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Abstract
The studies of psychedelics, especially psychedelic tryptamines like psilocybin, are 
rapidly gaining interest in neuroscience research. Much of this interest stems from 
recent clinical studies demonstrating that they have a unique ability to improve the 
debilitating symptoms of major depressive disorder (MDD) long- term after only a sin-
gle treatment. Indeed, the Food and Drug Administration (FDA) has recently desig-
nated two Phase III clinical trials studying the ability of psilocybin to treat forms of 
MDD with "Breakthrough Therapy" status. If successful, the use of psychedelics to 
treat psychiatric diseases like depression would be revolutionary. As more evidence 
appears in the scientific literature to support their use in psychiatry to treat MDD 
on and substance use disorders (SUD), recent studies with rodents revealed that 
their therapeutic effects might extend beyond treating MDD and SUD. For example, 
psychedelics may have efficacy in the treatment and prevention of brain injury and 
neurodegenerative diseases such as Alzheimer's Disease. Preclinical work has high-
lighted psychedelics’ ability to induce neuroplasticity and synaptogenesis, and neural 
progenitor cell proliferation. Psychedelics may also act as immunomodulators by re-
ducing levels of proinflammatory biomarkers, including IL- 1β, IL- 6, and tumor necrosis 
factor- α (TNF- α). Their exact molecular mechanisms, and induction of cellular interac-
tions, especially between neural and glial cells, leading to therapeutic efficacy, remain 
to be determined. In this review, we discuss recent findings and information on how 
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1  |  INTRODUC TION

We are in the midst of a renaissance of research into a class of drugs 
named psychedelics. This class of drugs was made illegal to use or 
possess worldwide in the late 1960s, but is now making a comeback 
as a possible clinical therapy for treating psychiatric conditions such 
as treatment- resistant depression (TRD), post- traumatic stress dis-
order (PTSD), and other neuropsychiatric diseases (Carhart- Harris 
et al., 2017, 2021; Griffiths et al., 2016; Krediet et al., 2020; Nutt 
et al., 2020). There is no doubt that psychedelics influence essen-
tial functions of the Central Nervous System (CNS). Therefore, 
they are increasingly recognized and being studied as therapeutic 
agents for psychiatric disorders. In modern pharmacology, the term 
"psychedelic" refers to a class of CNS active drugs that primar-
ily produce their effects through serotonin 5- HT2A receptor ac-
tivation. Classic psychedelics are the natural products: psilocybin, 
N,N- dimethyltryptamine (DMT), 5- MeO- DMT, mescaline, and the 
semi- synthetic ergot derivative lysergic acid diethylamide (LSD). 
Non- classic psychedelics are newer derivatives of these classic com-
pounds and also include DOx and 2C compounds such as (R)- DOI 
and 2C- B. CNS active drugs that can produce similar perceptual al-
terations such as ketamine, MDMA, and THC are not pharmacologi-
cally considered psychedelics because their effects are not mediated 
primarily through the 5- HT2A receptor. However, recent phase- III- 
clinical trial data on MDMA- assisted psychotherapy demonstrated 
therapeutic benefits in patients with severe PTSD (Mitchell et al., 
2021).

Research using psychedelics was essentially banned worldwide 
in the late 1960s and early 1970s, and this class of drug labeled dan-
gerous with no medical value. Fortunately, research in this field has 
gained interest in recent years, and clinical trials in several areas show 
promise for these drugs as potential new therapeutics. For instance, 
so- called "magic mushrooms" are a well- known natural source of the 
classic psychedelic tryptamine psilocybin. Although known and used 
for millennia, psilocybin itself was not isolated until 1957 by Albert 
Hoffman from Psylocibe mexicana, who first synthesized it in 1958 
(Passie et al., 2002). Psilocybin itself is a prodrug, rapidly converted 
to the active form, psilocin, in the body. Another classic psychedelic 
compound, N,N- Dimethyltryptamine (DMT), is found in significant 
concentrations in several plants such as Mimosa tenuiflora, Psychotria 
viridis, and Diplopterys cabrerana, among others. It is also produced in 
the mammalian body but at low levels. DMT was first synthesized in 
1931 and isolated in 1942 from M. tenuiflora by Oswaldo Gonçalves 
de Lima. Its psychoactive properties, however, were not confirmed 

until 1956 (Gaujac et al., 2013). The β- carboline and monoamine ox-
idase inhibitors (MAOi) harmine, tetrahydroharmine, and harmaline 
in Banisteropsis caapi are often used to facilitate the oral activity 
of DMT in the Amazonian brew ayahuasca, which has also recently 
been studied for therapeutic benefits (Hamill et al., 2019; Jiménez- 
Garrido et al., 2020; Netzband et al., 2020; Palhano- Fontes et al., 
2019; Sarris et al., 2021).

This review will discuss the current state of the art of how psy-
chedelics influence neural tissue homeostasis and activity. We hy-
pothesize that psychedelics can also be used as therapeutics in the 
treatment of neurodegenerative diseases and brain injuries. We 
will mainly focus on neuroimmunology and how data from recent 
research in the context of neuroinflammation support the hypothe-
sis that psychedelics may have a beneficial outcome in restoring the 
balance of neural tissue function (Frecska et al., 2016; Inserra, 2019). 
In this context, we will also discuss psychedelic- induced neuroplasti-
city, neurogenesis, and gliogenesis. We propose that psychedelic re-
search in studies of neurodegeneration may be beneficial for future 
development in this field. We hope that this review will provide in-
formation useful to support future psychedelic research in the area 
of regenerative medicine and the treatment of neurodegenerative 
disorders and brain injuries.

2  |  PSYCHEDELIC S IN THE TRE ATMENT 
OF MA JOR DEPRESSIVE DISORDER

Numerous research studies of psychedelics in psychiatry were per-
formed between the 1950s and 1970s that suggested their use for 
the treatment of TRD and PTSD (Byock, 2018; Pahnke et al., 1970). 
For example, prior to the scheduling and restrictions on the use of 
LSD, the NIH funded over 130 research projects on its prospective 
therapeutic benefits (Nutt et al., 2020). Unfortunately, the rigor 
of those studies was not up to current standards, and most were 
not adequately controlled (Bonson, 2018). However, these histori-
cal trials gave reason to suspect efficacy in the treatment of MDD 
and SUD. Currently, 264 million people are suffering from depres-
sion globally, and among them 60– 70% do not respond to the first 
treatment, and 30– 40% do not respond to any pharmacotherapy. 
Worldwide, every year about 800 000 people commit suicide, and 
suicide is the second leading cause of death among young people 
between 18 and 29 years old (De Gregorio et al., 2018).

Several drugs are used to treat MDD. These include reversible 
inhibitors of monoamine oxidase (RIMA), tricyclic antidepressants 

psychedelics may act therapeutically on cells within the central nervous system (CNS) 
during brain injuries and neurodegenerative diseases.

K E Y W O R D S
blood– brain barrier, immunomodulation, microglia, neurodegenerative disorders, 
neuroprotection, psychedelics
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(TCAs), selective serotonin reuptake inhibitors (SSRIs), serotonin- 
norepinephrine reuptake inhibitors (SNRIs), and others (Ionescu 
et al., 2015). However, about one- third of patients do not respond 
to these conventional treatments (Ionescu et al., 2015) and are 
termed treatment- resistant depression (TRD). A new medicine for 
TRD is (S)- ketamine (Esketamine, Sprivato®), a non- monoaminergic 
antagonist of NMDA receptors that was recently approved by the 
FDA as a nasal spray formulation for TRD in conjunction with an 
oral antidepressant. Esketamine treatment is rapid acting (i.e., within 
hours), and appears to be a useful tool in the treatment of TRD, but 
the cost of the therapy is relatively high (Bahr et al., 2019), and there 
are abuse issues that may present with long- term use necessary for 
sustained therapeutic effect.

The first evidence that psychedelics may elicit therapeutic ben-
efits in the treatment of MDD appeared from studies conducted 
between the 1950s and 1970 (Pahnke et al., 1970). More recently, 
this concept has been further explored with modern scientific rigor 
in clinical trials. Two groundbreaking studies demonstrated psilo-
cybin improves well- being of cancer patients when used together 
with psychotherapy (Griffiths et al., 2016; Ross et al. et al., 2016). 
They found that just a single administration of psilocybin to patients 
brought significant relief from cancer- related psychosocial distress, 
with the positive behavioral effects lasting through the studies’ 
6- month duration. Patients reported improvement in life attitude, 
mood, social interactions, and clinically rated remission for MDD and 
anxiety. A long- term follow- up study on a small group of patients has 
suggested positive outcomes lasting at least 4.5 years (Agin- Liebes 
et al., 2020). The clear advantage of psychedelic- assisted psycho-
therapy is the administration of one or two doses, which are at least 
equally effective as an everyday dose of classical antipsychotics. The 
psychedelic- assisted psychotherapy sessions are reported to be sat-
isfactory for a treatment of an anxiety and major depressive disorder 
(Agin- Liebes et al., 2020; Carhart- Harris et al., 2021; Griffiths et al., 
2006, 2016; Ross et al. et al., 2016).

Imaging studies using fMRI to scan the brains of depressed in-
dividuals have mapped functional changes in neural network con-
nectivity, and these may be relevant to the therapeutic effects of 
psilocybin (Carhart- Harris et al., 2017). One proposed antidepressant 
mechanism of psychedelics involves stimulation of 5- HT2A recep-
tors, and subsequent effects on resting- state functional connectivity 
(rsFC) to disintegrate the default mode network (DMN) and produce a 
net hyperconnectivity. In this scenario, for a subset of patients, MDD 
is associated with rigid, predictable reality processing through fixed 
neural connections, making it difficult to escape negative thought 
patterns (Carhart- Harris et al., 2014). This network hyperconnec-
tivity then gives way to more normal connections and a "resetting" 
of the brain and a shedding of rigid and negative network states as 
the acute effects of psilocybin diminish (Carhart- Harris et al., 2017; 
Nichols et al., 2017), similar to a defibrillator re- synchronizing elec-
trophysiological signals within the heart. In reality, MDD affects sev-
eral aspects of neurobiology, from network connectivity to cellular 
function. Psychedelics activate ensembles of excitatory neurons, in-
hibitory interneurons, and non- neuronal cells like astrocytes and glia 

in a regionally dependent manner (Martin & Nichols, 2016) as well as 
increase synaptic density and connections between neurons (Ly et al., 
2018). Complex heterogeneous effects at the cellular and molecular 
level in response to psychedelics likely underlie the observed normal-
ization in network connectivity, leading to therapeutic effects.

It remains unknown, how just a single administration of a psyche-
delic can produce such long- term therapeutic effects. An interesting 
theory proposed by Flanagan and Nichols suggests that this may 
occur because of psychedelic induced anti- inflammatory responses 
whereby the psychedelic reduces neuroinflammation associated 
with MDD, which could otherwise facilitate relapse back into a de-
pressed state (Flanagan & Nichols, 2018; Kyzar et al., 2017). Anti- 
inflammatory pathways could involve activation of 5- HT2A, Sigma- 1, 
and TAAR receptors present in multiple cell types involved in the 
immunomodulation of the CNS. These concepts will be discussed 
later in this review. Reducing inflammation is a recently proposed an-
tidepressant strategy, as a large percentage of depressed individuals 
have elevated inflammatory biomarkers. Traditional antidepressant 
drugs such as SSRIs and SNRIs are reported to lower inflamma-
tion and promote hippocampal neurogenesis (Gałecki et al., 2018; 
Samuels et al., 2015; Santarelli et al., 2003; Warner- Schmidt et al., 
2011). Psychedelics have also been shown to reduce proinflamma-
tory biomarker expression in several models, including in vitro, an-
imal, and human studies (Flanagan & Nichols, 2018; Flanagan et al., 
2019; Nardai et al., 2020; Szabo et al., 2014; Uthaug et al., 2020), 
but it remains to be investigated if this anti- inflammatory mecha-
nism is also involved in the antidepressant effects of psychedelics to 
treat MDD. One of the possible mechanisms would be the preven-
tion of inflammatory- mediated tryptophan metabolism via the IDO/
kynurenine pathway (Miura et al., 2008). Tryptophan is one of the 
amino acids required for serotonin synthesis, however, it may be me-
tabolized to kynurenine by indoleamine 2,3- dioxygenase (IDO). The 
IDO enzyme is produced by immune cells, such as monocytes, mac-
rophages, and microglia in response to proinflammatory cytokines 
(for instance, IFN- γ, IFN- α) (Munn & Mellor, 2013; Robinson et al., 
2005). In the IDO/kynurenine pathway, tryptophan is metabolized 
into kynurenic acid (KYNA) and quinolinic acid (QUIN), an NMDA re-
ceptor agonist. The involvement of QUIN and KYNA in the develop-
ment of MDD has recently been investigated (Liu et al., 2018; Steiner 
et al., 2011). The anti- inflammatory properties of psychedelics may 
therefore involve prevention of immune cells to synthetize IDO, and 
disruption of IDO/kynurenine pathways.

The therapeutic effect may also depend on the subjective mind- 
altering experiences that occur during the treatment sessions apart 
from any acute biological mechanisms. Life- changing experiences 
that do not depend on drug administration, such as motivation to 
quit an addiction, can and do regularly occur (Griffiths et al., 2006; 
Morris, 2006). Although there is a promise in the psychedelic- 
assisted therapy, is that approach better than the current standard 
of care using traditional antidepressants and psychotherapy? In a 
recently published clinical study, which was the first head to head 
comparison of psilocybin versus an SSRI (escitalopram) to treat 
MDD, both compounds appeared to have similar therapeutic effects 
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(Carhart- Harris et al., 2021). However, the fact remains that during 
this trial, only two doses of psilocybin were administered compared 
to chronic dosing of SSRI. Additional ongoing or planned clinical tri-
als studying the use of psychedelics to treat addiction, PTSD, cluster 
headaches, major depressive disorder in Mild Cognitive Impairment 
and Alzheimer's Disease will soon inform on the broader applicabil-
ity of psychedelics to treat neuropsychiatric disorders.

In general, the application of novel therapies is justified only if 
the risks do not outweigh the benefits, and there are some con-
cerns when considering therapeutic applications of psychedelics. 
Although it is generally accepted that this class of the drug has little 
to no addictive potential (Fábregas et al., 2010; rev in Dos Santos 
et al., 2018; rev in Johnson et al., 2018), there is a slight risk for 
certain patients to experience sporadically occurring adverse psy-
chological effects (Sarris et al., 2021). This includes the risk of devel-
oping symptoms of psychosis or schizophrenia (rev in Paparelli et al., 
2011). Clinical trials to date have specifically excluded participants 
with first- degree relatives with certain psychiatric disorders like 
psychosis and schizophrenia to minimize risk. Furthermore, it may 
not be prudent to administer psychedelics to individuals with certain 
other psychiatric conditions such as borderline personality disorder 
or bipolar disorder (Holmes et al., 2009; Kulacaoglu & Kose, 2018; 
Reddy et al., 2014; Studerus et al., 2011).

3  |  PSYCHEDELIC INDUCED 
NEUROPL A STICIT Y AND NEUROGENESIS: 
WHAT IS ALRE ADY KNOWN— WHAT COULD 
BE PROPOSED

The term "neural plasticity" describes changes in functional neural 
connectivity. The mechanisms are mostly associated with neural 
cells, but the process reaches beyond the plasticity of neural syn-
apses (Sampaio- Baptista & Johansen- Berg, 2017). The adaptive 
changes in the fMRI- measurable macro- scale come from changes 
in local micro- scales within multicellular interactions, involving 
neurons, astrocytes, microglia, and oligodendrocytes (Chagas et al., 
2020; Dzyubenko et al., 2016). These cellular interactions are char-
acterized by complicated homeostatic processes employing both 
paracrine and direct cell- to- cell communication. Neural plasticity is 
still poorly understood, but some mechanisms have already been de-
scribed (Vatansever et al., 2017). Psychedelics may induce a so- called 
elevated brain entropy state, resulting in an increased ability to learn 
and "unlearn" certain information. Such action may be therapeutic, 
and is likely associated with increased neural plasticity mechanisms 
at the cellular level (Carhart- Harris et al., 2014). Acute changes in the 
density and complexity of synaptic architecture induced by psych-
edelics and 5- HT2A receptor activation have been shown by several 
investigators in both in vitro and in vivo models. These changes in-
volve multiple mechanisms. For example, increases in spine density 
and morphology can involve direct signaling downstream of 5- HT2A 
receptor stimulation by psychedelics through serotonylation and ac-
tivation of Rac1 and kalirin- 7 (Jones et al., 2009; Mi et al., 2017), or 

indirect modulation of synaptic architecture by elevated glutamate 
levels acting through BDNF/TrkB and mTOR signaling (Figure 1) (Ly 
et al., 2018). A feature of psychedelic therapy is the long- lasting ef-
fect after only a single treatment. The reason for this is unclear, but 
likely involves changes in gene expression and/or epigenetic factors 
underlying the maintenance of neural processes normalized by treat-
ment. There are several known genes involved in synaptic plasticity 
whose expression is changed in response to psychedelics (Jefsen 
et al., 2021; Nichols & Sanders- Bush, 2004). Neurogenesis may also 
be a factor; the administration of DMT induces neural progenitor 
cells proliferation and adult hippocampal neurogenesis in vivo via 
activation of Sigma- 1 receptors in C57BL/6 mouse (Morales- Garcia 
et al., 2020). Taken together, neurotrophic signaling and neuroplasti-
city promoting pathways activated by psychedelics are hypothesized 
to be key to the mechanism(s) of action for therapeutic effect(s).

A potential key mechanistic component not taken into account 
for nearly all proposed models is the involvement of microglia for 
therapeutic effect, as most if not all attention has been focused on 
neurons in the mechanism of action of psilocybin and other psyche-
delics. Microglia are tissue- specific, self- renewable CNS macrophage- 
like cells that are different from other cell types since they appear 
in the brain and spinal cord during fetal development in the process 
of primitive hematopoiesis (Alliot et al., 1999). During their life- long 
residency inside the CNS environment, microglia assume specific im-
mune cell characteristics and functions. Microglia are very mobile, 
continually scanning the environment, ready to respond to injury and 
infections, and take an active part in synaptic rearrangement and 
neural tissue regeneration (Chagas et al., 2020). They modulate the 
deletion of unnecessary connections and the formation of new ones 
(Heneka et al., 2015; Ledo et al., 2016). It is tempting to speculate that 
psychedelics may stimulate neural plasticity through microglia regu-
lation, especially since many receptors targeted by certain psyche-
delics like psilocybin and LSD are also present on microglia, including 
5- HT2A, 5- HT2B, and 5- HT7 receptors (Quintero- Villegas & Valdés- 
Ferrer, 2019), and the Sigma- 1 receptor (Gekker et al., 2006; Ray, 
2010). Interestingly, in vitro application of DMT and 5- MeO- DMT to 
monocyte- derived dendritic cells (moDCs) reduce mRNA and protein 
expression of IL- 1β, IL- 6, TNF- α, IL- 8, and increase expression of reg-
ulatory and tolerogenic IL- 10 (Szabo et al., 2014).

