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Depression and anxiety are disabling and high incidence mental disorders characterized by phenotypic heterogeneity. Currently
available treatments show severe limitations. Thus, there is an urgent need for effective treatments in this population. In the search
for novel rapid-acting antidepressants, the psychedelic psilocybin has emerged as a promising therapy in several clinical trials.
However, its antidepressant mechanism of action is still not well understood. The aim of the present study was to evaluate the
therapeutic potential of psilocybin in ameliorating the adverse behavioural and neurochemical consequences of chronic stress. To
this end, a chronic unpredictable mild stress (CUMS) animal model was used, and psilocybin treatment was administered (two
doses of 1 mg/kg, i.p., administered 7 days apart). Psilocybin reversed impairments in anhedonia and behavioural despair
dimensions of depressive phenotype but not in apathy-related behaviour. Psilocybin administration was also able to exert an
anxiolytic-like effect on treated animals. Physiological alterations caused by stress, indicative of a hyperactive hypothalamic-
pituitary-adrenal axis (HPA), were not reversed by psilocybin. When neuroplasticity-related proteins were assessed in cerebral
cortex, brain-derived neurotrophic factor (BDNF) was found to be decreased in stressed animals, and treatment did not reverse
such impairment. Psilocybin administration increased the expression and function of serotonin-2A-receptor (5HT2AR) in brain
cortex of control and CUMS groups. Furthermore, psilocybin treatment caused a selective increase in the expression of
glucocorticoid-receptor (GR) in brain cortex of CUMS mice. In conclusion, psilocybin was able to rescue impairments in the
depressive phenotype, and to induce anxiolytic-like effects. Furthermore, an enhancement in sensitivity to psilocybin-induced HTR
was observed following a booster dose. Altogether, this work provides new knowledge on the putative benefit/risk actions of
psilocybin and contributes to the understanding of the therapeutic mechanism of action of psychedelics.
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INTRODUCTION
Major depressive disorder (MDD or depression) is one of the
leading causes of burden of disease worldwide [1, 2]. Anxiety is
common in the context of depression and approximately two-thirds
of individuals diagnosed with MDD also experience clinical anxiety
[1]. While numerous treatments for MDD are available, many
patients do not respond adequately to traditional antidepressants.
One third to half of patients do not respond to multiple treatment
steps, and more might only obtain a partial response [3]. This
consequently prolongs the functional burden associated with MDD,
with negative consequences on occupation, social relationships and
physical health, among others [4]. Hence, there is a compelling
need to develop new treatment strategies for MDD.
Currently, there is increasing evidence suggesting that seroto-

nergic psychedelics, particularly psilocybin, behave as fast-acting
and long-lasting therapeutic agents. According to various clinical
trials, psilocybin improves symptoms associated to affective
disorders after single or double exposure to the drug [5–10].

Psilocybin can also reduce morbidity in patients with various
forms of anxiety disorders [11] and has shown promising effects
on depression and anxiety in people with terminal illnesses (for
review see [12]). Psilocin, the dephosphorylated active form of
psilocybin, presents high affinity for the serotonin 2A receptor
(5HT2AR), the main mediator of the acute psychedelic effects
caused by the drug in humans [13]. Nonetheless, the pharmacol-
ogy of psilocin is complex. It has been reported that psilocybin/
psilocin can exert their effects through the activation of several
serotonergic receptors [14] and also through high-affinity binding
to tropomyosin receptor kinase B receptors (TrkB), the receptor for
brain-derived neurotrophic factor (BDNF) [15]. In consequence,
there is an imperative need to gain mechanistic understanding of
the therapeutic effects of psilocybin to ultimately implement
effective and feasible treatment models of psychedelic-assisted
therapies for depression-associated symptomatology.
Despite MDD’s multifactorial nature, which encompasses

