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ABSTRACT

The article aims to compare receptor mechanisms related to neurotransmitters for some of the most widely used psychoactive
substances - amphetamine, cocaine, ecstasy (MDMA), and psilocybin - and to link these mechanisms to cardiovascular
effects, thermoregulation, and neurotoxicity. The review is based mainly on in vitro studies on transporters and receptors,
animal models, and controlled clinical trials in humans. Amphetamine is a substrate for NET/DAT and VMAT?2, inducing
reverse monoamine transport and their release into the synapse, particularly norepinephrine and dopamine, leading to
subsequent sympathomimetic effects and oxidative stress. Cocaine acts primarily as an inhibitor of monoamine reuptake via
DAT/NET/SERT, with similar affinity for all three, which markedly increases DA/NA/5-HT levels and is associated with a
high risk of cardiotoxicity. MDMA combines releasing and reuptake-inhibiting properties, with preference for SERT/NET,
producing strong 5-HT efflux and empathogenic effects, but also hyperthermia, cardiovascular disturbances, and, in animal
models, persistent serotonergic neurotoxicity involving oxidative stress and glutamate-mediated excitotoxicity. Psilocybin
(psilocin) acts mainly as a 5-HT2A agonist, with contributions from 5-HT1A/2C receptors and neurotrophin receptors,
promoting neuroplasticity and beneficial behavioral effects with relatively low acute somatic toxicity and moderate, transient
hemodynamic changes in healthy volunteers. Overall, although all substances modulate the monoaminergic system,
psychostimulants carry substantially higher cardiovascular and neurotoxic risk than psilocybin, which shows a favorable
safety profile under controlled conditions.
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Introduction

Psychoactive substances are defined as all chemical compounds acting on the central nervous system
that can induce changes in perception, mood, consciousness, and behaviour. Amphetamine and cocaine are
classical activating agents - stimulants, 3,4-methylenedioxymethamphetamine (MDMA) combines stimulant
and ,,entactogenic” properties, whereas psilocybin is a psychedelic with pronounced neuroplastic effects [1]
[2]. The aim of this article is to compare their mechanisms of action and associated psychological and physical
effects.

Methodology

The review is based on both review and experimental studies on the pharmacology of amphetamine and
other stimulants, articles on the pharmacology and toxicity of MDMA, including preclinical data and human
neuroimaging, studies on the mechanisms of action of psilocybin and other serotonergic psychedelics, and
work on monoaminergic mechanisms and the reward system that are also relevant to cocaine.
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Results

1. Primary mechanisms of action

Psychostimulants

Amphetamine and cocaine are psychostimulants that act predominantly on the monoaminergic system
(DA - dopamine, NA - noradrenaline, 5-HT - serotonin). The main differences in their effects concern the
mode of interaction with monoamine transporters (DAT - dopamine transporter, NET - noradrenaline
transporter, SERT - serotonin transporter), synaptic vesicles, and intracellular receptors [1] [2] [3].

Amphetamine does not act by directly stimulating adrenergic receptors (as adrenaline or noradrenaline
do), but by modifying the handling of endogenous neurotransmitters - noradrenaline and dopamine.
Amphetamine is a substrate for the monoamine transporters NET and DAT. After entering the neuron, it is
transported into synaptic vesicles via the vesicular transporter VMAT?2, where it displaces stored NA and DA
into the neuronal cytosol, markedly increasing their intracellular concentration [3] [4]. The high cytoplasmic
catecholamine level causes membrane transporters (DAT/NET) to reverse their direction of action. Instead of
taking up neurotransmitters from the synaptic cleft into the neuron, they begin to expel them from the
cytoplasm into the synaptic cleft. In summary, amphetamine enhances DA and NA activity through reverse
transport via DAT/NET and modulation of VMAT?2. It acts most strongly at NET, less at DAT, and only
weakly at SERT [1].