Another interesting phenomenon is the reciprocity in the dy-
namics of neuron– microglia interactions. For instance, activation of 
NMDA receptors on a single neuron's dendrites can stimulate the 
growth of microglial extensions (Eyo et al., 2018). Further research 
may help better understand how neuronal– microglia interactions 
affect learning and memory, neurodegeneration, and possibly the 
progression of certain mental illnesses. Microglia may be regulat-
ing synaptic pruning or growth by signals from neurons themselves 
(Sandvig et al., 2018). These regulatory signals may rely on the elec-
trochemical transmission or the complement system, which is also 
involved in the process of synaptic pruning. During this process, 
unnecessary synapses are tagged with specific complement pro-
teins that are detected and phagocytized by microglia. Errors in this 
process during childhood may lead to the development of autism, 

 14714159, 2022, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/jnc.15509, W

iley O
nline L

ibrary on [05/02/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



    |  93KOZLOWSKA et AL.

schizophrenia, or mental retardation, and in adult also result in de-
generative diseases (Eroglu & Barres, 2010; Presumey et al., 2017). 
The cellular phenotype and activity of microglia, the involvement of 
the complement system, and the neuronal signals relevant to syn-
aptic plasticity upon psychedelics stimulation are probably critical 
aspects of the psychedelic therapeutic mechanism.

Our unpublished data suggest that psilocin increases the pro-
tein expression of triggering receptor expressed on myeloid cells 2 
(TREM2) on microglia while reducing p65, TLR4, and CD80 proin-
flammatory markers (Kozlowska, Klimczak, Wiatr et al., 2021). 
TREM2 is involved in the regulation of several microglial func-
tions, including phagocytosis and synaptic refinement. Microglia 
deficient in TREM2 expression results in synaptic pruning defects, 
increased excitatory neurotransmission, and reduced long- range 
functional connectivity (Filipello et al., 2018). The down- regulation 
of TREM2 was also observed in brain samples of patients suffer-
ing refractory epilepsy (Koenig & Dulla, 2018). According to our 

pilot data, psychedelics may prevent neuronal damage in microglia- 
neuron co- culture, however, it is presently unknown if the pro-
tective mechanisms of psychedelics are mediated by microglial 
TREM2.

4  |  PATHOLOGIC AL MECHANISMS IN 
NEURODEGENER ATION— A POTENTIAL 
TARGET FOR PSYCHEDELIC S

Because the brain is very fragile and hardly an accessible organ, 
only limited therapeutic approaches can be proposed for the treat-
ment of brain- specific neurodegeneration. These can be pharma-
cological, stem cell, or gene therapy approaches. Unfortunately, 
results to date with these approaches have not been very suc-
cessful (Durães et al., 2018; Pen & Jensen, 2017; Sudhakar & 
Richardson, 2019). Interestingly, one recently proposed solution 

F I G U R E  1  Model of neuroplasticity pathways induced by 5- HT2A and Sigma- 1 receptors in response to psychedelics treatment. 
5- hydroxytryptamine receptor 2A (5- HT2A) and Sigma- 1 (Sig- 1R) receptor are activated by binding psychedelics (LSD, DMT, psilocin), which 
induces transcription of brain- derived neurotrophic factor (BDNF) through PLCbeta/PKC signaling in the case of 5- HT2A and unknown 
pathway in the case of Sig- 1R. BDNF exerts various effects in the cell leading to increased neural plasticity. Precursor BDNF (pre- BDNF) 
is acting on the sortilin- p75 receptor, which results in neuronal development and cytoskeletal remodeling. Mature BDNF as well as 
other neurotrophins: NGF and NT- 3 by binding to their receptors activate main signaling pathways: PLC- gamma and MAPK/ERK. Those 
pathways activate transcription regulators such as CREB and c- FOS, which leads to expression of plasticity- related genes involved in neurite 
outgrowth, branching, neuronal survival, and synapse plasticity. In addition, MAPK/ERK activation leads to mTOR- regulated translation of 
BDNF and ERK1/2 in the complex with PLD1, RSK2, and PEA15 which promote BDNF transcription through CREB. Interaction of BDNF 
with TrkB receptor activates several other signaling cascades: RAC1/PAK1/LIMK1 involved in synaptic actin dynamics and MKP- 1 leading 
to axon branching. Neuroplasticity induced by 5- HT2A and Sig- 1 receptors is also mediated through calcium signaling released from 
endoplasmic reticulum (ER)
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is the application of traditional psychiatric drugs because they 
have been shown to prevent neural loss and stimulate neuro-
genesis (Santarelli et al., 2003), Neuroprotection and induction 
of neurogenesis may be a fruitful avenue to treat MDD as the 
histopathology of depressed individuals sometimes show signs of 
subtle neurodegeneration. For example, post- mortem brain stud-
ies have revealed neural loss and atrophy in the prefrontal cor-
tex (PFC) and the hippocampus (Manji et al., 2003; Sheline et al., 
2003). Neural protective mechanisms (e.g., neuroprotection, 

neurogenesis, neuroplasticity) have been shown to be induced 
by psychedelics, which are effective in the treatment of MDD 
(Flanagan et al., 2019, 2020; Ly et al., 2018; Morales- Garcia et al., 
2020; Morales- García et al., 2017; Nardai et al., 2020; Szabó 
et al., 2021). Here, we discuss pathologies that occur in neurode-
generative disorders that may potentially be targeted by psych-
edelics for therapeutic effect. We speculate that their application 
at early disease stages may result in the delay of pathological 
symptoms (Figure 2).

F I G U R E  2  The concept of possible therapeutic mechanisms of psychedelics in several inflammation- related pathophysiological events 
in neurodegenerative disorders. Protection against oxidative stress: the psychedelic- based drugs may act via stimulation of 5- HT1A, 
5HT2A, and Sigma- 1, which initiates Nrf2 signaling and results in the up- regulation of antioxidant genes and proteins expression (HO- 1, 
NQO1, Catalase, SOD1, SOD2). Protection against ER stress: a multiprotein complex consisting of receptors (IP3Rs), ion transporters, 
and anchoring proteins builds the ER- mitochondria interface. It sustains direct tunneling and constant supply of Ca2+ between the two 
organelles stimulating mitochondrial metabolism and ATP synthesis. Disruption of Ca+/ATP production and exchange may lead to neuronal 
pathogenesis, structural damage, and disrupted protein folding. Activation of Sigma- 1R by psychedelics may protect the cells against the 
ER damage- mediated stress via down- regulation of CHOP2, ATF4, ATF6, and the creation of bax (apoptotic) versus bcl2 (anti- apoptotic) 
equilibrium. Maintenance of BBB integrity and the anti- inflammatory properties of psychedelics: Left side presents inflammation- related 
mechanisms in neurodegeneration, neural tissue damage. Disease- related inflammation occurs in response to pathogenic signals (e.g., NOS/
ROS, viruses, prions, toxic proteins, damaged myelin, danger- associated proteins). Those signals stimulate astrocytes and microglia to secrete 
proinflammatory cytokines and chemokines (IL- 1β, IL- 6, IL- 15, IL- 17, TNF- α, MCP- 1, CCL- 20 CXCL2), eventually attracting leukocytes to cross 
BBB and infiltrate brain parenchyma. BBB breakdown may also be the result of elevated ROS/NOS deleterious concentration. Right side of 
the scheme presents the concept of how psychedelics may target the mechanisms via 5- HTRs, Sigma- 1, and TAAR1 receptor stimulation. 
Psychedelics might elicit neuroprotective activity by decreasing the protein levels of APAF- 1 and proinflammatory cytokines while up- 
regulating the expression of neurogenic and anti- inflammatory factors (BDNF, GDNF, IL- 10). The activation of 5- HTRs, Sigma- 1, and 
TAAR1 would also stimulate microglia- T- cell crosstalk in favor of achieving their equilibrium (regulation). As the result of anti- inflammatory 
mechanisms, the up- regulation of TJ protein levels (SHH, ZO- 1, 2, 3, occludin, claudin, PECAM- 1) would maintain BBB integrity. We propose 
that the application of classical psychedelics may be beneficial in treating neurodegenerative disorders such as Alzheimer's Disease, 
Amyotrophic Lateral Sclerosis, and Spinocerebellar Ataxia type 3. The therapeutic actions of psychedelics via 5- HT2A, 5- HT2B, Sigma- 1R, 
and Trace Amine- Associated Receptor 1 (TAAR1) would protect from reactive oxygen species (ROS), neuro- inflammation, and toxic proteins 
aggregation, simultaneously supporting neurotrophy. The possible pathways activated during the psychedelic effect could include down- 
regulation of indoleamine 2,3- dioxygenase (IDO) and Nuclear Factor of Activated T cells NFAT, up- regulation of neurotrophy factors such as 
c- Fos and cAMP Response Element- Binding Protein (CREB), and sustaining blood– brain barrier (BBB) integrity
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4.1  |  Oxidative stress

Oxidative cell damage is often a reported in brain- specific neuro-
degeneration. This damage usually occurs because of an imbalance 
between free radicals, reactive oxygen species (ROS), and reactive 
nitrogen species (RNS), and the presence of antioxidants and anti-
oxidative proteins, such as superoxide dismutases (SOD), hioredoxin 
peroxidases (TRXPs), glutathione peroxidases (GPXs) (Snezhkina 
et al., 2019). In a typical situation, if reactive species are held in 
balance, they play an essential role in regulating essential cellular 
processes including phagocytosis, apoptosis, and cellular signaling. 
However, when cells are unable to neutralize excesses of reactive 
molecules, these molecules may induce damage to mitochondria, 
cellular and nucleolar membrane, and DNA, and over time result 
in organ and/or tissue degeneration (Burton & Jauniaux, 2011; 
Dizdaroglu et al., 2002; Liguori et al., 2018). Elevated oxidative stress 
and disruption in redox balance are observed in many psychiatric 
conditions such as MDD, schizophernia, bipolar disorder, anxiety 
disorder (Bajpai et al., 2014; Salim, 2014). Importantly, disruption of 
redox homeostasis occurs in the pathology of ALS, PD, AD, and DNA 
repeat expansion disorders such as HD and SCAs (Niedzielska et al., 
2016; La Rosa et al., 2020).

In the psychedelic brew ayahuasca, two components, harmine and 
harmaline, are monoamine oxidase inhibitors with antioxidant prop-
erties (Berrougui et al., 2006; Li et al., 2018) and have the capability 
to induce gliogenesis and neural progenitor cell migration (Morales- 
García et al., 2017). Another anti- oxidative effect of psychedelics such 
as psilocybin and/or DMT may come as a result of 5- HT1A receptor ac-
tivation. The 5- HT1A receptor agonist 8- OH- DPAT induces expression 
of the anti- oxidative factor metallothionein- 1/- 2 (MT- 1/- 2) and Nfr2 
(Miyazaki & Asanuma, 2016; Miyazaki et al., 2013). In retina pigment 
epithelial cell line (ARPE- 19), 8- OH- DPAT reduces damage caused by 
paraquat, an oxidative herbal agent, through elevation of MT1, heme 
oxygenase- 1 (HO1), NAD(P)H: quinone acceptor oxidoreductase 1 (NqO1), 
superoxide dismutase 1 and 2 (SOD1, SOD2), and catalase (Cat) mRNA 
expression. 8- OH- DPAT also reduces oxidative stress damage in ret-
inal pigment epithelium/choroid in Sod2 knockout mice (Biswal et al., 
2015).

4.2  |  Endoplasmatic reticulum stress (ERS)

Some psychedelics (e.g., DMT) target the Sigma- 1 receptor, which is 
reported to protect cells from various insults (Ryskamp et al., 2019). 
ER stress induces up- regulation of Sigma- 1 expression and modu-
lates the action of PERK, IRE1α, and ATF6 proteins in mitochondria- 
associated membrane (MAM) (Hayashi & Su, 2007). Stimulation of 
Sigma- 1 may prevent ERS- mediated cellular apoptosis by regulation 
of ATF4, ATF6/ C/EBP homologous protein (CHOP), and the balance 
between Bax and Bcl- 2 in granulosa cells (Jiang et al., 2020). Because 
ERS damage is reported in MDD (Mao et al., 2019) and several neuro-
degenerative disorders (Doyle et al., 2011), targeting Sigma- 1 recep-
tors with psychedelics is proposed as a novel therapeutic strategy.

4.3  |  Blood– brain barrier disruption

The vasculature system in the brain is equipped with a special fea-
ture called the blood– brain barrier (BBB). The BBB is composed of 
a tight layer of astrocytes, is selectively permeable, and separates 
the intracerebral circulatory system from the peripheral blood to 
protect the brain against chemical and biological insults. The BBB 
also contains other cells types, such as microglia cells, perivascu-
lar macrophages, and pericytes. The whole structure is embedded 
in the basal membrane, with extracellular matrix secreted by en-
dothelial cells and pericytes (Daneman & Prat, 2015; Hawkins & 
Davis, 2005). The endothelial cells inside the blood capillaries form 
tight junctions (TJ), multi- protein complexes composed of occlu-
dins, claudins, and tight junction proteins ZO- 1, - 2, - 3. Breakdown 
of this system is associated with brain- specific damage and neuro-
degeneration, and may be the cause of serious illness (Daneman & 
Prat, 2015; Hawkins & Davis, 2005). Breakdown can originate from 
prolonged exposure to oxidative stress and/or immune cell activity. 
For example, microglia inflammatory cytokines acting via IL- 1β on 
Sonic Hedgehog (SHH) can down- regulate tight- junction proteins in 
astrocytes, resulting in BBB leakage (Argaw et al., 2006). Moreover, 
suppressing SHH in astrocytes leads to increased secretion of pro-
inflammatory chemotactic proteins (e.g., CCL2, CCL20, and CXCL2) 
and immune cell activation (Wang et al., 2014). Microglia also se-
crete IL- 1β via inflammasome- dependent mechanisms in response 
to proinflammatory cytokines, DAMPS, β- amyloid (Parajuli et al., 
2013; Walsh et al., 2014), or other toxic protein aggregates. In a 
C57BL/6 healthy male mouse model, chronic social stress causes 
BBB disruption via claudin- 5 down- regulation, which leads to the 
infiltration of proinflammatory factors and depression- like behav-
iors (Dudek et al., 2020). Disruption of the BBB is also observed in 
a genetic mouse model of schizophrenia (Crockett et al., 2021), and 
may be involved in bipolar disorder pathology (Patel & Frey, 2015). 
BBB disruption is also observed in multiple neurodegenerative 
disorders including ALS, AD, and SCA3 (Duarte Lobo et al., 2020; 
Sweeney et al., 2018).

Conceptually, inflammation- based BBB leakage could be pre-
vented to some degree by the presence of psychedelics. The drugs 
N,N- DMT and 5- MeO- DMT, applied into LPS and polyI:C –  acti-
vated dendritic cells in vitro, result in down- regulation of expression 
of IL- 1β, IL- 6, IL- 8, TNF- α, and up- regulation of IL- 10 as measured by 
mRNA and protein expression through stimulation of Sigma- 1 recep-
tors (Szabo et al., 2014). This observation has also been confirmed in 
vivo in a Wistar rat model of stroke, where N,N- DMT administration 
significantly decreased IL- 1β, IL- 6, and TNF- α, but increased IL- 10, 
measured by mRNA and protein expression (Nardai et al., 2020). 
Furthermore, N,N- DMT- treated rats demonstrate improved motor 
skills post- stroke (Nardai et al., 2020). Although not validated yet 
in brain tissues, several psychedelics, including DOI, LSD, and psi-
locybin, have been shown to have potent anti- inflammatory effects 
of suppressing many of these same proinflammatory biomarkers in 
peripheral tissues (Flanagan et al., 2020), and they may represent 
effective therapies for inflammation- related neuropathologies.
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4.4  |  Oligodendrocyte pathology

Oligodendrocytes protect and support neurons and their axons 
by providing myelin that improves electric signal transmission. 
Unfortunately, their active role in immune response and neural re-
generation has long been overlooked. Microglia and oligodendro-
cytes actively work to regulate each other's functions (Peferoen 
et al., 2014). Moreover, oligodendrocytes’ pathology occurs in many 
neurodegenerative diseases, including Alzheimer's and Parkinson's 
Disease, ALS, Multiple Sclerosis, Spinal Cord Injury (Almad et al., 
2011; Ettle et al., 2016), but also non- degenerative psychiatric con-
ditions including MDD, schizophrenia, and Alcohol Use Disorder 
(Bøstrand & Williams, 2021). For example, in MDD, abnormalities 
in oligodendrocyte density are observed in the PFC and amygdala 
(Rajkowska & Miguel- Hidalgo, 2007). Interestingly, oligodendro-
cytes are extremely vulnerable to oxidative stress and prolonged 
exposure to proinflammatory factors secreted by microglia. The 
previously discussed psychedelic- mediated reduction in cytokine 
secretions may play a protective role in myelin and oligodendrocyte 
cell survival (Peferoen et al., 2014). Certain psychedelics can target 
Sigma- 1 receptors, which are essential in stimulating OPC differen-
tiation (Hayashi & Su, 2004). Together, these findings indicate that 
more attention should be paid to the influence of psychedelics on 
oligodendrocyte biology.

5  |  PSYCHEDELIC S A S 
IMMUNOMODUL ATORS

The study of psychedelics at target receptors and the activation of 
effector pathways have brought new, but still limited, insights into 
their immunomodulatory potential (see Table 1). Classic psyche-
delics like LSD, DMT, 5- Meo- DMT, and psilocin have the potential to 
interact with several 5- HT receptor subtypes, Sigma- 1R, and TAAR, 
which are present in CNS and other tissues, including cells of in-
nate and adaptive immunity like macrophages, monocytes, dendritic 
cells, and T cells (Barker, 2018; Casas- Engel et al., 2013; Herr et al., 
2017; Quintero- Villegas & Valdés- Ferrer, 2019). These receptors 
are mediators of immunological response, and serotonin is consid-
ered a critical factor in immune homeostasis. Therefore, psyche-
delics can regulate both adaptive and innate immune responses. 
A review of putative molecular mechanisms in which psychedelics 
may act as immunomodulators was published by Szabo, emphasiz-
ing cross- talk between pattern recognition receptors (PRR), such as 
Toll- Like Receptor 4 (TLR4), 5- HTRs, and Sigma- 1R, and regulation 
of inflammatory response via NFκB/IRF signal transduction path-
ways. Although these modulations result in changes in IFN- α, IL- 8, 
IL- 1β, IL- 6, and TNF- α gene expression, the immunological response 
regulation also involves intracellular Ca2+ mobilization via 5- HT and 
Sigma- 1R (Szabo, 2015). 5- HTRs, Sigma- 1, and TAAR seem to play a 
crucial role in immune response, and all three of them can be stimu-
lated by psychedelics.

5.1  |  5- HT receptors

Serotonin is one of the most critical factors during fetal brain 
development and neurogenesis, and is responsible for the for-
mation of axons and dendrites (Trakhtenberg & Goldberg, 
2012), and adult axonal regeneration (Perrin & Noristani, 2019; 
Sobrido- Cameán et al., 2018). Serotonin receptors are present 
on most, if not all, types of cells in the CNS. In neurons, for exam-
ple, their activation can influence cellular membrane polarization 
states through multiple mechanisms. Serotonin also plays signifi-
cant roles aside from being a neurotransmitter. There are several 
receptor subtypes expressed in mammalian peripheral tissues 
and cells outside the CNS, including adaptive and innate immune 
cells. Serotonin itself has an endocrine effect on the regulation 
of whole- body homeostasis, such as heart rate, intestinal motil-
ity, and last but not least: the immune response (Berger et al., 
2009; Herr et al., 2017).