genetic, biochemical, psychosocial and environmental factors,
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exposure to chronic stress in known to be a major precipitant for
its development in humans. Extensive evidence supports the link
between chronic stress, hypothalamic-pituitary-adrenal axis (HPA)
dysfunction and depressive disorders [16, 17]. HPA impairment
negatively affects different brain areas involved in mood
regulation, such as the prefrontal cortex (PFC) [18]. In agreement,
multiple imaging studies have confirmed both structural and
functional disturbances in the brains of MDD patients, some of
which are modulated by treatment with antidepressants [19].
In order to better comprehend the neurobiological mechanisms

of depression and treatment efficacy, different translational animal
models have been developed [20, 21]. In the context of MDD,
notable attention is drawn to the chronic unpredictable mild stress
model (CUMS). This model has been described as a valid, reliable
and useful tool for the study of the neurobiological basis of
depression [22]. CUMS animal model has demonstrated construct
validity and is able to reproduce neurobiological alterations
observed in MDD patients [23]. In consequence, it has been
suggested that the model may be a useful proxy for the
identification of novel impaired targets in depression and anxiety-
like states [24]. Interestingly, CUMS offers good predictive validity,
showing specific and selective responsiveness to clinically effective
antidepressants [25]. In this regard, several pre-clinical trials have
evaluated antidepressant properties of psilocybin, either in naïve
rodents [26–28] or in animal models of disease. Different studies
have also focused on anxiolytic effects of psychedelics, including
psilocybin (for review see [29]). In selectively bred rat strains,
psilocybin shows conflicting results when testing antidepressant
potential [30, 31]. Other works have reported long-lasting
antidepressant or anxiolytic effect of psilocybin in corticosterone-
induced anhedonia in mice [32] and in a repeated swimming stress
model [33]. Nonetheless, to the best of our knowledge, only one
work has evaluated the antidepressant effect of psilocybin in a
chronic stress model in mice [34]. In this pioneering study that
employed the chronic multimodal stress, single psilocybin admin-
istration acutely improved anhedonia-like behaviour in mice 24 h
after drug administration. Unfortunately, long-lasting effects were
not tested in the model.

Considering the growing clinical and public interest in psilocybin,
there is a clear need for a comprehensive study on antidepressant-
and anxiolytic-like effects of psilocybin through the use of an array
of behavioural tests in a translational animal model of disease [35].
We propose that models with extensive stress exposure, such as
CUMS paradigm (social and non-social stressor combination), may
offer a more informative framework for the study of antidepressant-
and anxiolytic-like effects of psychedelics. Previously, a dose-
response study for acute psilocybin-induced head-twitch response
(HTR, one of the best known translational assays to characterize the
acute effects of psychedelics in rodents) was performed in order to
support dose finding for psilocybin long-lasting effects evaluation
[14]. Nevertheless, the role of psychedelic-induced subjective
effects in therapeutic outcomes is still debated [36]. Against this
background, the aim of the present study was to conduct a wide
behavioural characterization of psilocybin treatment (two doses of
1mg/kg, i.p., 7 days apart) in a CUMS animal model through specific
tests for hallucinogenic-, depression- and anxiety-like phenotypes
and evaluate the therapeutic potential of psilocybin in ameliorating
the adverse consequences of chronic stress. In addition, the role of
HPA, 5HT2AR and neuroplastic effects behind therapeutic effects of
psilocybin were assessed.

MATERIALS AND METHODS
Animals
Adult male C57BL/6J mice (8 weeks old) were purchased from Envigo
(Barcelona, Spain) and housed under standard laboratory conditions on a
12 h light/dark cycle, at room temperature (22–24 °C), with food and water
available ad libitum. The animal care and experimental protocols were
carried out in accordance with the principles of animal care established by
the EU Directive 2010/63/EU and in agreement with Spanish legislation
(Royal Decree 53/2013), and were approved by the UPV/EHU Ethical Board
of Animal Welfare (CEEA; reference M20_2020_014), as well as in
compliance with ARRIVE guidelines [37].

