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RELAZIONE 
 

Bckground and aims 
D-lysergic diethylamide (LSD) is a hallucinogenic drug with potent psychotropic effects. LSD may produce 
psychotic-like symptoms such as visual, tactile, acoustic hallucinations, change in body perception, and 
synesthesia. Traditionally, the psychotropic properties of LSD have been attributed to its effects at the level 
of the serotonin (5-HT) system, but given the role of dopamine (DA) in the pathogenesis of psychosis, an 
interaction of LSD with the DA system cannot be excluded. Current knowledge regarding a possible in-vivo 
interaction of LSD with mesolimbic dopamine (DA) neurons of the ventral tegmental area (VTA), the main 
source of DA innervation in the brain, is limited. In-vitro studies have demonstrated that LSD has affinity for 
DA receptors, in particular D2 receptors, and for trace-amine associated receptor 1 (TAAR1), in addition to its 
affinity for 5-HT1A and 5-HT2A receptors. Thus, we examined the in-vivo effects of cumulative doses of LSD on 
VTA DA neurons, and attempted to identify the underlying neurobiological mechanisms 

 
Matherials and Methods 
Adult male Sprague Dawley rats (Charles River, Saint-Constant, Quebec, Canada) weighing 300-330 g were 

used for in vivo electrophysiology experiments. 

In-vivo electrophysiological recording preparation :Rats were anaesthetized with chloral hydrate (400 

mg/kg, i.p.) in their housing room and then were transported in light-free boxes to the procedural room. Rats 

were placed in a stereotaxic apparatus (David Kopf Instruments, Tujunga, CA, USA) and a hole was drilled 

through the skull. Extracellular single-unit recordings were performed using single-barreled glass 

micropipettes pulled from 2 mm Stoelting (Wood Dale, IL) capillary glass on a Narashige (Tokyo, Japan) PE-21 

pipette puller and preloaded with fiberglass strands to promote capillary filling with 2% Pontamine Sky Blue 

dye in 2M NaCl for DRN 5-HT recordings or sodium acetate 0.5 M for VTA DA recordings. The micropipette 

tips were broken down to diameters of 1–3 μm. Electrode impedances ranged from 2 to 6 MΩ. Single-unit 

activity was recorded as large-amplitude action potentials captured by a soft- ware window discriminator, 

amplified by a Tennelec (Oakridge, TN) TB3 MDA3 amplifier, post-amplified and band-pass filtered by a 

Realistic 10 band frequency equalizer, digitized by a CED 1401 interface system (Cambridge Electronic Design, 

Cambridge, UK), processed online, and analyzed off-line by Spike2 software version 5.20 for Windows PC 

(Microsoft, Seattle, WA) 
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Recording of DR 5-HT neurons : In-vivo single-unit extracellular recordings of DRN 5-HT neurons were 

performed as previously described (Bambico et al. , 2007).The electrode was advanced slowly into the DR, 

guided by coordinates from atlas of Paxinos and Watson (2007): 1.2 mm anterior to interaural zero on the 

midline, 5.0 to 6.5 mm from the dura mater. Under physiological conditions, spontaneously active 5-HT 

neurons exhibit characteristic electrophysiological properties distinguishable from non-5-HT neurons. These 

5-HT neurons exhibit a slow (0.1–4 Hz) and a prominently regular firing rate (coefficient of variation, C.O.V., 

ranges from 0.12 to 0.87), a broad biphasic (positive–negative) or triphasic waveforms (0.8–3.5 ms; 1.4 ms 

first posi- tive and negative deflections) (Allers and Sharp, 2003); (Bambico, Katz, 2007) ; (Vandermaelen and 

Aghajanian, 1983 
 

Recording of VTA DA neurons:The electrodes were descended into the VTA using a hydraulic micropositioner 

(David Kopf Instruments, Tujunga, CA, USA) within the stereotaxic coordinates described in the rat brain atlas 

of Paxinos and Watson (2007): A-P: 3.4 to 4.1 mm from the interaural line; lateral: 0.6 to 1.1 mm from the 

midline; ventral: 7.5 to 8.8 mm from the brain surface; AP:2.2-2.4 from lambda (Gobbi et al. , 2001). One to 5 

electrode descents were done per rat. Putative DA neurons were identified based on well-established 

electrophysiological properties: a wide action potential (> 2.5 ms), biphasic or triphasic waveform and slow 

firing (0.5–10 Hz) (Grace and Bunney, 1983, Ungless and Grace, 2012). 

Drugs :RR-(-)-apomorphine hydrochloride hemihydrate (Apo), chloral hydrate (Sigma-Aldrich, Oakville, 

Canada), D-lysergic diethylamide (LSD) (Sigma-Aldrich, London, UK), 8-hydroxy-2-(di-n- 

propylamino)tetralin hydrobromide (8-OH-DPAT), (Sigma-Aldrich, Oakville, Canada), WAY 100,635 maleate 

(WAY) (Tocris Bioscience, Missouri, USA), and p-chlorophenylalanine (PCPA) (Sigma-Aldrick, Oakville, Canada) 

were dissolved in a 0.9% NaCl vehicle (VEH) solution. (R)-(+)-α-(2,3-Dimethoxyphenyl)-1-[2-(4- 

fluorophenyl)ethyl]-4-piperinemethanol (MDL 100 907) (Tocris Bioscience, Missouri, USA) was dissolved 

dropwise in acetic acid then titrated with distilled water. Haloperidol (Halo) (Sigma-Aldrich, Oakville, ON, 