Although 5- HTRs are primarily described as activators of proin-
flammatory pathways, they surprisingly have anti- inflammatory 
properties when activated by certain, but not all, psychedelics. The 
selective 5- HT2 receptor agonist (R)- DOI, reduces mRNA expres-
sion of proinflammatory adhesion molecules ICAM- 1 and VCAM- 1 
as well as mRNA levels for proinflammatory cytokines MCP1, IL- 1β, 
and IL- 6 in various tissues like intestine and aorta, and circulating 
levels of IL- 6 in TNF- α treated mice (Jr et al., 2013). Several of these 
findings were confirmed in a high fat- fed ApoE−/− knockout moue 
model of cardiovascular and metabolic disease. An increase in lev-
els of VCAM- 1, IL- 6, and MCP- 1 mRNA expression was observed in 
animals fed a high- fat and - cholesterol "Western diet" compared to 
control mice fed regular food, and this increase was prevented in 
mice fed the Western diet and treated with (R)- DOI (Flanagan et al., 
2019). The precise mechanism underlying why 5- HT2A receptors, 
which are widely described as inflammation inducers, induce anti- 
inflammatory processes after activated by (R)- DOI and some other 
psychedelics is not known. The hypothesis proposed by Flanagan 
and Nichols involves the concept of functional selectivity, in which 
different ligands induce slightly different conformations of the re-
ceptor to recruit different sets of effector pathways. Psychedelics 
are hypothesized to recruit and activate anti- inflammatory effector 
signaling pathways, whereas serotonin itself recruits proinflamma-
tory pathways (Flanagan & Nichols, 2018; Kim et al., 2020). In ro-
dent models of allergic asthma, nasal administration of (R)- DOI at a 
very low dose (EC50: ~0.005 mg/kg) completely prevents symptoms, 
including airways hyperresponsiveness, pulmonary inflammation, 
and mucus overproduction in response to allergen (Flanagan et al., 
2020; Nau et al., 2015). Further examination of the lung tissue re-
vealed prevention of eosinophilia and a reduction in Th2 cell recruit-
ment. Interestingly, the behavioral potency of different psychedelics 
does not correlate with anti- asthma efficacy (Flanagan et al., 2019). 
Significantly, therapeutic drug levels in these models are orders of 
magnitude lower than the levels necessary to induce measurable 
behavioral responses. These findings suggest that subperceptual 
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levels of some psychedelics may be an exciting alternative to cur-
rently available steroid drugs in the treatment of asthma and other 
inflammatory- related disease (Nau et al., 2015).

Given the high level of expression of 5- HT2A receptors in the 
brain on multiple cell types, it may be that psychedelics have simi-
lar anti- inflammatory properties against neuroinflammation. In vitro 
application of 5- MeO- DMT in human cerebellar organoids results 
in down- regulation of NF- κβ and nuclear factor of activated T cells 
(NFAT) pathways, as well as modulation of the Gαq- RhoA- ROCK 
pathway involved in cytoskeleton rearrangement (Dakic et al., 2017) 
and phagocytosis (Kim et al., 2017).

Classical psychedelics have mid affinity for and efficacy at 5- 
HT2B receptors. Interestingly, the activation of this receptor type 
with the agonist (BW723C86) regulates immune responses in 
CD1+ monocyte- derived dendritic cells (moDC). The application of 
BW723C86 resulted in down- regulation of CD80, CD83, and CD86 
proinflammatory molecules on CD1+ moDC. Furthermore, stimula-
tion of 5- HT2B down- regulates TLR2, TLR3, and TLR7/8- mediated 
proinflammatory cytokine protein expression (e.g., TNFα, IL- 6, IL- 8/

CXCL8, IP- 10/CXCL10, IL- 12). It also prevents moDC- mediated ac-
tivation of T cells toward inflammatory Th1 and Th- 17 phenotypes 
(Szabo et al., 2018). Furthermore, certain immune stimulators such as 
the molecule polyI:C, which is a TLR3 agonist, up- regulate the expres-
sion 5- HT2B receptor protein. Together, these observations suggest 
that 5- HT2B agonism may participate in some aspects of their anti- 
inflammatory mechanism. However, in the allergic asthma model, 
(R)- DOI was not effective in reducing pulmonary inflammation in the 
5- HT2A receptor knockout mouse indicating that for at least asthma 
and pulmonary inflammation 5- HT2A receptor activity is necessary 
and sufficient for therapeutic effect (Flanagan et al., 2020).

5.2  |  Sigma- 1 receptor

The sigma- 1R is a transmembrane protein located in mitochondria 
and the endoplasmatic reticulum (ER). It is abundantly present 
within the CNS in neurons, astrocytes, oligodendrocytes, and mi-
croglia, where it mediates a neuroprotective effect (Gekker et al., 

TA B L E  1  Research and concepts of psychedelic- mediated anti- inflammatory mechanisms

Psychedelic ligands Receptor Effect Literature

(R)-  DOI 5- HT2A In smooth muscle cells in vitro:
Prevention of Nf- κβ nuclear translocation and inhibition of nitric- 

oxide synthase activity
In aortic arch and small intestine in vivo:
Down- regulation of TNF- α- mediated Cx3CL1, Icam- 1, Vcam- 1, 

MCP- 1, IL- 6, IL- 1β
In OVA- treated asthma- model lung in vivo:
Suppression of Th2- related genes: Mcp- 1, Il- 13, Il- 5, and Gm- csf,
Inhibition of neutrophil infiltration,
Inhibition of mucus hyperproduction

Yu et al. (2008)
Nau et al. (2013)
Nau et al. (2015

DMT,
5- MeO- DMT

Sigma- 1 Down- regulation of: IL- 1 β, IL- 6, TNF- α, IL- 8
Up- regulation of: IL- 10
(gene and protein expression)
Decrease of Th1 and Th17 activation after E. coli or H1N1 

co- culture

Szabo et al. (2014)

5- MeO- DMT 5- HT2A (?)
5- HT2c (?)

In human cerebral organoid in vitro model:
Down- regulation of Nf- κβ pathways (involved in the immune 

response)
Down- regulation of Nuclear Factor of Activated T cells (NFAT) 

(T- cell activation, stem cell differentiation)
Modulation of Gaq- Rho- ROCK pathway (cytoskeletal 

rearrangement, phagocytosis)

Dakic et al. (2017)

DOI, DMT, Psilocin 5- HT2B (Reported with BW723C86 5- HT2B ligand)
In CD1+ moDC down- regulation of: TNF- α, IL- 6, IL- 8/CXCL8/ 

IP- 10/CXCL10 after TLR2, and TLR6/7 activation,
In TLR3- activated CD1+ moDC: down- regulation of CD80, CD83, 

CD86 (anti- inflammatory, tolerogenic)
Prevention of Th1, Th17 lymphocyte polarization

Szabo et al. (2018)

DMT Sigma- 1 In in vivo model of stroke:
Down- regulation of: IL- 1β, IL- 6, IL- 8, TNF- α, NOS, APAF- 1 

(proinflammatory, proapoptotic)
Up- regulation of BDNF and IL- 10 (tolerogenic, neurogenic)

Nardai et al. (2020)

(Hypothetically) DOI, 
DMT, Psilocin, LSD, 
mescaline

TAAR1, TAAR2 (Not tested yet with psychedelics)
Lymphocyte migration, increase in IL- 4 secretion, Th1/Th2/Th3 

phenotype modulation, mediation of IgE- secretion

Babusyte et al. (2013)
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2006; Gundlach et al., 1986; Hayashi & Su, 2004; Ruscher et al., 
2011; Zhao et al., 2014). Sigma- 1R activity promotes neural func-
tion and survival via modulation of Ca2+ homeostasis, mitigation 
of oxidative stress, regulation of gliosis, neuroplasticity, and gluta-
mate activity (Ruscher and Wieloch, 2015, 1; Nguyen et al., 2015, 
1, 2017, 1).

Stimulation of Sigma- 1R in oligodendrocyte progenitor cells 
(OPC) results in oligodendrocyte differentiation (Hayashi & Su, 
2004), and stimulation in astrocytes improves the BDNF secretion 
(Da et al., 2017; Malik et al., 2015). This suggests that targeting 
Sigma- 1R may be a promising therapeutic strategy for psychiatric 
and neurodegenerative conditions (Ryskamp et al., 2019; Wang 
et al., 2016) Interestingly, Sigma- 1R activity is involved in the tran-
sition between M1- like proinflammatory and M2- like proregenera-
tive and tolerogenic microglia phenotypes. These mechanisms are 
not very well understood (Chao et al., 2017; Hall Aaron et al., 2009; 
Jia et al., 2018). Moreover, as microglia are cells of complicated bi-
ology and are somewhat difficult to study, the concept of M1/M2 
polarization may be too simplistic to address many aspects of mi-
croglia function (Ransohoff, 2016). It has been recently proposed 
that microglia displaying a proinflammatory phenotype are cru-
cial for their role in neural tissue reorganization and regeneration 
(Chagas et al., 2020).

DMT is an agonist of Sigma- 1Rs, and found to be produced by 
specific tissues in the brain. Szabo et al. observed that the application 
of DMT into human iPSC- derived cortical neuron cultures in vitro re-
sulted in better survival under hypoxia conditions, but that the pro-
tective effect vanished after Sigma- 1R gene knockdown with siRNA 
(Szabo et al., 2016). This suggests that DMT can protect cells from 
hypoxia- induced apoptosis via Sigma- 1 receptor stimulation. This ob-
servation was later confirmed in an in vivo rat model of stroke, where 
continuous administration of DMT reduced the size and number of 
lesions, and decreased levels of IL- 1β while up- regulating IL- 10, and 
BDNF protein and mRNA levels (Nardai et al., 2020). Similar results 
were found with another Sigma- 1 agonist (PRE- 084) after embolic 
stroke to significantly reduce the size of lesions, improve neuronal 
deficits, and reduce concentrations of some proinflammatory cyto-
kines while elevating levels of some anti- inflammatory cytokines like 
IL- 10 (Allahtavakoli & Jarrott, 2011). Interestingly, application of the 
Sigma- 1R selective antagonist (MR309), had similar neuroprotective 
effects (Sánchez- Blázquez et al., 2018). It is tempting to speculate 
that elevated anti- inflammatory cytokine levels after DMT adminis-
tration in these stroke models may be caused by Sigma- 1R mediated 
changes in microglia phenotypes. For example, in a study by Moritz 
et al., stimulation of Sigma- 1R "switched off" activated microglia and 
made them migrate away from the location of damaged tissue (Moritz 
et al., 2015). Moreover, in the LPS- treated microglial BV2 cell line, 
application of Sigma- 1R agonist SKF83959 (6- chloro- 2,3,4,5- tetrahy
dro- 3- methyl- 1- (3- methylphenyl)- 1H- 3- benzazepine- 7,8- diol) results 
in the prevention of M1- like phenotype switching by microglia, and a 
decrease in TNF- α, IL- 1β, and inducible NOS levels (Wu et al., 2015). 
A similar effect was reported in a model of traumatic brain injury (TBI) 
(Dong et al., 2016), and Parkinson's Disease (Francardo et al., 2014).

5.3  |  TAAR

Trace amine- associated receptors (TAARs) are G- protein- coupled 
receptors abundantly present in the CNS. In most vertebrates, 
they exist in nine isoforms. Only TAAR1 has been studied in- 
depth, however. This receptor is relatively non- selective and has 
an affinity for endogenous trace amines as well as the classical 
neurotransmitters serotonin and dopamine, and multiple psy-
choactive drugs, including amphetamines, ergoline derivatives, 
psilocin, DMT, and mescaline (Berry et al., 2017; Rutigliano et al., 
2018). TAAR1 is a modulator of neurotransmission induced by 
canonical dopamine, serotonin, and glutamine receptors, and its 
aberrations and rare variants may contribute to the etiology of 
schizophrenia (John et al., 2017). TAAR1 is also expressed in non- 
CNS tissues such as the thyroid, stomach, pancreas, and intestine, 
where it may regulate body functions in an endocrine manner 
(Mühlhaus et al., 2017).

Although abnormalities in TAARs expression or function 
may be related to the development of schizophrenia (John et al., 
2017), data suggest involvement in additional neuropsychiatric 
conditions. For example, stimulation of TAAR1 in an experimen-
tal model of Parkinson's Disease results in L- DOPA- related dys-
kinesias (Alvarsson et al., 2015), and TAAR1 knockout mice are 
reported to be more vulnerable to various substance addiction 
(Liu & Li, 2018). Targeting TAAR1 has also been suggested as a 
possible therapeutic target for the treatment of bipolar depres-
sion, fibromyalgia syndrome, and diabetes (Alvarsson et al., 2015; 
Berry et al., 2017).

TAAR are found in immune cells and can elicit immunomodulatory 
effects; however, our knowledge about TAARs and immune responses 
is limited. TAAR1 is expressed in polymorphonuclear leukocytes 
(PMN), T cells, and B cells, whereas TAAR2 is also abundant on NK cells 
and monocytes. In T cells, stimulation of TAAR1 and TAAR2 receptors 
induce IL- 4 production and modulation of Th1, Th2, and Th3 markers, 
whereas silencing of these receptors reduces IgE secretion in B cells 
after induction with trace amines. TAAR1 and TAAR2 are also reported 
to be involved in PMN chemotactic migration (Babusyte et al., 2013). 
DMT, (R)- DOI, d- LSD, and 5- MeO- DMT are TAAR1 agonists (Bunzow 
et al., 2001), and it is, therefore, possible that psychedelics may regu-
late immune cells to respond and regulate neural tissue homeostasis 
via TAAR1 activation.

6  |  RESE ARCH PERSPEC TIVES FOR 
PSYCHEDELIC S IN PRE VENTING 
NEURODEGENER ATION

In this review, we have highlighted the beneficial outcomes of psy-
chedelic treatment for MDD. Our primary focus was on processes 
in neural tissue microenvironments which can be affected by psych-
edelics. These include the induction of neurogenesis and neuro-
plasticity and reduction of inflammation and oxidative stress. These 
characteristics of psychedelics may play crucial roles in restoring 
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long- term healthy homeostasis in depressed patients. We also em-
phasized potential areas of therapeutic actions in brain- specific neu-
rodegeneration in which psychedelics may be beneficial. These 
include oxidative stress, inflammation, BBB disruption, and loss of 
oligodendrocytes and myelin.

In Europe, around 7 million people suffer from dementia- related 
disorders, and the aging of society is expected to double this number 
by 2040. Around 15 mln people worldwide and 1,12 mln in Europe 
experience a stroke every year, with 5 mln of those being fatal in-
cidents (650 000 in Europe), and another 5 mln of patients suffer 
post- stroke severe disability (Shrivastava et al., 2013; Wafa et al., 
2020). Each year 10 mln new dementia cases are being diagnosed 
globally, and 60– 70% of them are Alzheimer's Disease. In 2015 ALS 
was diagnosed in 222 801 people worldwide, and that number is 
predicted to grow by 69%, reaching 376 674 new ALS cases annually 
by 2040 (Arthur et al., 2016). Therefore, neurodegenerative diseases 
are a serious and growing burden for modern societies. Moreover, 
the development of effective therapeutics lags behind other fields 
such as cardiovascular diseases and cancer. Therefore it is a top pri-
ority to search for novel candidates for therapeutic approaches to 
revert these dire statistics (Strafella et al., 2018).

Psychedelics represent such a novel approach. Certain psychedel-
ics, with demonstrated therapeutic efficacy for psychiatric disorders 
in clinical trials, have been used safely for centuries by indigenous 
populations. The beneficial therapeutic dosages of these substances 
have been shown to be well- tolerated, and they present a favorable 
safety profile in treating a variety of disorders (Carhart- Harris et al., 
2017; Heuschkel & Kuypers, 2020; Krediet et al., 2020; Moreno et al., 
2006). Clinical trials are investigating therapeutic efficacy for anorexia 
nervosa (Foldi et al., 2020), the early stage of Alzheimer's Disease, and 
traumatic brain injury, among other CNS disorders.

Psychedelics (e.g., DOI, DMT, LSD) promote structural plasticity 
via BDNF signaling and are thus proposed as potential therapeutics 
for MDD and related disorders. Neuropsychiatric disorders are well 
known to be associated with atrophy of neurons and abnormal neu-
ronal circuits (Ly et al., 2018; Forrest et al., 2018). Among neurode-
generative disorders, commonalities in pathological characteristics 
may be seen in polyQ disorders such as spinocerebellar ataxia type 
3 (SCA3) (Lee et al., 2020).

Similar to many other neurodegenerative disorders, the down- 
regulation of BDNF is observed in SCA3 cells and in dentate 
neurons of SCA3 patients (Evert et al., 2003). Moreover, several es-
sential proteins belonging to the BDNF signaling pathway are also 
down- regulated in mouse models. For example, Rac1, acting down-
stream of BDNF and TrkB (Hedrick et al., 2016), is down- regulated 
in the cerebral cortex and cerebellum of young SCA3 mice (Wiatr, 
Marczak, Pérot, et al., 2021; Wiatr et al., 2019). Together with an-
other down- regulated protein, RhoA, Rac1 mediates proplasticity 
properties evoked by BDNF by facilitating sLTP (structural long- 
term potentiation) and regulating actin cytoskeleton in dendritic 
spines. Furthermore, MAPK1 (a.k.a. Erk) and MAP2K1 are also 
down- regulated in the young SCA3 mice, and Erk signaling is down- 
regulated in MDD (Wang & Mao, 2019; Wiatr, Marczak, Pérot, et al., 

2021; Wiatr et al., 2019). Importantly, BDNF is an immediate up-
stream regulator of the MAPK (mitogen- activated protein kinase) 
cascade. Activation of MAPK (ERK) signaling by neurotrophins is 
involved in long- term synaptic plasticity and the structural remod-
eling of the spines in the excitatory synapses (Alonso et al., 2004).

Another protein necessary for BDNF signal transduction to 
the nucleus is Pea15, which is also down- regulated in SCA3 mice 
(Wiatr, Marczak, Pérot, et al., 2021). Silencing of Pea15 results in 
inhibition of BDNF retrograde signaling (Ammar et al., 2015). Pea15 
acts as a scaffolding protein for PLD1, RSK2, and ERK1/2, and the 
formation of this complex is triggered by BDNF in cortical neurons. 
Therefore, the potential use of psychedelics could affect the levels 
of several proteins (Rac1, Rhoa, Mapk1, Map2k1, Pea15, and BDNF 
itself), which are down- regulated in the SCA3 model probably by an 
increase in BDNF which may promote synaptic plasticity. The role 
of BDNF signaling in the survival of neurons has been well docu-
mented in other neurodegenerative disorders, such as Huntington's, 
Parkinson's, and Alzheimer's disease (Murer et al., 2001; Zuccato & 
Cattaneo, 2007).

Psychedelics have also been shown to reduce oxidative stress, 
which is a significant issue in neurodegenerative disorders. Several 
oxidative stress biomarkers are elevated in models of neurode-
generative disorders (Fan et al., 2019; Hueso et al., 2020; Wiatr, 
Marczak, Pérot, et al., 2021). Other anti- oxidative proteins, which 
play an essential role in reducing oxidative stress by breaking down 
ROS (Gstp1, Sod2, Fth1), are down- regulated in the SCA3 model 
(Wang et al., 2015; Wiatr et al., 2019, 2021). Moreover, Txn down- 
regulation in SCA3 mice might increase the vulnerability of neurons 
to ROS (Sewastianik et al., 2016; Wiatr, Marczak, Pérot, et al., 2021). 
Therefore, psychedelics’ anti- oxidative properties could be a benefi-
cial component of a therapeutic strategy for SCA3 and other neuro-
degenerative disorders (Jiang et al., 2016; Sorolla et al., 2008).

The strategy of serotonergic signaling modulation by psychedel-
ics in SCA3 is also strongly supported by studies showing a thera-
peutic effect for SCA3 through 5- HT1AR activity, which is activated 
by several psychedelics including psilocybin and LSD. Targeting of 
the 5- HT1A serotonin receptor orthologue SER- 4 in C. elegans ame-
liorates motor dysfunction and reduced mutant ATXN3 aggregation 
(Pereira- Sousa et al., 2021). Furthermore, treatment with partial ag-
onists of 5- HT1A receptors has been demonstrated to reduce ataxia, 
pain, insomnia, and depressive symptoms in patients with SCA3 and 
other forms of SCA (Takei et al., 2005, 2010). The SSRI citalopram 
has beneficial therapeutic effects in animal models of SCA3 and 
preclinical trials (Ashraf et al., 2019; Esteves et al., 2019; Teixeira- 
Castro et al., 2015). Thus, activation of serotonergic signaling in 
SCA3 patients with psychedelic agents is a promising therapeutic 
strategy.