Chronic unpredictable mild stress (CUMS)
Thirty-two mice were randomly assigned to the CUMS group and 32 to the
control group (Fig. 1). Stressed animals were housed individually. The

Fig. 1 Schematic representation of experimental design. Sucrose preference (SP), head-twitch response (HTR), elevated plus maze (EPM),
nest-building test (NBT), open field test (OFT), novelty-suppressed feeding test (NSFT), tail-suspension test (TST), forced swimming test (FST),
glucocorticoid-receptor gene (Nr3c1), serotonin 2A receptor gene (Htr2a), serotonin 2A receptor (5HT2AR), brain-derived neurotrophic factor
(BDNF), synaptic vesicle glycoprotein 2A (SV2A), postsynaptic density protein 95 (PSD-95). Created with biorender.com.
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stress paradigm was designed based on previously described protocols,
with minor modifications [38–40]. The duration of the stress protocol was
6 weeks (42 days of stress), where daily stressors were applied in a random
manner. Three to four different stimuli were applied every day, and were
not repeated on consecutive days. A combination of stressors was
designed to reach an equilibrium of stress intensity every day of the
protocol, according to a severity point system (1: mild, 2: moderate, 3:
high) [41]. Stressors were combined to reach 8–11 points each day during
the stress protocol (Table S1).

Drugs and treatment
Psilocybin [3-[2-(dimethylamino)-ethyl]-1H-indol-4-ol dihydrogen phos-
phate] was obtained from THC Pharm (Frankfurt, Germany) and was
dissolved to 0.2 mg/mL in saline solution (0.9% NaCl).
Two doses of psilocybin (1mg/kg, i.p.) or saline (5 mL/kg, i.p.) were

administered on the last two weeks of the stress protocol: week 5 (day 29)
and week 6 (day 36) (Fig. 1). The experimental groups were control-saline;
control-psilocybin; CUMS-saline; CUMS-psilocybin (n= 16 per group for
behavioural evaluation, of which n= 8 per group for in vitro assessments).
The rationale for the treatment design was to mimic the posology of
various clinical trials in which patients received two high (hallucinogenic)
doses of psilocybin [5–7]. The 1mg/kg dose of psilocybin was previously
characterized as the most potent HTR-inducing dose in mice [14]. This dose
was selected to evaluate long-term antidepressant and anxiolytic effects in
the animal model.

Behavioural evaluation
Immediately following stress protocol cessation, animals were subjected to
a battery of behavioural tests in order to evaluate the depressive- and
anxiety-like phenotype of stressed animals and the potential reversion
induced by psilocybin treatment [24] (Fig. 1). The tests were carefully
selected on the basis of utility, frequency of use in previous publications in
the assessment of depression-like and anxiety-like behaviours and the use
of different tests that will support each other when necessary [42]. All of
the animals, without exception, were subjected to the full behavioural
battery. The order of assays was established according to recommenda-
tions, starting with the tasks requiring maximal effects of novelty and
ending with the most stressful, as previously recommended [38]. This
strategy reduces the impact of the behavioural tests previously carried out
during a behavioural battery protocol. We have included a broader battery
of behavioural tests in order to draw a complete assessment and avoiding
reaching conclusions based on the quantification of a single test. The full
series of behavioural tests was completed by all four groups of animals
(control-saline; control-psilocybin; CUMS-saline; CUMS-psilocybin). A meti-
culous approach was adopted when conducting comparisons between the
different groups and the control-saline group. This was done in order to
ensure that the influence of cumulative stress exerted during the
consecutive behavioural tests was controlled. The protocol was also
conceived with the objective of ensuring, as far as possible, that any
neurochemical changes observed in the in vitro tests were induced by the
CUMS protocol or the pharmacological treatment, and not by the stress
associated with the different behavioural tests performed.