Cocaine is not a receptor agonist in the sense of directly stimulating receptors. Its key mechanism is
inhibition of monoamine reuptake. Cocaine binds to DAT, NET, and SERT on the presynaptic membrane,
leading to their blockade. This prevents removal of neurotransmitters from the synaptic cleft back into the
neuron. In addition, cocaine blocks sodium channels, which underlies its local anaesthetic effects by stabilizing
cell membranes. In summary, cocaine acts by blocking monoamine reuptake at NET/DAT/SERT, thereby
enhancing DA/NA/5-HT neurotransmission [8] [9]. It exhibits similar potency at DAT, NET, and SERT, with
Ki values of approximately 0.2—0.7 uM, meaning that very low concentrations near synapses are sufficient to
effectively block transporters and increase dopamine, noradrenaline, and serotonin levels in the synaptic cleft.
The lower the Ki, the higher the affinity for a given target [9] [10].

MDMA

MDMA is an amphetamine derivative with potent serotonergic activity: it stimulates 5-HT release via
SERT and, to a lesser extent, DA. It produces a mixed stimulant and psychedelic profile, inducing empathy,
euphoria and pronounced entactogenic effects. MDMA enters the neuron through SERT, displaces 5-HT from
vesicles via VMAT2, increases its cytoplasmic concentration, and subsequently induces a strong, non-
vesicular reverse transport through SERT, resulting in a massive 5-HT efflux in human transporters it produces
a markedly greater efflux of 5-HT than of DA or NE, despite similar affinities for the respective transporters.
Its selective action on 5-HT is driven not only by affinity for SERT, but by a higher efficacy in inducing efflux,
i.e. exchange of intracellular 5-HT to the extracellular space via the same transporter that normally mediates
its reuptake [12].

Psilocybin

Psilocybin is a prodrug - its active metabolite psilocin acts as an agonist at serotonin receptors,
particularly 5-HT2A, 5-HT2C and 5-HT1A. In humans, the intensity of psychedelic experiences correlates
with 5-HT2A occupancy (up to 72%) and plasma psilocin concentrations. Psilocybin promotes neuroplasticity
by increasing dendritic spine density in the cortex and strengthening excitatory synapses, with behavioral and
structural effects depending on 5-HT2A receptors in specific pyramidal neuron subtypes. Its actions extend
beyond 5-HT2A, involving 5-HT1A/2C as well as neurotrophin receptors (e.g. TrkB), which underlie long-
lasting remodeling of neural networks [14].

2. Physical effects

Cardiovascular system and thermoregulation

Amphetamine, cocaine and MDMA, by intensifying NA/DA/5-HT transmission, cause tachycardia,
increased blood pressure, arrthythmia, as well as cardiovascular and thermoregulatory complications (hyperthermia)
[2]113] [4]. Sympathomimetic toxidrome symptoms may occur when using psychostimulants: moist, ,,sweaty" skin,
tachycardia, hypertension, mydriasis, psychomotor agitation, muscle tremor, and hyperthermia. Regarding MDMA,
in controlled studies in healthy individuals, 75-125 mg of MDMA often caused: systolic blood pressure >160
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mmHg (33%), heart rate >100/min (29%), and temperature >38°C (19%) [11]. Psilocybin induces moderate
sympathetic activation: a transient increase in blood pressure and heart rate, with a generally good safety profile in
cardiologically healthy individuals. In clinical studies in healthy volunteers, psilocybin moderately increased blood
pressure and heart rate, the effect is transient and assessed as ,,cardiostimulant but well tolerated." A meta-analysis
of 10 studies showed an increase in SBP of approximately 19 mmHg and DBP of approximately 8.7 mmHg, and
heart rate was comparable to placebo [14].

Neurotoxicity

Amphetamine induces large, transporter-dependent burst catecholamine release, the formation of
reactive oxygen and nitrogen species, and transporter modifications (phosphorylation, altered trafficking),
which are associated with DA neurotoxicity and neurodegenerative disorders [2] [9]. Cocaine administered
during adolescence in animals causes cognitive deficits, anxiety, and reduced synaptic and dendritic spine
density in the prefrontal cortex in adulthood, suggesting long-term neurotoxic damage [1].