6.1  |  Non- hallucinogenic psychedelics approach

The “hallucinogenic” effects of psychedelics have been pro-
posed to be directly associated with their therapeutic potential in 

 14714159, 2022, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/jnc.15509, W

iley O
nline L

ibrary on [05/02/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



100  |    KOZLOWSKA et AL.

psychedelic- assisted psychotherapeutical approach as the subjec-
tive peak intensity has a high correlation with therapeutic efficacy 
(Yaden & Griffiths, 2021). However, in patients suffering brain- 
specific neurodegeneration, psychotropic effects of psychedelics 
may be a serious limitation, especially if because of the disease 
physiology, the medicine would have to be administrated more often 
and in higher doses. Furthermore, correlation is not causation, and 
subjective peak experiences may merely indicate that sufficient drug 
has been administered to produce therapeutic efficacy at cellular and 
molecular targets and circuits. Although ibogaine is not classified as 
a psychedelic, it is a type of hallucinogen that may have therapeutic 
efficacy to treat substance use disorder. Recently, analogs of ibo-
gaine have been reported by two different investigators to attenu-
ate behaviors associated with substance abuse in rodent models, in a 
similar way to ibogaine. One is peer reviewed (Cameron et al., 2021), 
and the other awaiting peer review (Havel et al., 2021). Because of 
the low toxicity and lack of hallucinogenic properties of these new 
molecules, they represent potential non- hallucinogenic derivatives 
of hallucinogenic parent molecules with therapeutic effect. With re-
gard to psychedelics, their demonstrated potency in multiple animal 
models of disease suggests it may not be necessary to eliminate hal-
lucinogenic behaviors from effective molecules because the dose is 
so low that effects on behaviors would not be seen at relevant ther-
apeutic levels. Regardless, work by Flanagan et al. (2020) suggest 
that it may be possible to engineer hallucinogenic effects away from 
therapeutic effects to develop non- hallucinogenic 5- HT2A receptor 
agonists with anti- inflammatory potential. Development of a 5- HT2A 
receptor agonist therapeutic devoid of hallucinogenic effects would 
conceivably allow higher levels to be used, especially for those with 
weaker potencies, which may allow for greater efficacy in certain 
circumstances.

6.2  |  Prospect implications for 
regenerative medicine

Besides the prevention and regulation of pathology in neurode-
generative disease, the immunomodulatory properties of psych-
edelics may also be relevant to regenerative medicine. Neural 
Stem/Progenitor Cell (NSC/NPC) transplantation is a recently de-
veloped and promising therapeutic tool. However, the limitation of 
such a strategy is poor graft survival because of immune response 
(Kozlowska, Klimczak, Bednarowicz, et al., 2021; Piquet et al., 2012). 
Our recent study revealed that DMT and psilocin down- regulate 
CD80 co- stimulatory molecule expression on the surface of micro-
glial cells, with and without LPS stimulation (Kozlowska, Klimczak, 
Wiatr et al., 2021). The co- stimulatory signal is crucial for recruiting 
adaptive immune cells; therefore, blockade of co- stimulatory mol-
ecules an attractive immunosuppressive strategy (Lan et al., 2020). 
The unique properties of psychedelics in suppressing inflammatory 
responses (Szabo et al., 2014; Flanagan & Nichols, 2018; Nardai et al., 
2020), and promoting neural survival (Szabo et al., 2016) and plastic-
ity (Ly et al., 2018), could be a strong rationale for the hypothesis 

that psychedelics might support grafted cells and facilitate their sur-
vival for therapeutic benefits.

6.3  |  Therapeutic perspectives for microdosing

One dosing method of psychedelics is the use of so called 
“microdoses”— very low concentrations of various psychedelics that 
do not reach the threshold of perceivable behavioral effects. This 
is usually 10% of active recreational doses (e.g., 10– 15 µg of LSD, 
or 0.1– 0.3 g of dry “magic mushrooms”) taken up to three times 
per week. This regimen is popular in underground settings without 
medical guidance (Kuypers et al., 2019). Microdosing is believed to 
improve the creative thinking, cognitive function, and overall psy-
chological well- being, and is described mostly in the context of 
self- application by healthy enthusiasts. There have been few rigor-
ously controlled studies of microdosing, and the therapeutic effects 
of psychedelic microdoses for the treatment of psychiatric disor-
ders are questionable. According to a self- blinding study involving 
191 healthy volunteers, in which the mood changes were measured 
using various questionaries, the authors concluded that anecdotal 
psychological improvements are more likely associated with the pla-
cebo effect rather than drug effect (Szigeti et al., 2021). Furthermore, 
Family et al. (2020) reported that repeated administration of LSD (5– 
20 µg) in healthy individuals in a blinded placebo- controlled clinical 
trial produced no significant changes in several cognitive outcome 
measures. However, a recent study using fMRI showed that 13 µg of 
LSD changes connectivity inside the limbic circuits 90 min after drug 
administration compared to the placebo control, which was associ-
ated with positive mood changes as measured with a Positive and 
Negative Affect Schedule (PANAS) (Bershad et al., 2020). Each of 
these reports has been in healthy individuals, and there have been 
no rigorous and controlled studies to date on microdosing in patients 
with diagnosed depressive disorder. The application of psychedelic 
microdosing in the context of the treatment of brain- specific neuro-
degenerative disorders has not been yet directly investigated, how-
ever, researches speculate that it may influence the hippocampal 
neurogenesis (Vann Jones & O’Kelly, 2020). Importantly, a Phase I 
feasibility and safety study on repeated low- dose LSD administra-
tion has been conducted in an elderly healthy population in prepa-
rations for later phase clinical trials to treat Alzheimer's Disease 
(Family et al., 2020).

7  |  CONCLUSION

Psychedelics stimulate neuro-  and gliogenesis, reduce inflammation, 
and ameliorate oxidative stress. Therefore, they are promising can-
didates for future therapeutics for psychiatric, neurodegenerative, 
and movement disorders. Importantly, psychedelics hold the prom-
ise of being disease- modifying therapeutics, and not simply just pro-
viding symptomatic relief. Current clinical trials have demonstrated 
both safety and efficacy for their therapeutic use in controlled 
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clinical settings, and psilocybin, has even been designated with 
“Breakthrough Therapy” status by the FDA in the United States for 
two different Phase III clinical trials. Often only just one or two ther-
apeutic administrations produce profound and persistent effects. 
Preclinical research has shown promise in several disease models for 
both psychiatric and non- psychiatric diseases. Therefore, the use of 
psychedelics as therapeutics is very promising and should be further 
developed, paying special attention in the future to prospect appli-
cations in neurodegenerative diseases.

CONSENT FOR PUBLIC ATION
All authors consent for this version of the manuscript to be published.

CONFLIC T OF INTERE S TS
Charles D. Nichols is Scientific Advisor for Eleusis Therapeutics, has 
a Sponsored Research Agreement with Eleusis Therapeutics, and is 
an advisor to Palo Santo Venture Fund. Urszula Kozlowska declares 
no conflict of interest. Kalina Wiatr declares no conflict of interest. 
Maciej Figiel declares no conflict of interest.

DATA AVAIL ABILIT Y S TATEMENT
Data sharing is not applicable as no new data were generated for this 
Review article.

ORCID
Urszula Kozlowska  https://orcid.org/0000-0003-0213-0215 
Charles Nichols  https://orcid.org/0000-0002-0615-0646 
Kalina Wiatr  https://orcid.org/0000-0002-8422-9229 
Maciej Figiel  https://orcid.org/0000-0003-3961-4635 

R E FE R E N C E S
Agin- Liebes, G. I., Malone, T., Yalch, M. M., Mennenga, S. E., Ponté, K. 

L., Guss, J., Bossis, A. P., Grigsby, J., Fischer, S., & Ross, S. (2020). 
Long- term follow- up of psilocybin- assisted psychotherapy for psy-
chiatric and existential distress in patients with life- threatening 
cancer. Journal of Psychopharmacology, 34, 155– 166. https://doi.
org/10.1177/02698 81119 897615

Allahtavakoli, M., & Jarrott, B. (2011). Sigma- 1 receptor ligand PRE- 084 
reduced infarct volume, neurological deficits, pro- inflammatory 
cytokines and enhanced anti- inflammatory cytokines after embolic 
stroke in rats. Brain Research Bulletin, 85, 219– 224. https://doi.
org/10.1016/j.brain resbu ll.2011.03.019

Alliot, F., Godin, I., & Pessac, B. (1999). Microglia derive from progenitors, 
originating from the yolk sac, and which proliferate in the brain. 
Brain Research Developmental Brain Research, 117, 145– 152. https://
doi.org/10.1016/s0165 - 3806(99)00113 - 3

Almad, A., Sahinkaya, F. R., & McTigue, D. M. (2011). Oligodendrocyte 
fate after spinal cord injury. Neurotherapeutics: The Journal of the 
American Society for Experimental NeuroTherapeutics, 8, 262– 273. 
https://doi.org/10.1007/s1331 1- 011- 0033- 5

Alonso, M., Medina, J. H., & Pozzo- Miller, L. (2004). ERK1/2 activation 
is necessary for BDNF to increase dendritic spine density in hippo-
campal CA1 pyramidal neurons. Learning & Memory, 11, 172– 178. 
https://doi.org/10.1101/lm.67804

Alvarsson, A., Zhang, X., Stan, T. L., Schintu, N., Kadkhodaei, B., Millan, 
M. J., Perlmann, T., & Svenningsson, P. (2015). Modulation by trace 
amine- associated receptor 1 of experimental parkinsonism, l- 
DOPA responsivity, and glutamatergic neurotransmission. Journal 

of Neuroscience, 35, 14057– 14069. https://doi.org/10.1523/JNEUR 
OSCI.1312- 15.2015

Ammar, M. R., Thahouly, T., Hanauer, A., Stegner, D., Nieswandt, B., 
& Vitale, N. (2015). PLD1 participates in BDNF- induced signal-
ling in cortical neurons. Scientific Reports, 5, 14778. https://doi.
org/10.1038/srep1 4778

Argaw, A. T., Zhang, Y., Snyder, B. J., Zhao, M.- L., Kopp, N., Lee, S. C., 
Raine, C. S., Brosnan, C. F., & John, G. R. (2006). IL- 1beta regulates 
blood- brain barrier permeability via reactivation of the hypoxia- 
angiogenesis program. The Journal of Immunology, 177, 5574– 5584. 
https://doi.org/10.4049/jimmu nol.177.8.5574

Arthur, K. C., Calvo, A., Price, T. R., Geiger, J. T., Chiò, A., & Traynor, B. 
J. (2016). Projected increase in amyotrophic lateral sclerosis from 
2015 to 2040. Nature Communications, 7, 12408. https://doi.
org/10.1038/ncomm s12408

Ashraf, N. S., Duarte- Silva, S., Shaw, E. D., Maciel, P., Paulson, H. L., 
Teixeira- Castro, A., & Costa, M. D. C. (2019). Citalopram re-
duces aggregation of ATXN3 in a YAC transgenic mouse model of 
Machado- joseph disease. Molecular Neurobiology, 56, 3690– 3701. 
https://doi.org/10.1007/s1203 5- 018- 1331- 2

Babusyte, A., Kotthoff, M., Fiedler, J., & Krautwurst, D. (2013). Biogenic 
amines activate blood leukocytes via trace amine- associated recep-
tors TAAR1 and TAAR2. Journal of Leukocyte Biology, 93, 387– 394. 
https://doi.org/10.1189/jlb.0912433

Bahr, R., Lopez, A., & Rey, J. A. (2019). Intranasal Esketamine (SpravatoTM) 
for use in treatment- resistant depression in conjunction with an 
oral antidepressant. PT, 44, 340– 375.

Bajpai, A., Verma, A. K., Srivastava, M., & Srivastava, R. (2014). 
Oxidative stress and major depression. Journal of Clinical and 
Diagnostic Research: JCDR, 8, CC04- 07. https://doi.org/10.7860/
JCDR/2014/10258.5292

Barker, S. A. (2018). N, N- dimethyltryptamine (DMT), an endogenous 
hallucinogen: Past, present, and future research to determine its 
role and function. Frontiers in Neuroscience, 12, 536. https://doi.
org/10.3389/fnins.2018.00536

Berger, M., Gray, J. A., & Roth, B. L. (2009). The expanded biology of 
serotonin. Annual Review of Medicine, 60, 355– 366. https://doi.
org/10.1146/annur ev.med.60.042307.110802

Berrougui, H., Isabelle, M., Cloutier, M., Hmamouchi, M., & Khalil, A. 
(2006). Protective effects of Peganum harmala L. extract, harmine 
and harmaline against human low- density lipoprotein oxidation. 
Journal of Pharmacy and Pharmacology, 58, 967– 974. https://doi.
org/10.1211/jpp.58.7.0012

Berry, M. D., Gainetdinov, R. R., Hoener, M. C., & Shahid, M. (2017). 
Pharmacology of human trace amine- associated receptors: 
Therapeutic opportunities and challenges. Pharmacology & 
Therapeutics, 180, 161– 180. https://doi.org/10.1016/j.pharm 
thera.2017.07.002

Bershad, A. K., Preller, K. H., Lee, R., Keedy, S., Wren- Jarvis, J., Bremmer, 
M. P., & de Wit, H. (2020). Preliminary report on the effects of a 
low dose of LSD on resting- state amygdala functional connectivity. 
Biological Psychiatry: Cognitive Neuroscience and Neuroimaging, 5, 
461– 467. https://doi.org/10.1016/j.bpsc.2019.12.007

Biswal, M. R., Ahmed, C. M., Ildefonso, C. J., Han, P., Li, H., Jivanji, H., 
Mao, H., & Lewin, A. S. (2015). Systemic treatment with a 5HT1a 
agonist induces anti- oxidant protection and preserves the retina 
from mitochondrial oxidative stress. Experimental Eye Research, 
140, 94– 105. https://doi.org/10.1016/j.exer.2015.07.022

Bonson, K. R. (2018). Regulation of human research with LSD in the 
United States (1949– 1987). Psychopharmacology (Berl), 235, 591– 
604. https://doi.org/10.1007/s0021 3- 017- 4777- 4

Bøstrand, S. M. K., & Williams, A. (2021). Oligodendroglial heteroge-
neity in neuropsychiatric disease. Life (Basel), 11, 125. https://doi.
org/10.3390/life1 1020125

Bunzow, J. R., Sonders, M. S., Arttamangkul, S., Harrison, L. M., Zhang, 
G. E., Quigley, D. I., Darland, T., Suchland, K. L., Pasumamula, S., 

 14714159, 2022, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/jnc.15509, W

iley O
nline L

ibrary on [05/02/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://orcid.org/0000-0003-0213-0215
https://orcid.org/0000-0003-0213-0215
https://orcid.org/0000-0002-0615-0646
https://orcid.org/0000-0002-0615-0646
https://orcid.org/0000-0002-8422-9229
https://orcid.org/0000-0002-8422-9229
https://orcid.org/0000-0003-3961-4635
https://orcid.org/0000-0003-3961-4635
https://doi.org/10.1177/0269881119897615
https://doi.org/10.1177/0269881119897615
https://doi.org/10.1016/j.brainresbull.2011.03.019
https://doi.org/10.1016/j.brainresbull.2011.03.019
https://doi.org/10.1016/s0165-3806(99)00113-3
https://doi.org/10.1016/s0165-3806(99)00113-3
https://doi.org/10.1007/s13311-011-0033-5
https://doi.org/10.1101/lm.67804
https://doi.org/10.1523/JNEUROSCI.1312-15.2015
https://doi.org/10.1523/JNEUROSCI.1312-15.2015
https://doi.org/10.1038/srep14778
https://doi.org/10.1038/srep14778
https://doi.org/10.4049/jimmunol.177.8.5574
https://doi.org/10.1038/ncomms12408
https://doi.org/10.1038/ncomms12408
https://doi.org/10.1007/s12035-018-1331-2
https://doi.org/10.1189/jlb.0912433
https://doi.org/10.7860/JCDR/2014/10258.5292
https://doi.org/10.7860/JCDR/2014/10258.5292
https://doi.org/10.3389/fnins.2018.00536
https://doi.org/10.3389/fnins.2018.00536
https://doi.org/10.1146/annurev.med.60.042307.110802
https://doi.org/10.1146/annurev.med.60.042307.110802
https://doi.org/10.1211/jpp.58.7.0012
https://doi.org/10.1211/jpp.58.7.0012
https://doi.org/10.1016/j.pharmthera.2017.07.002
https://doi.org/10.1016/j.pharmthera.2017.07.002
https://doi.org/10.1016/j.bpsc.2019.12.007
https://doi.org/10.1016/j.exer.2015.07.022
https://doi.org/10.1007/s00213-017-4777-4
https://doi.org/10.3390/life11020125
https://doi.org/10.3390/life11020125


102  |    KOZLOWSKA et AL.