Head-twitch response (HTR)
Immediately following psilocybin/saline administration, animals were
placed in an open field arena (43 × 43 × 43 cm) (60 lux). They were
recorded for 25min. A trained and blinded observer manually quantified
the HTR for the last 20 min [14]. The HTR was measured in psilocybin-
treated animals (n= 16). However, since saline-treated mice exhibited an
HTR close to zero in every single animal, only a subgroup of animals (n= 8)
was required for the control-saline and CUMS-saline groups evaluation.

Sucrose preference (SP)
To determine the effects on anhedonia-like behaviour, the SP was
performed as previously described [43], with minor modifications. An 8-h
fasting period was set to promote water/sucrose (2%) consumption.
Bottles were placed in cages at 17:00, and left for 15 h. Previous to the
beginning of the stress protocol, a training phase was performed for 48 h
in all groups of animals, in which bottle positions were switched every 24 h
in order to avoid place preference. The hedonic state of the animals was
evaluated individually at repeated time-points during experimental
protocol: baseline (week 0, day −2), week 4 (day 26, before psilocybin
administration) and week 6 (day 38, after psilocybin administration). CUMS

mice were not subjected to stress during the test. After SP test, animals
were returned to the stress schedule as established. Sucrose preference
was calculated as percentage (sucrose consumption - water consumption /
sucrose consumption + water consumption x 100) [32].

Elevated plus maze (EPM)
EPM testing was performed on day 43 as previously described [44]. The
time in open arms was evaluated in the video tapes by a blinded, trained
researcher. The percentage of entries to open arms was calculated as
entries to open arms / total amount of entries to open and closed
arms x 100.

Nest-building test (NBT)
The spontaneous motivation of the animals was measured on the NBT, on
day 44. Each mouse was kept in individual cages. One square of nesting
material was introduced in each cage and mice were left undisturbed to
build the nest. Nest-building skills were evaluated 30min later. The nest
quality was evaluated according to a scale using the following criteria: 1
(cotton square is intact), 2 (cotton square is partially used), 3 (cotton is
scattered, but there is no form of nest), 4 (cotton is gathered but there is a
flat nest), 5 (cotton is gathered to a ball-shaped nest) [45].

Open field test (OFT)
The OFT has been used to measure locomotor activity and emotionality
from exploration and anxiety in rodents [46]. The OFT was performed on
day 45. Mice were carefully placed in the centre of the arena and left to
explore for 10min [47]. Videos were analysed using automated tracking
software Smart 3.0 (PanLab SL, Barcelona, Spain). The total distance (cm)
and time spent in the centre of the arena (s) were evaluated.

Novelty-suppressed feeding test (NSFT)
To further test anxiety-like behaviour, the NSFT was performed [48] on day
46. Food pellets were removed from cage grids 16 h prior to the NSFT. An
open field arena was filled with sawdust and a single pellet attached to the
ground was placed in the centre. The room was kept dark during the
whole duration of the test except for a light bulb that illuminated the pellet
(800–900 lux). Chewing or biting the pellet was established as the criterion
to set the latency and remove the animal from the arena. A period of
10min was set as the maximum latency time permitted.

Tail suspension test (TST)
The behavioural despair was evaluated using a TST apparatus (PanLab SL,
Barcelona, Spain) on day 47. Mice were hung from a piece of tape stuck to
the tail. The duration of the test was 6 min [49], and the immobility time
was manually evaluated by tape visualisation for the whole duration.

Forced swimming test (FST)
The modified Porsolt swim test was carried out as previously described
[50, 51], on day 48. Four cylinders (24 cm height × 20 cm diameter) were
filled with water (24 ± 1 °C, 18 cm height). The mouse was determined to
be immobile when floating in an upright position without other activity
than the necessary to keep its head above water. Mice were judged to be
swimming if they were making active movements (usually horizontal)
throughout the chamber. The climbing behaviour was defined as upward
directed movements with the forepaws along the wall of the chamber. The
mobility (swimming and climbing behaviours) and the immobility were
quantified during the last 4 min of the test, as previously described [52].