Mechanisms of MDMA neurotoxicity include oxidative stress (free radicals from metabolites), MAO-
dependent DA/5-HT metabolism, formation of reactive oxygen species, glutamatergic excitotoxicity, and
aggregation of hyperthermia with other factors [16]. Glutamatergic cytotoxicity is the result of a chain of
events: MDMA causes 5-HT release, 5-HT2A/C activation, and a subsequent increase in glutamate (facilitated
by COX/prostaglandins). This results in excessive activation of glutamate receptors on vulnerable neurons,
which may cause their damage or degeneration. Long-term MDMA exposure induces selective degeneration
of serotonergic axonal terminals in rats and monkeys, persisting for months or even years [17]. MDMA studies
demonstrate pronounced neurotoxicity in animal brains, particularly in the serotonin system and, in some
models, also in the dopamine system. In humans, long-term changes in serotonin markers and cognitive
function are evident, but their irreversibility and magnitude remain unclear. Reviews and meta-analyses
indicate reduced serotonin transporter (SERT) density in numerous brain regions in heavy MDMA users, with
partial normalization after prolonged abstinence [12].

In clinical studies, psilocybin is characterized by relatively low acute somatic toxicity [18]. In healthy
volunteers, the intensity of psychedelic experiences (alterations in perception, thinking, and emotions) closely
correlates with 5-HT2A occupancy and plasma psilocin levels [19]. In mice, psilocybin reverses anhedonia in
models of depression and enhances excitatory synapses in the hippocampus. These effects may be independent
of 5-HT2A, suggesting the possibility of separating antidepressant from hallucinogenic effects. Psilocybin
improves cognitive flexibility in complex reinforcement learning tasks and may reduce anorexic behaviors via
5-HT1A and 5-HT2A receptors [20].

Discussion

The substances analyzed here act primarily by modulating monoaminergic systems, but differ in their
receptor profile, duration of action, and toxicity. Amphetamine and cocaine strongly activate the reward system
by increasing DA in the nucleus accumbens, while simultaneously enhancing NA and 5-HT, which is
responsible for sympathomimetic effects and cardiovascular complications [1][2][3]. MDMA combines
amphetamine-like mechanisms with a dominant effect on 5-HT, which translates into empathophenic effects,
but also into selective serotonergic neurotoxicity, especially with repeated exposure and under conditions
promoting hyperthermia [1] [12]. Psilocybin acts primarily through 5-HT2A, but also other receptor subtypes
and neurotrophin receptors, promoting rapid and sustained neuroplasticity in the cortex and limbic structures
[14]. Preclinical studies indicate that antidepressant and procognitive effects may be partially independent of
full hallucinogenic effects (e.g., lack of complete blockade of antianhedonic effects after S-HT2A antagonism)
[19] [20]. From a clinical perspective, clinical heterogeneity is clearly visible: stimulants (amphetamine,
cocaine, MDMA in recreational doses) are characterized by a high risk of addiction, neurotoxicity, and organ
damage, while psilocybin, with controlled administration demonstrates a favorable safety profile and
therapeutic potential, although longterm safety requires further studies [21]. Research on MDMA in therapy
(e.g., PTSD) and psilocybin in depression, anxiety, and eating disorders indicates that modulation of the same
systems that lead to toxicity after abuse, under carefully controlled conditions, can be a source of significant
clinical benefits. Therefore, dose, frequency of use, context (medical vs. recreational), and individual factors
(genetics, comorbidities) are crucial [22].
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Conclusions

Amphetamine, cocaine, MDMA, and psilocybin interfere with the same fundamental neurotransmitter
systems, but their receptor profiles and dynamics of action generate distinct somatic and psychological risks.
Psychostimulants are the primary culprits of neurotoxicity, cardiovascular complications, and addiction, while
psilocybin is distinguished by its low acute toxicity and pronounced neuroplastic potential, which forms the
basis for its therapeutic applications. The diversity of effects with similar molecular targets emphasizes the
need for precise assessment of dose, regimen, and individual patient sensitivity when considering both the
risks and possible clinical applications of these substances.
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