Kennedy, J. L., Olson, S. B., Magenis, R. E., Amara, S. G., & Grandy, 
D. K. (2001). Amphetamine, 3,4- methylenedioxymethamphetam
ine, lysergic acid diethylamide, and metabolites of the catechol-
amine neurotransmitters are agonists of a rat trace amine receptor. 
Molecular Pharmacology, 60, 1181– 1188. https://doi.org/10.1124/
mol.60.6.1181

Burton, G. J., & Jauniaux, E. (2011). Oxidative stress. Best Practice & 
Research Clinical Obstetrics & Gynaecology, 25, 287– 299. https://doi.
org/10.1016/j.bpobg yn.2010.10.016

Byock, I. (2018). Taking psychedelics seriously. Journal of Palliative 
Medicine, 21, 417– 421. https://doi.org/10.1089/jpm.2017.0684

Cameron, L. P., Tombari, R. J., Lu, J. U., Pell, A. J., Hurley, Z. Q., Ehinger, 
Y., Vargas, M. V., McCarroll, M. N., Taylor, J. C., Myers- Turnbull, 
D., Liu, T., Yaghoobi, B., Laskowski, L. J., Anderson, E. I., Zhang, G., 
Viswanathan, J., Brown, B. M., Tjia, M., Dunlap, L. E., … Olson, D. E. 
(2021). A non- hallucinogenic psychedelic analogue with therapeu-
tic potential. Nature, 589, 474– 479. https://doi.org/10.1038/s4158 
6- 020- 3008- z

Carhart- Harris, R., Giribaldi, B., Watts, R., Baker- Jones, M., Murphy- 
Beiner, A., Murphy, R., Martell, J., Blemings, A., Erritzoe, D., & Nutt, 
D. J. (2021). Trial of psilocybin versus escitalopram for depression. 
New England Journal of Medicine, 384, 1402– 1411. https://doi.
org/10.1056/NEJMo a2032994

Carhart- Harris, R. L., Roseman, L., Bolstridge, M., Demetriou, L., 
Pannekoek, J. N., Wall, M. B., Tanner, M., Kaelen, M., McGonigle, J., 
Murphy, K., Leech, R., Curran, H. V., & Nutt, D. J. (2017). Psilocybin 
for treatment- resistant depression: fMRI- measured brain mecha-
nisms. Scientific Reports, 7, 13187. https://doi.org/10.1038/s4159 
8- 017- 13282 - 7

Chagas, L. D. S., Sandre, P. C., Ribeiro e Ribeiro, N. C. A., Marcondes, H., 
Oliveira Silva, P., Savino, W., & Serfaty, C. A. (2020). Environmental 
signals on microglial function during brain development, neuroplas-
ticity, and disease. International Journal of Molecular Sciences, 21, 
2111. https://doi.org/10.3390/ijms2 1062111

Chao, J., Zhang, Y., Du, L., Zhou, R., Wu, X., Shen, K., & Yao, H. (2017). 
Molecular mechanisms underlying the involvement of the sigma- 1 
receptor in methamphetamine- mediated microglial polarization. 
Scientific Reports, 7, 11540. https://doi.org/10.1038/s4159 8- 017- 
11065 - 8

Crockett, A. M., Ryan, S. K., Vásquez, A. H., Canning, C., Kanyuch, N., 
Kebir, H., Ceja, G., Gesualdi, J., Zackai, E., McDonald- McGinn, 
D., Viaene, A., Kapoor, R., Benallegue, N., Gur, R., Anderson, S. 
A., & Alvarez, J. I. (2021). Disruption of the blood- brain barrier in 
22q11.2 deletion syndrome. Brain, 144, 1351– 1360. https://doi.
org/10.1093/brain/ awab055

Dakic, V., Minardi Nascimento, J., Costa Sartore, R., Maciel, R. D. M., 
de Araujo, D. B., Ribeiro, S., Martins- de- Souza, D., & Rehen, S. K. 
(2017). Short term changes in the proteome of human cerebral 
organoids induced by 5- MeO- DMT. Scientific Reports, 7, 12863. 
https://doi.org/10.1038/s4159 8- 017- 12779 - 5

Dalwadi, D. A., Kim, S., & Schetz, J. A. (2017). Activation of the sig-
ma- 1 receptor by haloperidol metabolites facilitates brain- 
derived neurotrophic factor secretion from human astroglia. 
Neurochemistry International, 105, 21– 31. https://doi.org/10.1016/j.
neuint.2017.02.003

Daneman, R., & Prat, A. (2015). The blood- brain barrier. Cold Spring Harbor 
Perspectives in Biology, 7(1), a020412. https://doi.org/10.1101/
cshpe rspect.a020412

de las Casas- Engel M., Domínguez- Soto A., Sierra- Filardi E., Bragado 
R., Nieto C., Puig- Kroger A., Samaniego R., Loza M., Corcuera M. 
T., Gómez- Aguado F., Bustos M., Sánchez- Mateos P., & Corbí A. L. 
(2013). Serotonin skews human macrophage polarization through 
HTR2B and HTR7. The Journal of Immunology, 190(5), 2301– 2310. 
http://dx.doi.org/10.4049/jimmu nol.1201133

De Gregorio, D., Enns, J. P., Nuñez, N. A., Posa, L., & Gobbi, G. (2018). 
d- Lysergic acid diethylamide, psilocybin, and other classic 

hallucinogens: Mechanism of action and potential therapeutic ap-
plications in mood disorders. Progress in Brain Research (Elsevier), 
69– 96. https://doi.org/10.1016/bs.pbr.2018.07.008

Dizdaroglu, M., Jaruga, P., Birincioglu, M., & Rodriguez, H. (2002). Free 
radical- induced damage to DNA: mechanisms and measurement. 
Free Radical Biology and Medicine, 32, 1102– 1115. https://doi.
org/10.1016/s0891 - 5849(02)00826 - 2

Dong, H., Ma, Y., Ren, Z., Xu, B., Zhang, Y., Chen, J., & Yang, B. O. (2016). 
Sigma- 1 receptor modulates neuroinflammation after traumatic 
brain injury. Cellular and Molecular Neurobiology, 36, 639– 645. 
https://doi.org/10.1007/s1057 1- 015- 0244- 0

Dos Santos, R. G., Bouso, J. C., Alcázar- Córcoles, M. Á., & Hallak, J. E. C. 
(2018). Efficacy, tolerability, and safety of serotonergic psychedel-
ics for the management of mood, anxiety, and substance- use disor-
ders: A systematic review of systematic reviews. Expert Review of 
Clinical Pharmacology, 11, 889– 902. https://doi.org/10.1080/17512 
433.2018.1511424

Doyle, K. M., Kennedy, D., Gorman, A. M., Gupta, S., Healy, S. J. M., 
& Samali, A. (2011). Unfolded proteins and endoplasmic re-
ticulum stress in neurodegenerative disorders. Journal of 
Cellular and Molecular Medicine, 15, 2025– 2039. https://doi.
org/10.1111/j.1582- 4934.2011.01374.x

Duarte Lobo, D., Nobre, R. J., Oliveira Miranda, C., Pereira, D., 
Castelhano, J., Sereno, J., Koeppen, A., Castelo- Branco, M., & 
Pereira de Almeida, L. (2020). The blood- brain barrier is disrupted 
in Machado- Joseph disease/spinocerebellar ataxia type 3: evi-
dence from transgenic mice and human post- mortem samples. Acta 
Neuropathologica Communications, 8, 152. https://doi.org/10.1186/
s4047 8- 020- 00955 - 0

Dudek, K. A., Dion- Albert, L., Lebel, M., LeClair, K., Labrecque, S., 
Tuck, E., Ferrer Perez, C., Golden, S. A., Tamminga, C., Turecki, 
G., Mechawar, N., Russo, S. J., & Menard, C. (2020). Molecular 
adaptations of the blood– brain barrier promote stress resilience 
vs. depression. PNAS, 117, 3326– 3336. https://doi.org/10.1073/
pnas.19146 55117

Durães, F., Pinto, M., & Sousa, E. (2018). Old drugs as new treatments 
for neurodegenerative diseases. Pharmaceuticals (Basel), 11, 44. 
https://doi.org/10.3390/ph110 20044

Dzyubenko, E., Gottschling, C., & Faissner, A. (2016). Neuron- glia inter-
actions in neural plasticity: Contributions of neural extracellular 
matrix and perineuronal nets. Neural Plasticity, 2016, e5214961. 
https://doi.org/10.1155/2016/5214961

Eroglu, C., & Barres, B. A. (2010). Regulation of synaptic connectivity by 
glia. Nature, 468, 223– 231. https://doi.org/10.1038/natur e09612

Esteves, S., Oliveira, S., Duarte- Silva, S., Cunha- Garcia, D., Teixeira- 
Castro, A., & Maciel, P. (2019). Preclinical evidence supporting 
early initiation of citalopram treatment in Machado- joseph disease. 
Molecular Neurobiology, 56, 3626– 3637. https://doi.org/10.1007/
s1203 5- 018- 1332- 1

Ettle, B., Schlachetzki, J. C. M., & Winkler, J. (2016). Oligodendroglia and 
myelin in neurodegenerative diseases: More than just bystanders? 
Molecular Neurobiology, 53, 3046– 3062. https://doi.org/10.1007/
s1203 5- 015- 9205- 3

Evert, B. O., Vogt, I. R., Vieira- Saecker, A. M., Ozimek, L., de Vos, R. A. I., 
Brunt, E. R. P., Klockgether, T., & Wüllner, U. (2003). Gene expres-
sion profiling in ataxin- 3 expressing cell lines reveals distinct ef-
fects of normal and mutant ataxin- 3. Journal of Neuropathology and 
Experimental Neurology, 62, 1006– 1018. https://doi.org/10.1093/
jnen/62.10.1006

Eyo, U. B., Bispo, A., Liu, J., Sabu, S., Wu, R., DiBona, V. L., Zheng, J., 
Murugan, M., Zhang, H., Tang, Y., & Wu, L.- J. (2018). The GluN2A 
subunit regulates neuronal NMDA receptor- induced microglia- 
neuron physical interactions. Scientific Reports, 8, 828. https://doi.
org/10.1038/s4159 8- 018- 19205 - 4

Fábregas, J. M., González, D., Fondevila, S., Cutchet, M., Fernández, X., 
Barbosa, P. C. R., Alcázar- Córcoles, M. Á., Barbanoj, M. J., Riba, J., & 

 14714159, 2022, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/jnc.15509, W

iley O
nline L

ibrary on [05/02/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1124/mol.60.6.1181
https://doi.org/10.1124/mol.60.6.1181
https://doi.org/10.1016/j.bpobgyn.2010.10.016
https://doi.org/10.1016/j.bpobgyn.2010.10.016
https://doi.org/10.1089/jpm.2017.0684
https://doi.org/10.1038/s41586-020-3008-z
https://doi.org/10.1038/s41586-020-3008-z
https://doi.org/10.1056/NEJMoa2032994
https://doi.org/10.1056/NEJMoa2032994
https://doi.org/10.1038/s41598-017-13282-7
https://doi.org/10.1038/s41598-017-13282-7
https://doi.org/10.3390/ijms21062111
https://doi.org/10.1038/s41598-017-11065-8
https://doi.org/10.1038/s41598-017-11065-8
https://doi.org/10.1093/brain/awab055
https://doi.org/10.1093/brain/awab055
https://doi.org/10.1038/s41598-017-12779-5
https://doi.org/10.1016/j.neuint.2017.02.003
https://doi.org/10.1016/j.neuint.2017.02.003
https://doi.org/10.1101/cshperspect.a020412
https://doi.org/10.1101/cshperspect.a020412
http://dx.doi.org/10.4049/jimmunol.1201133
https://doi.org/10.1016/bs.pbr.2018.07.008
https://doi.org/10.1016/s0891-5849(02)00826-2
https://doi.org/10.1016/s0891-5849(02)00826-2
https://doi.org/10.1007/s10571-015-0244-0
https://doi.org/10.1080/17512433.2018.1511424
https://doi.org/10.1080/17512433.2018.1511424
https://doi.org/10.1111/j.1582-4934.2011.01374.x
https://doi.org/10.1111/j.1582-4934.2011.01374.x
https://doi.org/10.1186/s40478-020-00955-0
https://doi.org/10.1186/s40478-020-00955-0
https://doi.org/10.1073/pnas.1914655117
https://doi.org/10.1073/pnas.1914655117
https://doi.org/10.3390/ph11020044
https://doi.org/10.1155/2016/5214961
https://doi.org/10.1038/nature09612
https://doi.org/10.1007/s12035-018-1332-1
https://doi.org/10.1007/s12035-018-1332-1
https://doi.org/10.1007/s12035-015-9205-3
https://doi.org/10.1007/s12035-015-9205-3
https://doi.org/10.1093/jnen/62.10.1006
https://doi.org/10.1093/jnen/62.10.1006
https://doi.org/10.1038/s41598-018-19205-4
https://doi.org/10.1038/s41598-018-19205-4


    |  103KOZLOWSKA et AL.

Bouso, J. C. (2010). Assessment of addiction severity among ritual 
users of ayahuasca. Drug and Alcohol Dependence, 111, 257– 261. 
https://doi.org/10.1016/j.druga lcdep.2010.03.024

Family, N., Maillet, E. L., Williams, L. T. J., Krediet, E., Carhart- Harris, R. L., 
Williams, T. M., Nichols, C. D., Goble, D. J., & Raz, S. (2020). Safety, 
tolerability, pharmacokinetics, and pharmacodynamics of low 
dose lysergic acid diethylamide (LSD) in healthy older volunteers. 
Psychopharmacology (Berl), 237, 841– 853. https://doi.org/10.1007/
s0021 3- 019- 05417 - 7

Fan, Z., Wang, X., Zhang, M., Zhao, C., Mei, C., & Li, P. (2019). MAPK path-
way inhibitors attenuated hydrogen peroxide induced damage in 
neural cells. BioMed Research International, 2019, 5962014. https://
doi.org/10.1155/2019/5962014

Filipello, F., Morini, R., Corradini, I., Zerbi, V., Canzi, A., Michalski, B., 
Erreni, M., Markicevic, M., Starvaggi- Cucuzza, C., Otero, K., Piccio, 
L., Cignarella, F., Perrucci, F., Tamborini, M., Genua, M., Rajendran, 
L., Menna, E., Vetrano, S., Fahnestock, M., … Matteoli, M. (2018). 
The microglial innate immune receptor TREM2 is required for syn-
apse elimination and normal brain connectivity. Immunity, 48, 979– 
991.e8. https://doi.org/10.1016/j.immuni.2018.04.016

Flanagan, T. W., Billac, G. B., Landry, A. N., Sebastian, M. N., Cormier, 
S. A., & Nichols, C. D. (2020). Structure– activity relationship 
analysis of psychedelics in a rat model of asthma reveals the anti- 
inflammatory pharmacophore. ACS Pharmacology & Translational 
Science, 4(2), 488– 502. https://doi.org/10.1021/acspt sci.0c00063

Flanagan, T. W., & Nichols, C. D. (2018). Psychedelics as anti- inflammatory 
agents. International Review of Psychiatry, 30, 363– 375. https://doi.
org/10.1080/09540 261.2018.1481827

Flanagan, T. W., Sebastian, M. N., Battaglia, D. M., Foster, T. P., Maillet, 
E. L., & Nichols, C. D. (2019). Activation of 5- HT 2 receptors re-
duces inflammation in vascular tissue and cholesterol levels in high- 
fat diet- fed apolipoprotein E knockout mice. Scientific Reports, 9, 
13444. https://doi.org/10.1038/s4159 8- 019- 49987 - 0

Foldi, C. J., Liknaitzky, P., Williams, M., & Oldfield, B. J. (2020). Rethinking 
therapeutic strategies for anorexia nervosa: Insights from psyche-
delic medicine and animal models. Frontiers in Neuroscience, 14, 43. 
https://doi.org/10.3389/fnins.2020.00043

Forrest, M. P., Parnell, E., & Penzes, P. (2018). Dendritic structural plas-
ticity and neuropsychiatric disease. Nature Reviews Neuroscience, 
19, 215– 234. https://doi.org/10.1038/nrn.2018.16

Francardo, V., Bez, F., Wieloch, T., Nissbrandt, H., Ruscher, K., & Cenci, 
M. A. (2014). Pharmacological stimulation of sigma- 1 receptors has 
neurorestorative effects in experimental parkinsonism. Brain, 137, 
1998– 2014. https://doi.org/10.1093/brain/ awu107

Frecska, E., Bokor, P., & Winkelman, M. (2016). The therapeutic poten-
tials of ayahuasca: Possible effects against various diseases of civ-
ilization. Frontiers in Pharmacology, 7, 35. https://doi.org/10.3389/
fphar.2016.00035

Gałecki, P., Mossakowska- Wójcik, J., & Talarowska, M. (2018). The 
anti- inflammatory mechanism of antidepressants –  SSRIs, SNRIs. 
Progress in Neuro- Psychopharmacology and Biological Psychiatry, 80, 
291– 294. https://doi.org/10.1016/j.pnpbp.2017.03.016

Gaujac, A., Martinez, S. T., Gomes, A. A., de Andrade, S. J., Pinto, A. D. C., 
David, J. M., Navickiene, S., & de Andrade, J. B. (2013). Application 
of analytical methods for the structural characterization and pu-
rity assessment of N, N- dimethyltryptamine, a potent psychedelic 
agent isolated from Mimosa tenuiflora inner barks. Microchemical 
Journal, 109, 78– 83. https://doi.org/10.1016/j.microc.2012.03.033

Gekker, G., Hu, S., Sheng, W. S., Rock, R. B., Lokensgard, J. R., & Peterson, 
P. K. (2006). Cocaine- induced HIV- 1 expression in microglia in-
volves sigma- 1 receptors and transforming growth factor- beta1. 
International Immunopharmacology, 6, 1029– 1033. https://doi.
org/10.1016/j.intimp.2005.12.005

Griffiths, R. R., Johnson, M. W., Carducci, M. A., Umbricht, A., Richards, 
W. A., Richards, B. D., Cosimano, M. P., & Klinedinst, M. A. (2016). 
Psilocybin produces substantial and sustained decreases in 

depression and anxiety in patients with life- threatening cancer: A 
randomized double- blind trial. Journal of Psychopharmacology, 30, 
1181– 1197. https://doi.org/10.1177/02698 81116 675513

Griffiths, R. R., Richards, W. A., McCann, U., & Jesse, R. (2006). 
Psilocybin can occasion mystical- type experiences having sub-
stantial and sustained personal meaning and spiritual significance. 
Psychopharmacology (Berl.), 187, 268– 283. https://doi.org/10.1007/
s0021 3- 006- 0457- 5

Gundlach, A. L., Largent, B. L., & Snyder, S. H. (1986). Autoradiographic 
localization of sigma receptor binding sites in guinea pig and rat 
central nervous system with (+)3H- 3- (3- hydroxyphenyl)- N- (1- 
propyl)piperidine. Journal of Neuroscience, 6, 1757– 1770. https://
doi.org/10.1523/JNEUR OSCI.06- 06- 01757.1986

Hall Aaron, A., Yelenis, H., Ajmo Craig, T., Javier, C., & Pennypacker Keith, 
R. (2009). Sigma receptors suppress multiple aspects of microglial 
activation. Glia, 57, 744– 754. https://doi.org/10.1002/glia.20802

Hamill, J., Hallak, J., Dursun, S. M., & Baker, G. (2019). Ayahuasca: 
Psychological and physiologic effects, pharmacology and potential 
uses in addiction and mental illness. Current Neuropharmacology, 
17, 108– 128. https://doi.org/10.2174/15701 59X16 66618 01250 
95902

Havel, V., Kruegel, A. C., Bechand, B., McIntosh, S., Stallings, L., Hodges, 
A., Wulf, M. G., Nelson, M., Hunkele, A., Ansonoff, M., Pintar, J. 
E., Hwu, C., Abi- Gerges, N., Zaidi, S. A., Katritch, V., Katritch, 
M., Javitch, J. A., Majumdar, S., … Sames, D. (2021). Novel Class 
of Psychedelic Iboga Alkaloids Disrupts Opioid Addiction States, 
https://doi.org/10.1101/2021.07.22.453441

Hawkins, B. T., & Davis, T. P. (2005). The blood- brain barrier/neurovascu-
lar unit in health and disease. Pharmacological Reviews, 57, 173– 185. 
https://doi.org/10.1124/pr.57.2.4

Hayashi, T., & Su, T.- P. (2004). Sigma- 1 receptors at galactosylceramide- 
enriched lipid microdomains regulate oligodendrocyte differ-
entiation. PNAS, 101, 14949– 14954. https://doi.org/10.1073/
pnas.04028 90101

Hayashi, T., & Su, T.- P. (2007). Sigma- 1 receptor chaperones at the ER- 
mitochondrion interface regulate Ca(2+) signaling and cell survival. 
Cell, 131, 596– 610. https://doi.org/10.1016/j.cell.2007.08.036

Hedrick, N. G., Harward, S. C., Hall, C. E., Murakoshi, H., McNamara, J. 
O., & Yasuda, R. (2016). Rho GTPase complementation underlies 
BDNF- dependent homo-  and heterosynaptic plasticity. Nature, 
538, 104– 108. https://doi.org/10.1038/natur e19784

Heneka, M. T., Golenbock, D. T., & Latz, E. (2015). Innate immunity in 
Alzheimer’s disease. Nature Immunology, 16, 229– 236. https://doi.
org/10.1038/ni.3102

Herr, N., Bode, C., & Duerschmied, D. (2017). The effects of serotonin in 
immune cells. Frontiers in Cardiovascular Medicine, 4, 48. https://doi.
org/10.3389/fcvm.2017.00048

Heuschkel, K., & Kuypers, K. P. C. (2020). Depression, mindfulness, 
and psilocybin: Possible complementary effects of mindful-
ness meditation and psilocybin in the treatment of depression. A 
Review. Frontiers in Psychiatry, 11, 224. https://doi.org/10.3389/
fpsyt.2020.00224

Hueso, M., Mallén, A., Casas, Á., Guiteras, J., Sbraga, F., Blasco- Lucas, 
A., Lloberas, N., Torras, J., Cruzado, J. M., & Navarro, E. (2020). 
Integrated miRNA/mRNA counter- expression analysis high-
lights oxidative stress- related genes CCR7 and FOXO1 as blood 
markers of coronary arterial disease. International Journal of 
Molecular Sciences, 21(6), 1943. https://doi.org/10.3390/ijms2 
1061943

Inserra, A. (2019). Current status of psychedelic therapy in Australia and 
New Zealand: Are we falling behind? Australian and New Zealand 
Journal of Psychiatry, 53, 190– 192. https://doi.org/10.1177/00048 
67418 824018

Ionescu, D. F., Rosenbaum, J. F., & Alpert, J. E. (2015). Pharmacological 
approaches to the challenge of treatment- resistant depression. 
Dialogues in Clinical Neuroscience, 17, 111– 126.

