negative deﬂection ; a characteristic long duration (>2.5 ms) often with an inﬂection or ‘notch ’ on



the rising phase ; a spontaneous ﬁring rate of 2–10 Hz with an irregular single spiking pattern with slow bursting activity (characterized by spike-amplitude decrement ; Grace & Bunney, 1983). As previously described, a criterion of duration (>1.1 ms from the start of the action potential to the negative trough) was also used (Ungless et al. 2004). Recording of LC NE neurons The single-barrelled glass micropipette was positioned using the following coordinates (in mm from lambda) : AP, x1.0 to x1.2 ; L, 1.0 to 1.3 ; V, 5 to 7. Spontaneously active NE neurons were identiﬁed using the following criteria : regular ﬁring rate (0.5–5.0 Hz) and positive action potential of long duration (0.8–2.0 ms) exhibiting a brisk excitatory response to a nociceptive pinch of the contralateral hindpaw (Aghajanian & Vandermaelen, 1982a). Single-unit activity was recorded as discriminated action potentials ampliﬁed by a MDA3 ampliﬁer (Bak Instrument, USA), post-ampliﬁed and ﬁltered by an Audiosource equalizer, digitalized by a CED1401 interface system (Cambridge Electronic Design, UK), and processed online by Spike2 software for PC Windows. Data on single-spike ﬁring rates and burst ﬁring activity were analysed oﬄine. Using a script developed for Spike2, a burst for VTA DA and LC NE neurons was identiﬁed as the occurrence of two spikes with an inter-spike interval 
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