Canada) was dissolved in a solution of 0.039% of 2-hydroxypropyl-γ-cyclodextrin in 0.9% NaCl. N-(3- 

Ethoxyphenyl)-4-(1-pyrrolidinyl)-3-(trifluoromethyl)benzamide (EPPTB) (Tocris Bioscience, Missouri, USA) was 

dissolved in a vehicle of 60% polyethylene glycol 400 (Sigma-Aldrich, Oakville, Canada) and 40% NaCl solution 

(0.9%). Apo, LSD, WAY, Halo and EPPTB were freshly prepared the day of the experiment. Drugs were 

injected intravenously (i.v.) using a 24G x 3/4" catheter (Terumo Medical Corporation, Elkton, MD, USA) 

inserted into the lateral vein of the tail. The maximum volume used for a single i.v. injection was 0.1 ml. 

Results 
LSD dose-dependently decreased VTA DA firing activity at doses higher (30-120 µg/kg, i.v.) than those (5-20 
µg/kg, i.v.) inhibiting DRN 5-HT neurons (ED50: 71.8 vs. 13.1 µg/kg; F(2,7)=39.34, P<0.0001). The inhibitory 
effects of LSD on VTA DA firing activity were prevented by HALO, WAY and EPPTB, suggesting the 
involvement of D2, 5-HT1A and TAAR1 receptors in the mechanism of action of LSD. Interestingly, the single 
i.v. injection of 5 mg/kg EPPTB increased VTA DA firing activity compared to vehicle (2.89±0.60 vs 2.15±0.34 
Hz, P=0.002) 

 
Discussion and Conclusion 
In this study, we have demonstrated that the hallucinogenic drug LSD strongly influences dopaminergic 
neural activity of the VTA. In particular, at the doses inhibiting DRN 5-HT firing activity, LSD does not affect 
VTA DA neurons, but at higher doses, decreases VTA DA neural activity. Using selective antagonists, we have 
also demonstrated that the decrease in VTA DA neural activity induced by high doses of LSD occurs through a 
complex and multi-receptorial mechanism including activation of D2, 5-HT1A, and TAAR1 receptors. 
Noteworthy, this is the first in-vivo evidence highlighting the involvement of TAAR1 receptors in the action of 
LSD. In addition, we highlight that low doses of LSD also act on DRN 5-HT neurons with a multi-receptorial 
mechanism including activation of 5-HT2A and D2 receptors. In agreement with previous evidences, we found 
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that LSD at low doses (5-20 µg/kg) ceased DRN 5-HT firing activity, but was ineffective at modulating DA 
neurons in VTA at this dose. We found that the decrease of 5-HT firing activity following LSD administration 
was blocked by the 5-HT2A antagonist MDL 100 907. Moreover, we observed that the effects of LSD on DRN 5- 
HT neurons were also blocked by a D2  receptor antagonist, an effect likely due to the presence of D2 

receptors within the DRN. Moreover, we performed electrophysiological recordings of VTA DA neurons with 
higher doses of LSD (30-120 µg/kg), revealing that cumulative injections of high doses of LSD significantly 
decreased VTA DA neural activity. Importantly, VTA DA firing activity was reinstated by injecting the selective 
D2 receptor antagonist Halo and, similarly, the injection of Halo prior to LSD blocked the inhibitory effect of 
LSD on VTA DA neurons. In addition, we tested whether pre-treatment with the5-HT1A antagonist WAY 
100,635 could affect the activity of high doses of LSD on VTA DA neurons. We found that blockade of 5-HT1A 

receptors prevented the inhibitory effects of high doses of LSD. Of note, this is the first in-vivo 
electrophysiological demonstration of the influence of 5-HT1A receptors on the effect of LSD on VTA DA 
neuronal activity. Importantly, for the first time, the activity of a TAAR1 receptor antagonist was explored in- 
vivo, and we found that the TAAR1 receptor is involved in the effect of LSD on DA neurons. In our experiment, 
we pre-treated rats with the TAAR1 antagonist EPPTB prior to the injection of LSD. EPPTB significantly 
increased the firing rate of VTA DA neurons, and blocked the inhibitory effects of LSD, suggesting that the 
effects of LSD over the DA system are also mediated by TAAR1 receptor and further confirm the ability of 
TAAR1 antagonism to counteract the inhibitory effects of hallucinogenic drugs on DA firing activity. As a 
consequence, a potential role for TAAR1 antagonists in the management of psychotic-like effects of LSD 
deserves to be investigated. 
In conclusion, our results show that LSD acts with a pleiotropic mechanism of action and at low doses affects 
the 5-HT system interacting also with 5-HT2A and D2 receptors, while at higher doses it affects the DA system 
via 5-HT1A, D2 and TAAR1 receptors. Interestingly, this biphasic dose-dependent mechanism of action is 
paralleled by a similar biphasic psychotropic effect in humans. A combination of 5-HT1A, D2 and  TAAR1  

receptor antagonism could thus represent a novel avenue for drug-induced psychosis. 
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