 14714159, 2022, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/jnc.15509, W

iley O
nline L

ibrary on [05/02/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1016/j.drugalcdep.2010.03.024
https://doi.org/10.1007/s00213-019-05417-7
https://doi.org/10.1007/s00213-019-05417-7
https://doi.org/10.1155/2019/5962014
https://doi.org/10.1155/2019/5962014
https://doi.org/10.1016/j.immuni.2018.04.016
https://doi.org/10.1021/acsptsci.0c00063
https://doi.org/10.1080/09540261.2018.1481827
https://doi.org/10.1080/09540261.2018.1481827
https://doi.org/10.1038/s41598-019-49987-0
https://doi.org/10.3389/fnins.2020.00043
https://doi.org/10.1038/nrn.2018.16
https://doi.org/10.1093/brain/awu107
https://doi.org/10.3389/fphar.2016.00035
https://doi.org/10.3389/fphar.2016.00035
https://doi.org/10.1016/j.pnpbp.2017.03.016
https://doi.org/10.1016/j.microc.2012.03.033
https://doi.org/10.1016/j.intimp.2005.12.005
https://doi.org/10.1016/j.intimp.2005.12.005
https://doi.org/10.1177/0269881116675513
https://doi.org/10.1007/s00213-006-0457-5
https://doi.org/10.1007/s00213-006-0457-5
https://doi.org/10.1523/JNEUROSCI.06-06-01757.1986
https://doi.org/10.1523/JNEUROSCI.06-06-01757.1986
https://doi.org/10.1002/glia.20802
https://doi.org/10.2174/1570159X16666180125095902
https://doi.org/10.2174/1570159X16666180125095902
https://doi.org/10.1101/2021.07.22.453441
https://doi.org/10.1124/pr.57.2.4
https://doi.org/10.1073/pnas.0402890101
https://doi.org/10.1073/pnas.0402890101
https://doi.org/10.1016/j.cell.2007.08.036
https://doi.org/10.1038/nature19784
https://doi.org/10.1038/ni.3102
https://doi.org/10.1038/ni.3102
https://doi.org/10.3389/fcvm.2017.00048
https://doi.org/10.3389/fcvm.2017.00048
https://doi.org/10.3389/fpsyt.2020.00224
https://doi.org/10.3389/fpsyt.2020.00224
https://doi.org/10.3390/ijms21061943
https://doi.org/10.3390/ijms21061943
https://doi.org/10.1177/0004867418824018
https://doi.org/10.1177/0004867418824018


104  |    KOZLOWSKA et AL.

Jefsen, O. H., Elfving, B., Wegener, G., & Müller, H. K. (2021). 
Transcriptional regulation in the rat prefrontal cortex and hip-
pocampus after a single administration of psilocybin. Journal of 
Psychopharmacology, 35, 483– 493. https://doi.org/10.1177/02698 
81120 959614

Jia, J., Cheng, J., Wang, C., & Zhen, X. (2018). Sigma- 1 receptor- modulated 
neuroinflammation in neurological diseases. Frontiers in Cellular 
Neuroscience, 12, 314. https://doi.org/10.3389/fncel.2018.00314

Jiang, L., Cui, J., Zhang, C., Xie, J., Zhang, S., Fu, D., & Duo, W. (2020). 
Sigma- 1 receptor is involved in diminished ovarian reserve possi-
bly by influencing endoplasmic reticulum stress- mediated granu-
losa cells apoptosis. Aging (Albany NY), 12, 9041– 9065. https://doi.
org/10.18632/ aging.103166

Jiang, T., Sun, Q., & Chen, S. (2016). Oxidative stress: A major patho-
genesis and potential therapeutic target of antioxidative agents in 
Parkinson’s disease and Alzheimer’s disease. Progress in Neurobiology, 
147, 1– 19. https://doi.org/10.1016/j.pneur obio.2016.07.005

Jiménez- Garrido, D. F., Gómez- Sousa, M., Ona, G., Dos Santos, R. G., 
Hallak, J. E. C., Alcázar- Córcoles, M. Á., & Bouso, J. C. (2020). 
Effects of ayahuasca on mental health and quality of life in naïve 
users: A longitudinal and cross- sectional study combination. 
Scientific Reports, 10, 4075. https://doi.org/10.1038/s4159 8- 020- 
61169 - x

John, J., Kukshal, P., Bhatia, T., Chowdari, K. V., Nimgaonkar, V. L., 
Deshpande, S. N., & Thelma, B. K. (2017). Possible role of rare 
variants in Trace amine associated receptor 1 in schizophrenia. 
Schizophrenia Research, 189, 190– 195. https://doi.org/10.1016/j.
schres.2017.02.020

Johnson, M. W., Griffiths, R. R., Hendricks, P. S., & Henningfield, J. E. 
(2018). The abuse potential of medical psilocybin according to the 
8 factors of the controlled substances act. Neuropharmacology, 142, 
143– 166. https://doi.org/10.1016/j.neuro pharm.2018.05.012

Jones, K. A., Srivastava, D. P., Allen, J. A., Strachan, R. T., Roth, B. L., & 
Penzes, P. (2009). Rapid modulation of spine morphology by the 
5- HT2A serotonin receptor through kalirin- 7 signaling. Proceedings 
of the National Academy of Sciences, 106, 19575– 19580. https://doi.
org/10.1073/pnas.09058 84106

Nau, F. Jr, Yu, B., Martin, D., & Nichols, C. D. (2013). Serotonin 5- HT2A re-
ceptor activation blocks TNF- α mediated inflammation in vivo. PLoS 
One, 8, e75426. https://doi.org/10.1371/journ al.pone.0075426

Kathleen Holmes, M., Bearden, C. E., Barguil, M., Fonseca, M., Serap 
Monkul, E., Nery, F. G., Soares, J. C., Mintz, J., & Glahn, D. C. (2009). 
Conceptualizing impulsivity and risk taking in bipolar disorder: 
Importance of history of alcohol abuse. Bipolar Disorders, 11, 33– 
40. https://doi.org/10.1111/j.1399- 5618.2008.00657.x

Kim, K., Che, T., Panova, O., DiBerto, J. F., Lyu, J., Krumm, B. E., Wacker, 
D., Robertson, M. J., Seven, A. B., Nichols, D. E., Shoichet, B. K., 
Skiniotis, G., & Roth, B. L. (2020). Structure of a hallucinogen- 
activated Gq- coupled 5- HT2A serotonin receptor. Cell, 182, 1574– 
1588.e19. https://doi.org/10.1016/j.cell.2020.08.024

Kim, S.- Y., Kim, S., Bae, D.- J., Park, S.- Y., Lee, G.- Y., Park, G.- M., & Kim, I.- 
S. (2017). Coordinated balance of Rac1 and RhoA plays key roles in 
determining phagocytic appetite. PLoS One, 12, e0174603. https://
doi.org/10.1371/journ al.pone.0174603

Koenig, J., & Dulla, C. (2018). Complements to the chef: Are microglia 
eating neurons in the epileptic brain? Epilepsy Currents, 18, 128– 
130. https://doi.org/10.5698/1535- 7597.18.2.128

Kozlowska, U., Klimczak, A., Bednarowicz, K. A., Zalewski, T., 
Rozwadowska, N., Chojnacka, K., Jurga, S., Barnea, E. R., & Kurpisz, 
M. K. (2021). Assessment of immunological potential of glial re-
stricted progenitor graft in vivo— Is immunosuppression manda-
tory? Cells, 10, 1804. https://doi.org/10.3390/cells 10071804

Kozlowska, U. J., Klimczak, A., Wiatr, K., & Figiel, M. (2021). The 
DMT and psilocin treatment changes CD11b+ activated mi-
croglia immunological phenotype. bioRxiv, https://doi.
org/10.1101/2021.03.07.434103

Krediet, E., Bostoen, T., Breeksema, J., van Schagen, A., Passie, 
T., & Vermetten, E. (2020). Reviewing the potential of psy-
chedelics for the treatment of PTSD. International Journal of 
Neuropsychopharmacology, 23, 385– 400. https://doi.org/10.1093/
ijnp/pyaa018

Kulacaoglu, F., & Kose, S. (2018). Borderline personality disorder (BPD): 
In the midst of vulnerability, chaos, and awe. Brain Sciences, 8, 201. 
https://doi.org/10.3390/brain sci81 10201

Kuypers, K. P. C., Ng, L., Erritzoe, D., Knudsen, G. M., Nichols, C. D., 
Nichols, D. E., Pani, L., Soula, A., & Nutt, D. (2019). Microdosing 
psychedelics: More questions than answers? An overview and sug-
gestions for future research. Journal of Psychopharmacology, 33, 
1039– 1057. https://doi.org/10.1177/02698 81119 857204

Kyzar, E. J., Nichols, C. D., Gainetdinov, R. R., Nichols, D. E., & 
Kalueff, A. V. (2017). Psychedelic drugs in biomedicine. Trends in 
Pharmacological Sciences, 38, 992– 1005. https://doi.org/10.1016/j.
tips.2017.08.003

Lan, X., Kedziorek, D. A., Chu, C., Jablonska, A., Li, S., Kai, M., Liang, Y., 
Janowski, M., & Walczak, P. (2020). Modeling human pediatric and 
adult gliomas in immunocompetent mice through costimulatory 
blockade. OncoImmunology, 9(1). http://doi.org/10.1080/21624 
02x.2020.1776577

La Rosa, P., Petrillo, S., Bertini, E. S., & Piemonte, F. (2020). Oxidative 
stress in DNA repeat expansion disorders: A focus on NRF2 signal-
ing involvement. Biomolecules, 10, 702. https://doi.org/10.3390/
biom1 0050702

Ledo, J. H., Azevedo, E. P., Beckman, D., Ribeiro, F. C., Santos, L. E., 
Razolli, D. S., Kincheski, G. C., Melo, H. M., Bellio, M., Teixeira, A. 
L., Velloso, L. A., Foguel, D., De Felice, F. G., & Ferreira, S. T. (2016). 
Cross talk between brain innate immunity and serotonin signaling 
underlies depressive- like behavior induced by Alzheimer's amyloid-  
oligomers in mice. Journal of Neuroscience, 36(48), 12106– 12116. 
http://doi.org/10.1523/jneur osci.1269- 16.2016

Lee, D., Lee, Y.- I., Lee, Y.- S., & Lee, S. B. (2020). The Mechanisms of nuclear 
proteotoxicity in polyglutamine spinocerebellar ataxias. Frontiers in 
Neuroscience, 14, 489. https://doi.org/10.3389/fnins.2020.00489

Li, S.- P., Wang, Y.- W., Qi, S.- L., Zhang, Y.- P., Deng, G., Ding, W.- Z., Ma, C., 
Lin, Q.- Y., Guan, H.- D., Liu, W., Cheng, X.- M., & Wang, C.- H. (2018). 
Analogous β- carboline alkaloids harmaline and harmine ameliorate 
scopolamine- induced cognition dysfunction by attenuating ace-
tylcholinesterase activity, oxidative stress, and inflammation in 
mice. Frontiers in Pharmacology, 9, 346. https://doi.org/10.3389/
fphar.2018.00346

Liguori, I., Russo, G., Curcio, F., Bulli, G., Aran, L., Della- Morte, D., 
Gargiulo, G., Testa, G., Cacciatore, F., Bonaduce, D., & Abete, P. 
(2018). Oxidative stress, aging, and diseases. Clinical Interventions in 
Aging, 13, 757– 772. https://doi.org/10.2147/CIA.S158513

Liu, H., Ding, L., Zhang, H., Mellor, D., Wu, H., Zhao, D., Wu, C., Lin, Z., 
Yuan, J., & Peng, D. (2018). The metabolic factor kynurenic acid of 
kynurenine pathway predicts major depressive disorder. Frontiers in 
Psychiatry, 9, 552. https://doi.org/10.3389/fpsyt.2018.00552

Liu, J.- F., & Li, J.- X. (2018). TAAR1 in addiction: looking beyond the 
tip of the iceberg. Frontiers in Pharmacology, 9, 279. https://doi.
org/10.3389/fphar.2018.00279

Ly, C., Greb, A. C., Cameron, L. P., Wong, J. M., Barragan, E. V., Wilson, 
P. C., Burbach, K. F., Soltanzadeh Zarandi, S., Sood, A., Paddy, M. 
R., Duim, W. C., Dennis, M. Y., McAllister, A. K., Ori- McKenney, K. 
M., Gray, J. A., & Olson, D. E. (2018). Psychedelics promote struc-
tural and functional neural plasticity. Cell Reports, 23, 3170– 3182. 
https://doi.org/10.1016/j.celrep.2018.05.022

Malik, M., Rangel- Barajas, C., Sumien, N., Su, C., Singh, M., Chen, Z., 
Huang, R.- Q., Meunier, J., Maurice, T., Mach, R. H., & Luedtke, 
R. R. (2015). The effects of sigma (σ1) receptor- selective ligands 
on muscarinic receptor antagonist- induced cognitive deficits in 
mice. British Journal of Pharmacology, 172, 2519– 2531. https://doi.
org/10.1111/bph.13076

 14714159, 2022, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/jnc.15509, W

iley O
nline L

ibrary on [05/02/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1177/0269881120959614
https://doi.org/10.1177/0269881120959614
https://doi.org/10.3389/fncel.2018.00314
https://doi.org/10.18632/aging.103166
https://doi.org/10.18632/aging.103166
https://doi.org/10.1016/j.pneurobio.2016.07.005
https://doi.org/10.1038/s41598-020-61169-x
https://doi.org/10.1038/s41598-020-61169-x
https://doi.org/10.1016/j.schres.2017.02.020
https://doi.org/10.1016/j.schres.2017.02.020
https://doi.org/10.1016/j.neuropharm.2018.05.012
https://doi.org/10.1073/pnas.0905884106
https://doi.org/10.1073/pnas.0905884106
https://doi.org/10.1371/journal.pone.0075426
https://doi.org/10.1111/j.1399-5618.2008.00657.x
https://doi.org/10.1016/j.cell.2020.08.024
https://doi.org/10.1371/journal.pone.0174603
https://doi.org/10.1371/journal.pone.0174603
https://doi.org/10.5698/1535-7597.18.2.128
https://doi.org/10.3390/cells10071804
https://doi.org/10.1101/2021.03.07.434103
https://doi.org/10.1101/2021.03.07.434103
https://doi.org/10.1093/ijnp/pyaa018
https://doi.org/10.1093/ijnp/pyaa018
https://doi.org/10.3390/brainsci8110201
https://doi.org/10.1177/0269881119857204
https://doi.org/10.1016/j.tips.2017.08.003
https://doi.org/10.1016/j.tips.2017.08.003
http://doi.org/10.1080/2162402x.2020.1776577
http://doi.org/10.1080/2162402x.2020.1776577
https://doi.org/10.3390/biom10050702
https://doi.org/10.3390/biom10050702
http://doi.org/10.1523/jneurosci.1269-16.2016
https://doi.org/10.3389/fnins.2020.00489
https://doi.org/10.3389/fphar.2018.00346
https://doi.org/10.3389/fphar.2018.00346
https://doi.org/10.2147/CIA.S158513
https://doi.org/10.3389/fpsyt.2018.00552
https://doi.org/10.3389/fphar.2018.00279
https://doi.org/10.3389/fphar.2018.00279
https://doi.org/10.1016/j.celrep.2018.05.022
https://doi.org/10.1111/bph.13076
https://doi.org/10.1111/bph.13076


    |  105KOZLOWSKA et AL.

Manji, H. K., Quiroz, J. A., Sporn, J., Payne, J. L., Denicoff, K., A. Gray, N., 
Zarate, C. A., & Charney, D. S. (2003). Enhancing neuronal plasticity 
and cellular resilience to develop novel, improved therapeutics for 
difficult- to- treat depression. Biological Psychiatry, 53, 707– 742. 
https://doi.org/10.1016/s0006 - 3223(03)00117 - 3

Mao, J., Hu, Y., Ruan, L., Ji, Y., & Lou, Z. (2019). Role of endoplasmic retic-
ulum stress in depression (Review). Molecular Medicine Reports, 20, 
4774– 4780. https://doi.org/10.3892/mmr.2019.10789

Martin, D. A., & Nichols, C. D. (2016). Psychedelics recruit multiple cel-
lular types and produce complex transcriptional responses within 
the brain. EBioMedicine, 11, 262– 277. https://doi.org/10.1016/j.
ebiom.2016.08.049

Mi, Z., Abrahamson, E. E., Ryu, A. Y., Fish, K. N., Sweet, R. A., Mufson, E. 
J., & Ikonomovic, M. D. (2017). Loss of precuneus dendritic spines 
immunopositive for spinophilin is related to cognitive impairment 
in early Alzheimer’s disease. Neurobiology of Aging, 55, 159– 166. 
https://doi.org/10.1016/j.neuro biola ging.2017.01.022

Mitchell, J. M., Bogenschutz, M., Lilienstein, A., Harrison, C., Kleiman, S., 
Parker- Guilbert, K., Ot’alora G., M., Garas, W., Paleos, C., Gorman, 
I., Nicholas, C., Mithoefer, M., Carlin, S., Poulter, B., Mithoefer, A., 
Quevedo, S., Wells, G., Klaire, S. S., van der Kolk, B., … Doblin, R. 
(2021). MDMA- assisted therapy for severe PTSD: A randomized, 
double- blind, placebo- controlled phase 3 study. Nature Medicine, 
27, 1025– 1033. https://doi.org/10.1038/s4159 1- 021- 01336 - 3

Miura, H., Ozaki, N., Sawada, M., Isobe, K., Ohta, T., & Nagatsu, T. (2008). 
A link between stress and depression: Shifts in the balance between 
the kynurenine and serotonin pathways of tryptophan metabolism 
and the etiology and pathophysiology of depression. Stress, 11, 
198– 209. https://doi.org/10.1080/10253 89070 1754068

Miyazaki, I., & Asanuma, M. (2016). Serotonin 1A receptors on as-
trocytes as a potential target for the treatment of Parkinson’s 
disease. Current Medicinal Chemistry, 23, 686– 700. https://doi.
org/10.2174/09298 67323 66616 01221 15057

Miyazaki, I., Asanuma, M., Murakami, S., Takeshima, M., Torigoe, N., 
Kitamura, Y., & Miyoshi, K. O. (2013). Targeting 5- HT(1A) recep-
tors in astrocytes to protect dopaminergic neurons in Parkinsonian 
models. Neurobiology of Diseases, 59, 244– 256. https://doi.
org/10.1016/j.nbd.2013.08.003

Morales- Garcia, J. A., Calleja- Conde, J., Lopez- Moreno, J. A., Alonso- 
Gil, S., Sanz- SanCristobal, M., Riba, J., & Perez- Castillo, A. (2020). 
N, N- dimethyltryptamine compound found in the hallucinogenic 
tea ayahuasca, regulates adult neurogenesis in vitro and in vivo. 
Translational Psychiatry, 10, 1– 14. https://doi.org/10.1038/s4139 
8- 020- 01011 - 0

Morales- García, J. A., de la Fuente Revenga, M., Alonso- Gil, S., 
Rodríguez- Franco, M. I., Feilding, A., Perez- Castillo, A., & Riba, J. 
(2017). The alkaloids of Banisteriopsis caapi, the plant source of the 
Amazonian hallucinogen Ayahuasca, stimulate adult neurogenesis 
in vitro. Scientific Reports, 7, 5309. https://doi.org/10.1038/s4159 
8- 017- 05407 - 9

Moreno, F. A., Wiegand, C. B., Taitano, E. K., & Delgado, P. L. (2006). 
Safety, tolerability, and efficacy of psilocybin in 9 patients with 
obsessive- compulsive disorder. Journal of Clinical Psychiatry, 67, 
1735– 1740. https://doi.org/10.4088/jcp.v67n1110

Moritz, C., Berardi, F., Abate, C., & Peri, F. (2015). Live imaging reveals 
a new role for the sigma- 1 (σ1) receptor in allowing microglia to 
leave brain injuries. Neuroscience Letters, 591, 13– 18. https://doi.
org/10.1016/j.neulet.2015.02.004

Morris, K. (2006). Hallucinogen research inspires “neurotheology”. 
The Lancet Neurology, 5, 732. https://doi.org/10.1016/S1474 
- 4422(06)70541 - 5

Mühlhaus, J., Dinter, J., Jyrch, S., Teumer, A., Jacobi, S. F., Homuth, G., 
Kühnen, P., Wiegand, S., Grüters, A., Völzke, H., Raile, K., Kleinau, 
G., Krude, H., & Biebermann, H. (2017). Investigation of naturally 
occurring single- nucleotide variants in human TAAR1. Frontiers in 
Pharmacology, 8, 807. https://doi.org/10.3389/fphar.2017.00807

Munn, D. H., & Mellor, A. L. (2013). Indoleamine 2,3 dioxygenase and 
metabolic control of immune responses. Trends in Immunology, 34, 
137– 143. https://doi.org/10.1016/j.it.2012.10.001

Murer, M. G., Yan, Q., & Raisman- Vozari, R. (2001). Brain- derived neu-
rotrophic factor in the control human brain, and in Alzheimer’s dis-
ease and Parkinson’s disease. Progress in Neurobiology, 63, 71– 124. 
https://doi.org/10.1016/s0301 - 0082(00)00014 - 9

Nardai, S., László, M., Szabó, A., Alpár, A., Hanics, J., Zahola, P., Merkely, 
B., Frecska, E., & Nagy, Z. (2020). N, N- dimethyltryptamine reduces 
infarct size and improves functional recovery following transient 
focal brain ischemia in rats. Experimental Neurology, 327, 113245. 
https://doi.org/10.1016/j.expne urol.2020.113245

Nau, F., Miller, J., Saravia, J., Ahlert, T., Yu, B., Happel, K. I., Cormier, S. 
A., & Nichols, C. D. (2015). Serotonin 5- HT2 receptor activation 
prevents allergic asthma in a mouse model. American Journal of 
Physiology. Lung Cellular and Molecular Physiology, 308, L191– L198. 
https://doi.org/10.1152/ajplu ng.00138.2013

Netzband, N., Ruffell, S., Linton, S., Tsang, W. F., & Wolff, T. (2020). 
Modulatory effects of ayahuasca on personality structure in a tra-
ditional framework. Psychopharmacology (Berl), 237, 3161– 3171. 
https://doi.org/10.1007/s0021 3- 020- 05601 - 0

Nguyen, L., Lucke- Wold, B. P., Mookerjee, S. A., Cavendish, J. Z., Robson, 
M. J., Scandinaro, A. L., & Matsumoto, R. R. (2015). Role of sigma- 1 
receptors in neurodegenerative diseases. Journal of Pharmacological 
Sciences, 127(1), 17– 29. https://doi.org/10.1016/j.jphs.2014.12.005

Nguyen, L., Lucke- Wold, N. P., Mookerjee, S., Kaushal, N., & Matsumoto, 
R. R. (2017). Sigma- 1 receptors and neurodegenerative diseases: 
Towards a hypothesis of sigma- 1 receptors as amplifiers of neu-
rodegeneration and neuroprotection. In S. Smith & T. P. Su (Eds.), 
Sigma receptors: Their role in disease and as therapeutic targets. 
Advances in experimental medicine and biology (Vol. 964, pp. 133– 
152). Springer. https://doi.org/10.1007/978- 3- 319- 50174 - 1_10

Nichols, C. D., & Sanders- Bush, E. (2004). Molecular genetic responses 
to lysergic acid diethylamide include transcriptional activation of 
MAP kinase phosphatase- 1, C/EBP- β and ILAD- 1, a novel gene 
with homology to arrestins. Journal of Neurochemistry, 90, 576– 584. 
https://doi.org/10.1111/j.1471- 4159.2004.02515.x

Nichols, D. E., Johnson, M. W., & Nichols, C. D. (2017). Psychedelics as 
medicines: An emerging new paradigm. Clinical Pharmacology and 
Therapeutics, 101, 209– 219. https://doi.org/10.1002/cpt.557

Niedzielska, E., Smaga, I., Gawlik, M., Moniczewski, A., Stankowicz, P., 
Pera, J., & Filip, M. (2016). Oxidative stress in neurodegenerative 
diseases. Molecular Neurobiology, 53, 4094– 4125. https://doi.
org/10.1007/s1203 5- 015- 9337- 5

Nutt, D., Erritzoe, D., & Carhart- Harris, R. (2020). Psychedelic Psychiatry’s 
brave new world. Cell, 181, 24– 28. https://doi.org/10.1016/j.
cell.2020.03.020

Pahnke, W. N., Kurland, A. A., Unger, S., Savage, C., & Grof, S. (1970). 
The experimental use of psychedelic (LSD) psychotherapy. JAMA, 
212, 1856– 1863. https://doi.org/10.1001/jama.1970.03170 24006 
0010

Palhano- Fontes, F., Barreto, D., Onias, H., Andrade, K. C., Novaes, M. 
M., Pessoa, J. A., Mota- Rolim, S. A., Osório, F. L., Sanches, R., dos 
Santos, R. G., Tófoli, L. F., de Oliveira Silveira, G., Yonamine, M., Riba, 
J., Santos, F. R., Silva- Junior, A. A., Alchieri, J. C., Galvão- Coelho, N. 
L., Lobão- Soares, B., … Araújo, D. B. (2019). Rapid antidepressant 
effects of the psychedelic ayahuasca in treatment- resistant depres-
sion: A randomized placebo- controlled trial. Psychological Medicine, 
49, 655– 663. https://doi.org/10.1017/S0033 29171 8001356

Paparelli, A., Di Forti, M., Morrison, P. D., & Murray, R. M. (2011). 
Drug- induced psychosis: How to avoid star gazing in schizophre-
nia research by looking at more obvious sources of light. Frontiers 
in Behavioural Neurosciences, 5, 1. https://doi.org/10.3389/
fnbeh.2011.00001

Parajuli, B., Sonobe, Y., Horiuchi, H., Takeuchi, H., Mizuno, T., & 
Suzumura, A. (2013). Oligomeric amyloid β induces IL- 1β processing 

 14714159, 2022, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/jnc.15509, W

iley O
nline L

ibrary on [05/02/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1016/s0006-3223(03)00117-3
https://doi.org/10.3892/mmr.2019.10789
https://doi.org/10.1016/j.ebiom.2016.08.049
https://doi.org/10.1016/j.ebiom.2016.08.049
https://doi.org/10.1016/j.neurobiolaging.2017.01.022
https://doi.org/10.1038/s41591-021-01336-3
https://doi.org/10.1080/10253890701754068
https://doi.org/10.2174/0929867323666160122115057
https://doi.org/10.2174/0929867323666160122115057
https://doi.org/10.1016/j.nbd.2013.08.003
https://doi.org/10.1016/j.nbd.2013.08.003
https://doi.org/10.1038/s41398-020-01011-0
https://doi.org/10.1038/s41398-020-01011-0
https://doi.org/10.1038/s41598-017-05407-9
https://doi.org/10.1038/s41598-017-05407-9
https://doi.org/10.4088/jcp.v67n1110
https://doi.org/10.1016/j.neulet.2015.02.004
https://doi.org/10.1016/j.neulet.2015.02.004
https://doi.org/10.1016/S1474-4422(06)70541-5
https://doi.org/10.1016/S1474-4422(06)70541-5
https://doi.org/10.3389/fphar.2017.00807
https://doi.org/10.1016/j.it.2012.10.001
https://doi.org/10.1016/s0301-0082(00)00014-9
https://doi.org/10.1016/j.expneurol.2020.113245
https://doi.org/10.1152/ajplung.00138.2013
https://doi.org/10.1007/s00213-020-05601-0
https://doi.org/10.1016/j.jphs.2014.12.005
https://doi.org/10.1007/978-3-319-50174-1_10
https://doi.org/10.1111/j.1471-4159.2004.02515.x
https://doi.org/10.1002/cpt.557
https://doi.org/10.1007/s12035-015-9337-5
https://doi.org/10.1007/s12035-015-9337-5
https://doi.org/10.1016/j.cell.2020.03.020
https://doi.org/10.1016/j.cell.2020.03.020
https://doi.org/10.1001/jama.1970.03170240060010
https://doi.org/10.1001/jama.1970.03170240060010
https://doi.org/10.1017/S0033291718001356
https://doi.org/10.3389/fnbeh.2011.00001
https://doi.org/10.3389/fnbeh.2011.00001


106  |    KOZLOWSKA et AL.

via production of ROS: implication in Alzheimer’s disease. Cell 
Death & Disease, 4, e975. https://doi.org/10.1038/cddis.2013.503

Passie, T., Seifert, J., Schneider, U., & Emrich, H. M. (2002). The phar-
macology of psilocybin. Addiction Biology, 7, 357– 364. https://doi.
org/10.1080/13556 21021 00000 5937

Patel, J. P., & Frey, B. N. (2015). Disruption in the blood- brain bar-
rier: The missing link between brain and body inflammation 
in bipolar disorder? Neural Plasticity, 2015, 1– 12. https://doi.
org/10.1155/2015/708306

Peferoen, L., Kipp, M., van der Valk, P., van Noort, J. M., & Amor, S. 
(2014). Oligodendrocyte- microglia cross- talk in the central ner-
vous system. Immunology, 141, 302– 313. https://doi.org/10.1111/
imm.12163

Pen, A. E., & Jensen, U. B. (2017). Current status of treating neurodegen-
erative disease with induced pluripotent stem cells. Acta Neurologica 
Scandinavica, 135, 57– 72. https://doi.org/10.1111/ane.12545

Pereira- Sousa, J., Ferreira- Lomba, B., Bellver- Sanchis, A., Vilasboas- 
Campos, D., Fernandes, J. H., Costa, M. D., Varney, M. A., Newman- 
Tancredi, A., Maciel, P., & Teixeira- Castro, A. (2021). Identification 
of the 5- HT1A serotonin receptor as a novel therapeutic target in 
a C. elegans model of Machado- Joseph disease. Neurobiology of 
Diseases, 152, 105278. https://doi.org/10.1016/j.nbd.2021.105278

Perrin, F. E., & Noristani, H. N. (2019). Serotonergic mechanisms in spi-
nal cord injury. Experimental Neurology, 318, 174– 191. https://doi.
org/10.1016/j.expne urol.2019.05.007

Piquet, A. L., Venkiteswaran, K., Marupudi, N. I., Berk, M., & Subramanian, 
T. (2012). The immunological challenges of cell transplantation for 
the treatment of Parkinson’s disease. Brain Research Bulletin, 88, 
320– 331. https://doi.org/10.1016/j.brain resbu ll.2012.03.001

Presumey, J., Bialas, A. R., & Carroll, M. C. (2017). Complement sys-
tem in neural synapse elimination in development and disease. 
Advances in Immunology, 135, 53– 79. https://doi.org/10.1016/
bs.ai.2017.06.004

Quintero- Villegas, A., & Valdés- Ferrer, S. I. (2019). Role of 5- HT7 re-
ceptors in the immune system in health and disease. Molecular 
Medicine, 26, 2. https://doi.org/10.1186/s1002 0- 019- 0126- x

Rajkowska, G., & Miguel- Hidalgo, J. J. (2007). Gliogenesis and glial pa-
thology in depression. CNS & Neurological Disorders: Drug Targets, 
6, 219– 233.

Ransohoff, R. M. (2016). A polarizing question: do M1 and M2 microglia 
exist? Nature Neuroscience, 19, 987– 991. https://doi.org/10.1038/
nn.4338

Ray, T. S. (2010). Psychedelics and the human receptorome. PLoS One, 5, 
e9019. https://doi.org/10.1371/journ al.pone.0009019

Reddy, L. F., Lee, J., Davis, M. C., Altshuler, L., Glahn, D. C., Miklowitz, D. 
J., & Green, M. F. (2014). Impulsivity and risk taking in bipolar dis-
order and schizophrenia. Neuropsychopharmacology, 39, 456– 463. 
https://doi.org/10.1038/npp.2013.218

Robinson, C. M., Hale, P. T., & Carlin, J. M. (2005). The role of IFN- gamma 
and TNF- alpha- responsive regulatory elements in the synergis-
tic induction of indoleamine dioxygenase. Journal of Interferon 
and Cytokine Research, 25, 20– 30. https://doi.org/10.1089/
jir.2005.25.20

Ross, S., Bossis, A., Guss, J., Agin- Liebes, G., Malone, T., Cohen, B., 
Mennenga, S. E., Belser, A., Kalliontzi, K., Babb, J., Su, Z., Corby, 
P., & Schmidt, B. L. (2016). Rapid and sustained symptom reduc-
tion following psilocybin treatment for anxiety and depression in 
patients with life- threatening cancer: A randomized controlled 
trial. Journal of Psychopharmacology, 30, 1165– 1180. https://doi.
org/10.1177/02698 81116 675512

Ruscher, K., Shamloo, M., Rickhag, M., Ladunga, I., Soriano, L., 
Gisselsson, L., Toresson, H., Ruslim- Litrus, L., Oksenberg, D., Urfer, 
R., Johansson, B. B., Nikolich, K., & Wieloch, T. (2011). The sigma- 1 
receptor enhances brain plasticity and functional recovery after 
experimental stroke. Brain, 134, 732– 746. https://doi.org/10.1093/
brain/ awq367

Ruscher, K., & Wieloch, T. (2015). The involvement of the sigma- 1 re-
ceptor in neurodegeneration and neurorestoration. Journal of 
Pharmacological Sciences, 127, 30– 35. https://doi.org/10.1016/j.
jphs.2014.11.011

Rutigliano, G., Accorroni, A., & Zucchi, R. (2018). The case for TAAR1 
as a modulator of central nervous system function. Frontiers in 
Pharmacology, 8, 987. https://doi.org/10.3389/fphar.2017.00987

Ryskamp, D. A., Korban, S., Zhemkov, V., Kraskovskaya, N., & Bezprozvanny, 
I. (2019). Neuronal sigma- 1 receptors: Signaling functions and pro-
tective roles in neurodegenerative diseases. Frontiers in Neuroscience, 
13, 862. https://doi.org/10.3389/fnins.2019.00862

Salim, S. (2014). Oxidative stress and psychological disorders. Current 
Neuropharmacology, 12, 140– 147. https://doi.org/10.2174/15701 
59X11 66613 11202 30309

Sampaio- Baptista, C., & Johansen- Berg, H. (2017). White matter plas-
ticity in the adult brain. Neuron, 96, 1239– 1251. https://doi.
org/10.1016/j.neuron.2017.11.026

Samuels, B. A., Anacker, C., Hu, A., Levinstein, M. R., Pickenhagen, A., 
Tsetsenis, T., Madroñal, N., Donaldson, Z. R., Drew, L. J., Dranovsky, 
A., Gross, C. T., Tanaka, K. F., & Hen, R. (2015). 5- HT1A receptors 
on mature dentate gyrus granule cells are critical for the antide-
pressant response. Nature Neuroscience, 18, 1606– 1616. https://
doi.org/10.1038/nn.4116

Sánchez- Blázquez, P., Pozo- Rodrigálvarez, A., Merlos, M., & Garzón, 
J. (2018). The sigma- 1 receptor antagonist, S1RA, reduces stroke 
damage, ameliorates post- stroke neurological deficits and sup-
presses the overexpression of MMP- 9. Molecular Neurobiology, 55, 
4940– 4951. https://doi.org/10.1007/s1203 5- 017- 0697- x

Sandvig, I., Augestad, I. L., Håberg, A. K., & Sandvig, A. (2018). 
Neuroplasticity in stroke recovery. The role of microglia in en-
gaging and modifying synapses and networks. European Journal of 
Neuroscience, 47, 1414– 1428. https://doi.org/10.1111/ejn.13959

Santarelli, L., Saxe, M., Gross, C., Surget, A., Battaglia, F., Dulawa, S., 
Weisstaub, N., Lee, J., Duman, R., Arancio, O., Belzung, C., & Hen, 
R. (2003). Requirement of hippocampal neurogenesis for the be-
havioral effects of antidepressants. Science, 301, 805– 809. https://
doi.org/10.1126/scien ce.1083328

Sarris, J., Perkins, D., Cribb, L., Schubert, V., Opaleye, E., Bouso, J. C., 
Scheidegger, M., Aicher, H., Simonova, H., Horák, M., Galvão- 
Coelho, N. L., Castle, D., & Tófoli, L. F. (2021). Ayahuasca use and 
reported effects on depression and anxiety symptoms: An inter-
national cross- sectional study of 11,912 consumers. Journal of 
Affective Disorders Reports, 4, 100098. https://doi.org/10.1016/j.
jadr.2021.100098

Sewastianik, T., Szydlowski, M., Jablonska, E., Bialopiotrowicz, E., 
Kiliszek, P., Gorniak, P., Polak, A., Prochorec- Sobieszek, M., 
Szumera- Cieckiewicz, A., Kaminski, T. S., Markowicz, S., Nowak, E., 
Grygorowicz, M. A., Warzocha, K., & Juszczynski, P. (2016). FOXO1 
is a TXN-  and p300- dependent sensor and effector of oxidative 
stress in diffuse large B- cell lymphomas characterized by increased 
oxidative metabolism. Oncogene, 35, 5989– 6000. https://doi.
org/10.1038/onc.2016.126

Sheline, Y. I., Gado, M. H., & Kraemer, H. C. (2003). Untreated depression 
and hippocampal volume loss. American Journal of Psychiatry, 160, 
1516– 1518. https://doi.org/10.1176/appi.ajp.160.8.1516

Shrivastava, S. R., Shrivastava, P. S., & Ramasamy, J. D. (2013). Reduction 
in global burden of stroke in underserved areas. Journal of 
Neurosciences in Rural Practice, 4, 475– 476. https://doi.org/10.410
3/0976- 3147.120194

Snezhkina, A. V., Kudryavtseva, A. V., Kardymon, O. L., Savvateeva, M. 
V., Melnikova, N. V., Krasnov, G. S., & Dmitriev, A. A. (2019). ROS 
generation and antioxidant defense systems in normal and malig-
nant cells. Oxidative Medicine and Cellular Longevity, 2019, 6175804. 
https://doi.org/10.1155/2019/6175804

Sobrido- Cameán, D., Rodicio, M. C., & Barreiro- Iglesias, A. (2018). 
Serotonin controls axon and neuronal regeneration in the 

 14714159, 2022, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/jnc.15509, W

iley O
nline L

ibrary on [05/02/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1038/cddis.2013.503
https://doi.org/10.1080/1355621021000005937
https://doi.org/10.1080/1355621021000005937
https://doi.org/10.1155/2015/708306
https://doi.org/10.1155/2015/708306
https://doi.org/10.1111/imm.12163
https://doi.org/10.1111/imm.12163
https://doi.org/10.1111/ane.12545
https://doi.org/10.1016/j.nbd.2021.105278
https://doi.org/10.1016/j.expneurol.2019.05.007
https://doi.org/10.1016/j.expneurol.2019.05.007
https://doi.org/10.1016/j.brainresbull.2012.03.001
https://doi.org/10.1016/bs.ai.2017.06.004
https://doi.org/10.1016/bs.ai.2017.06.004
https://doi.org/10.1186/s10020-019-0126-x
https://doi.org/10.1038/nn.4338
https://doi.org/10.1038/nn.4338
https://doi.org/10.1371/journal.pone.0009019
https://doi.org/10.1038/npp.2013.218
https://doi.org/10.1089/jir.2005.25.20
https://doi.org/10.1089/jir.2005.25.20
https://doi.org/10.1177/0269881116675512
https://doi.org/10.1177/0269881116675512
https://doi.org/10.1093/brain/awq367
https://doi.org/10.1093/brain/awq367
https://doi.org/10.1016/j.jphs.2014.11.011
https://doi.org/10.1016/j.jphs.2014.11.011
https://doi.org/10.3389/fphar.2017.00987
https://doi.org/10.3389/fnins.2019.00862
https://doi.org/10.2174/1570159X11666131120230309
https://doi.org/10.2174/1570159X11666131120230309
https://doi.org/10.1016/j.neuron.2017.11.026
https://doi.org/10.1016/j.neuron.2017.11.026
https://doi.org/10.1038/nn.4116
https://doi.org/10.1038/nn.4116
https://doi.org/10.1007/s12035-017-0697-x
https://doi.org/10.1111/ejn.13959
https://doi.org/10.1126/science.1083328
https://doi.org/10.1126/science.1083328
https://doi.org/10.1016/j.jadr.2021.100098
https://doi.org/10.1016/j.jadr.2021.100098
https://doi.org/10.1038/onc.2016.126
https://doi.org/10.1038/onc.2016.126
https://doi.org/10.1176/appi.ajp.160.8.1516
https://doi.org/10.4103/0976-3147.120194
https://doi.org/10.4103/0976-3147.120194
https://doi.org/10.1155/2019/6175804


    |  107KOZLOWSKA et AL.

nervous system: Lessons from regenerating animal models. Neural 
Regeneration Research, 13, 237– 238. https://doi.org/10.4103/167
3- 5374.226387

Sorolla, M. A., Reverter- Branchat, G., Tamarit, J., Ferrer, I., Ros, J., & 
Cabiscol, E. (2008). Proteomic and oxidative stress analysis in 
human brain samples of Huntington disease. Free Radical Biology 
and Medicine, 45, 667– 678. https://doi.org/10.1016/j.freer adbio 
med.2008.05.014

Steiner, J., Walter, M., Gos, T., Guillemin, G. J., Bernstein, H.- G., Sarnyai, 
Z., Mawrin, C., Brisch, R., Bielau, H., zu Schwabedissen, L., Bogerts, 
B., & Myint, A.- M. (2011). Severe depression is associated with 
increased microglial quinolinic acid in subregions of the anterior 
cingulate gyrus: Evidence for an immune- modulated glutamatergic 
neurotransmission? Journal of Neuroinflammation, 8, 94. https://doi.
org/10.1186/1742- 2094- 8- 94

Strafella, C., Caputo, V., Galota, M. R., Zampatti, S., Marella, G., Mauriello, 
S., Cascella, R., & Giardina, E. (2018). Application of precision med-
icine in neurodegenerative diseases. Frontiers in Neurology, 9, 701. 
https://doi.org/10.3389/fneur.2018.00701

Studerus, E., Kometer, M., Hasler, F., & Vollenweider, F. X. (2011). 
Acute, subacute and long- term subjective effects of psilocy-
bin in healthy humans: A pooled analysis of experimental stud-
ies. Journal of Psychopharmacology, 25, 1434– 1452. https://doi.
org/10.1177/02698 81110 382466

Sudhakar, V., & Richardson, R. M. (2019). Gene therapy for neurode-
generative diseases. Neurotherapeutics: The Journal of the American 
Society for Experimental NeuroTherapeutics, 16, 166– 175. https://
doi.org/10.1007/s1331 1- 018- 00694 - 0

Sweeney, M. D., Sagare, A. P., & Zlokovic, B. V. (2018). Blood– brain bar-
rier breakdown in Alzheimer’s disease and other neurodegenera-
tive disorders. Nature Reviews Neurology, 14, 133– 150. https://doi.
org/10.1038/nrneu rol.2017.188

Szabo, A. (2015). Psychedelics and immunomodulation: novel ap-
proaches and therapeutic opportunities. Frontiers in Immunology, 6, 
358. https://doi.org/10.3389/fimmu.2015.00358

Szabo, A., Gogolak, P., Koncz, G., Foldvari, Z., Pazmandi, K., Miltner, 
N., Poliska, S., Bacsi, A., Djurovic, S., & Rajnavolgyi, E. (2018). 
Immunomodulatory capacity of the serotonin receptor 5- HT2B in a 
subset of human dendritic cells. Scientific Reports, 8, 1765. https://
doi.org/10.1038/s4159 8- 018- 20173 - y

Szabo, A., Kovacs, A., Frecska, E., & Rajnavolgyi, E. (2014). 
Psychedelic N, N- dimethyltryptamine and 5- methoxy- N, N- 
dimethyltryptamine modulate innate and adaptive inflammatory 
responses through the sigma- 1 receptor of human monocyte- 
derived dendritic cells. PLoS One, 9, e106533. https://doi.
org/10.1371/journ al.pone.0106533

Szabo, A., Kovacs, A., Riba, J., Djurovic, S., Rajnavolgyi, E., & Frecska, 
E. (2016). The endogenous hallucinogen and trace amine N, N- 
dimethyltryptamine (DMT) displays potent protective effects 
against hypoxia via sigma- 1 receptor activation in human pri-
mary iPSC- derived cortical neurons and microglia- like immune 
cells. Frontiers in Neuroscience, 10, 423. https://doi.org/10.3389/
fnins.2016.00423

Szabó, Í., Varga, V. É., Dvorácskó, S., Farkas, A. E., Körmöczi, T., Berkecz, 
R., Kecskés, S., Menyhárt, Á., Frank, R., Hantosi, D., Cozzi, N. V., 
Frecska, E., Tömböly, C., Krizbai, I. A., Bari, F., & Farkas, E. (2021). 
N, N- Dimethyltryptamine attenuates spreading depolarization and 
restrains neurodegeneration by sigma- 1 receptor activation in the 
ischemic rat brain. Neuropharmacology, 192, 108612. https://doi.
org/10.1016/j.neuro pharm.2021.108612

Szigeti, B., Kartner, L., Blemings, A., Rosas, F., Feilding, A., Nutt, D. J., 
Carhart- Harris, R. L., Erritzoe, D. (2021). Self- blinding citizen sci-
ence to explore psychedelic microdosing. eLife, 10, 62878. https://
doi.org/10.7554/elife.62878

Takei, A., Hamada, S., Homma, S., Hamada, K., Tashiro, K., & Hamada, 
T. (2010). Difference in the effects of tandospirone on ataxia in 

various types of spinocerebellar degeneration: An open- label 
study. Cerebellum, 9, 567– 570. https://doi.org/10.1007/s1231 
1- 010- 0199- 0

Takei, A., Hamada, T., Yabe, I., & Sasaki, H. (2005). Treatment of cerebel-
lar ataxia with 5- HT1A agonist. Cerebellum, 4, 211– 215. https://doi.
org/10.1080/14734 22050 0222318

Teixeira- Castro, A., Jalles, A., Esteves, S., Kang, S., da Silva Santos, L., 
Silva- Fernandes, A., Neto, M. F., Brielmann, R. M., Bessa, C., 
Duarte- Silva, S., Miranda, A., Oliveira, S., Neves- Carvalho, A., 
Bessa, J., Summavielle, T., Silverman, R. B., Oliveira, P., Morimoto, 
R. I., & Maciel, P. (2015). Serotonergic signalling suppresses ataxin 
3 aggregation and neurotoxicity in animal models of Machado- 
Joseph disease. Brain, 138, 3221– 3237. https://doi.org/10.1093/
brain/ awv262

Trakhtenberg, E. F., & Goldberg, J. L. (2012). The role of serotonin in axon 
and dendrite growth. International Review of Neurobiology, 106, 105– 
126. https://doi.org/10.1016/B978- 0- 12- 40717 8- 0.00005 - 3

Uthaug, M. V., Lancelotta, R., Szabo, A., Davis, A. K., Riba, J., & Ramaekers, 
J. G. (2020). Prospective examination of synthetic 5- methoxy- N, 
N- dimethyltryptamine inhalation: Effects on salivary IL- 6, cortisol 
levels, affect, and non- judgment. Psychopharmacology (Berl), 237, 
773– 785. https://doi.org/10.1007/s0021 3- 019- 05414 - w

Vann Jones, S. A., & O’Kelly, A. (2020). Psychedelics as a treatment for 
Alzheimer’s disease dementia. Frontiers in Synaptic Neuroscience, 
12, 34. https://doi.org/10.3389/fnsyn.2020.00034

Vatansever, D., Menon, D. K., & Stamatakis, E. A. (2017). Default 
mode contributions to automated information processing. 
Proceedings of the National Academy of Sciences of the United 
States of America, 114, 12821– 12826. https://doi.org/10.1073/
pnas.17105 21114

Wafa, H. A., Wolfe, C. D. A., Emmett, E., Roth, G. A., Johnson, C. O., & 
Wang, Y. (2020). Burden of stroke in Europe. Stroke, 51, 2418– 2427. 
https://doi.org/10.1161/STROK EAHA.120.029606

Walsh, J. G., Muruve, D. A., & Power, C. (2014). Inflammasomes in 
the CNS. Nature Reviews Neuroscience, 15, 84– 97. https://doi.
org/10.1038/nrn3638

Wang, Q., Chuikov, S., Taitano, S., Wu, Q., Rastogi, A., Tuck, S. J., Corey, 
J. M., Lundy, S. K., & Mao- Draayer, Y. (2015). Dimethyl fumarate 
protects neural stem/progenitor cells and neurons from oxidative 
damage through Nrf2- ERK1/2 MAPK pathway. International Journal 
of Molecular Sciences, 16, 13885– 13907. https://doi.org/10.3390/
ijms1 60613885

Wang, J. Q., & Mao, L. (2019). The ERK pathway: Molecular mechanisms 
and treatment of depression. Molecular Neurobiology, 56, 6197– 
6205. https://doi.org/10.1007/s1203 5- 019- 1524- 3

Wang, Y., Guo, L., Jiang, H.- F., Zheng, L.- T., Zhang, A., & Zhen, X.- C. 
(2016). Allosteric modulation of sigma- 1 receptors elicits rapid anti-
depressant activity. CNS Neuroscience & Therapeutics, 22, 368– 377. 
https://doi.org/10.1111/cns.12502

Wang, Y., Jin, S., Sonobe, Y., Cheng, Y. I., Horiuchi, H., Parajuli, B., 
Kawanokuchi, J., Mizuno, T., Takeuchi, H., & Suzumura, A. (2014). 
Interleukin- 1β induces blood- brain barrier disruption by downregu-
lating sonic hedgehog in astrocytes. PLoS One, 9, e110024. https://
doi.org/10.1371/journ al.pone.0110024

Warner- Schmidt, J. L., Vanover, K. E., Chen, E. Y., Marshall, J. J., & 
Greengard, P. (2011). Antidepressant effects of selective serotonin 
reuptake inhibitors (SSRIs) are attenuated by antiinflammatory 
drugs in mice and humans. Proceedings of the National Academy of 
Sciences of the United States of America, 108, 9262– 9267. https://
doi.org/10.1073/pnas.11048 36108

Wiatr, K., Marczak, Ł., Pérot, J.- B., Brouillet, E., Flament, J., & Figiel, M. 
(2021). Broad influence of mutant Ataxin- 3 on the proteome of 
the adult brain, young neurons, and axons reveals central molecu-
lar processes and biomarkers in SCA3/MJD using knock- in mouse 
model. Frontiers in Molecular Neuroscience, 14, 658339. https://doi.
org/10.3389/fnmol.2021.658339

 14714159, 2022, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/jnc.15509, W

iley O
nline L

ibrary on [05/02/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.4103/1673-5374.226387
https://doi.org/10.4103/1673-5374.226387
https://doi.org/10.1016/j.freeradbiomed.2008.05.014
https://doi.org/10.1016/j.freeradbiomed.2008.05.014
https://doi.org/10.1186/1742-2094-8-94
https://doi.org/10.1186/1742-2094-8-94
https://doi.org/10.3389/fneur.2018.00701
https://doi.org/10.1177/0269881110382466
https://doi.org/10.1177/0269881110382466
https://doi.org/10.1007/s13311-018-00694-0
https://doi.org/10.1007/s13311-018-00694-0
https://doi.org/10.1038/nrneurol.2017.188
https://doi.org/10.1038/nrneurol.2017.188
https://doi.org/10.3389/fimmu.2015.00358
https://doi.org/10.1038/s41598-018-20173-y
https://doi.org/10.1038/s41598-018-20173-y
https://doi.org/10.1371/journal.pone.0106533
https://doi.org/10.1371/journal.pone.0106533
https://doi.org/10.3389/fnins.2016.00423
https://doi.org/10.3389/fnins.2016.00423
https://doi.org/10.1016/j.neuropharm.2021.108612
https://doi.org/10.1016/j.neuropharm.2021.108612
https://doi.org/10.7554/elife.62878
https://doi.org/10.7554/elife.62878
https://doi.org/10.1007/s12311-010-0199-0
https://doi.org/10.1007/s12311-010-0199-0
https://doi.org/10.1080/14734220500222318
https://doi.org/10.1080/14734220500222318
https://doi.org/10.1093/brain/awv262
https://doi.org/10.1093/brain/awv262
https://doi.org/10.1016/B978-0-12-407178-0.00005-3
https://doi.org/10.1007/s00213-019-05414-w
https://doi.org/10.3389/fnsyn.2020.00034
https://doi.org/10.1073/pnas.1710521114
https://doi.org/10.1073/pnas.1710521114
https://doi.org/10.1161/STROKEAHA.120.029606
https://doi.org/10.1038/nrn3638
https://doi.org/10.1038/nrn3638
https://doi.org/10.3390/ijms160613885
https://doi.org/10.3390/ijms160613885
https://doi.org/10.1007/s12035-019-1524-3
https://doi.org/10.1111/cns.12502
https://doi.org/10.1371/journal.pone.0110024
https://doi.org/10.1371/journal.pone.0110024
https://doi.org/10.1073/pnas.1104836108
https://doi.org/10.1073/pnas.1104836108
https://doi.org/10.3389/fnmol.2021.658339
https://doi.org/10.3389/fnmol.2021.658339


108  |    KOZLOWSKA et AL.

Wiatr, K., Piasecki, P., Marczak, Ł., Wojciechowski, P., Kurkowiak, 
M., Płoski, R., Rydzanicz, M., Handschuh, L., Jungverdorben, J., 
Brüstle, O., Figlerowicz, M., & Figiel, M. (2019). Altered levels of 
proteins and phosphoproteins, in the absence of early causative 
transcriptional changes, shape the molecular pathogenesis in the 
brain of young presymptomatic Ki91 SCA3/MJD mouse. Molecular 
Neurobiology, 56, 8168– 8202. https://doi.org/10.1007/s1203 5- 
019- 01643 - 4

Wu, Z., Li, L., Zheng, L.- T., Xu, Z., Guo, L., & Zhen, X. (2015). Allosteric 
modulation of sigma- 1 receptors by SKF83959 inhibits microglia- 
mediated inflammation. Journal of Neurochemistry, 134, 904– 914. 
https://doi.org/10.1111/jnc.13182

Yaden, D. B., & Griffiths, R. R. (2021). The subjective effects of psy-
chedelics are necessary for their enduring therapeutic effects. 
ACS Pharmacology & Translational Science, 4, 568– 572. https://doi.
org/10.1021/acspt sci.0c00194

Yu, B., Becnel, J., Zerfaoui, M., Rohatgi, R., Boulares, A. H., & Nichols, 
C. D. (2008). Serotonin 5- hydroxytryptamine(2A) receptor acti-
vation suppresses tumor necrosis factor- alpha- induced inflam-
mation with extraordinary potency. Journal of Pharmacology and 

Experimental Therapeutics, 327, 316– 323. https://doi.org/10.1124/
jpet.108.143461

Zhao, J., Ha, Y., Liou, G. I., Gonsalvez, G. B., Smith, S. B., & Bollinger, K. E. 
(2014). Sigma receptor ligand, (+)- pentazocine, suppresses inflam-
matory responses of retinal microglia. Investigative Ophthalmology 
& Visual Science, 55, 3375– 3384. https://doi.org/10.1167/
iovs.13- 12823

Zuccato, C., & Cattaneo, E. (2007). Role of brain- derived neurotrophic 
factor in Huntington’s disease. Progress in Neurobiology, 81, 294– 
330. https://doi.org/10.1016/j.pneur obio.2007.01.003

How to cite this article: Kozlowska, U., Nichols, C., Wiatr, K., 
& Figiel, M. (2022). From psychiatry to neurology: 
Psychedelics as prospective therapeutics for 
neurodegenerative disorders. Journal of Neurochemistry, 162, 
89– 108. https://doi.org/10.1111/jnc.15509

 14714159, 2022, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/jnc.15509, W

iley O
nline L

ibrary on [05/02/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1007/s12035-019-01643-4
https://doi.org/10.1007/s12035-019-01643-4
https://doi.org/10.1111/jnc.13182
https://doi.org/10.1021/acsptsci.0c00194
https://doi.org/10.1021/acsptsci.0c00194
https://doi.org/10.1124/jpet.108.143461
https://doi.org/10.1124/jpet.108.143461
https://doi.org/10.1167/iovs.13-12823
https://doi.org/10.1167/iovs.13-12823
https://doi.org/10.1016/j.pneurobio.2007.01.003
https://doi.org/10.1111/jnc.15509

	From psychiatry to neurology: Psychedelics as prospective therapeutics for neurodegenerative disorders
	Abstract
	1|INTRODUCTION
	2|PSYCHEDELICS IN THE TREATMENT OF MAJOR DEPRESSIVE DISORDER
	3|PSYCHEDELIC INDUCED NEUROPLASTICITY AND NEUROGENESIS: WHAT IS ALREADY KNOWN—WHAT COULD BE PROPOSED
	4|PATHOLOGICAL MECHANISMS IN NEURODEGENERATION—A POTENTIAL TARGET FOR PSYCHEDELICS
	4.1|Oxidative stress
	4.2|Endoplasmatic reticulum stress (ERS)
	4.3|Blood–brain barrier disruption
	4.4|Oligodendrocyte pathology

	5|PSYCHEDELICS AS IMMUNOMODULATORS
	5.1|5-HT receptors
	5.2|Sigma-1 receptor
	5.3|TAAR

	6|RESEARCH PERSPECTIVES FOR PSYCHEDELICS IN PREVENTING NEURODEGENERATION
	6.1|Non-hallucinogenic psychedelics approach
	6.2|Prospect implications for regenerative medicine
	6.3|Therapeutic perspectives for microdosing

	7|CONCLUSION
	CONSENT FOR PUBLICATION
	CONFLICT OF INTERESTS
	DATA AVAILABILITY STATEMENT

	REFERENCES