Coat state
An assessment of the coat state was completed as a measure of decreased
grooming and disturbed self-directed behaviour [45]. On day 49, coating
was evaluated in the head, neck, back and abdomen, and a score was
given to each body part: 0, good state (fur is shiny and smooth, no tousled
or spiky patches); 0.5, moderately bad state (fur is slightly fluffy with some
spiky patches); 1, bad state (fur is dirty and fluffy). The total score was
calculated as the sum of such body parts.

Physiological state evaluation
Bodyweight. All mice were weighed before stress protocol, then
randomly assigned to control or CUMS groups. Subsequently, mice were
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weighed before euthanasia. The bodyweight gain relative to baseline (%)
was reported as a measure of a physical sign of chronic stress.

Food intake. Prior to the beginning of stress (baseline) and during the 5th
week (day 40–41) of the stress protocol, the food intake was evaluated in
all experimental groups. CUMS mice were subjected to a stimulus that
does not hinder food consumption (white noise). Pellets in each cage were
weighed at 17:00, and mice were left to consume food and water ad
libitum overnight until 11:00 the following day. The consumed amount of
food was corrected for bodyweight (g food/g bodyweight).

Tissue harvesting. On day 49 (7 days post-stress cessation and 14 days
after last psilocybin dose), mice were euthanized through cervical
dislocation, brains were quickly removed; whole cortices were extracted
and immediately frozen. Peripheral tissues were dissected to obtain white
adipose tissue (WAT), brown adipose tissue (BAT) and adrenal glands.
Tissues were weighed immediately after dissection.

Calculations of z-scores for behavioural and physiological
assessments
The z-scoring technique allows the integration of a battery of behavioural
tests that evaluate similar phenotypes in mice [53, 54]. Z-scores (z) are
dimensionless mathematical tools (standard scores) that provide a mean-
normalization of continuous variables in order to compare related data
across studies [55]. It was calculated as follows: z= (x - µ) / σ, where z= z
score; x= value of observed parameter; μ=mean of control group and
σ= SD of control group. Combination of various z-scores allows to assess
overall symptom severity.
Z-scores of individual parameters measured in each behavioural test

were calculated. Then, integrated parameters were obtained by combining
such scores within test. Subsequently, integrated z-scores were again
combined to calculate scores for symptomatic dimensions within the
depressive phenotype, and finally an overall score for each phenotype was
obtained: depression index, anxiety index and index of physiological signs
of stress.
This methodology was applied to study the overall behavioural effects

caused by stress and/or psilocybin treatment. The control-saline group was
defined as the control group for parameters μ and σ. The directionality of
scores was adjusted so that increased score values reflected increased
dimensionality. For the calculation of the depression index anhedonic
behaviour (SP) and behavioural despair (TST, FST) were normalised.
Categorical ordinal variables (NBT, coat state) were not taken into
consideration in the calculation of the depression index, since normal-
isation of non-continuous variables is meaningless. For the calculation of
the anxiety index, data from the EPM, NSFT and OFT were used. Finally, for
physiological signs of stress the bodyweight gain, food intake and adrenal
gland weight were normalised.

Real-time quantitative PCR (qPCR)
Brain cortices were used for RNA extraction (n= 8 per group) as previously
described [56]. qPCR was performed in cDNA with a StepOne System
(Applied Biosystems, Foster city, CA, USA) using TaqMan gene expression
assays for glucocorticoid receptor Nr3c1 (interrogated sequence
NM_008173.3, assay ID Mm00433832_m1), and for Htr2a (interrogated
sequence NM_172812.2, assay ID Mm00555764_m1). All samples were run
in triplicates. mRNA expression of target genes was corrected with that of
reference genes Rps29 (ribosomal protein S29) and ActB (actin beta), and
with a reference sample (pool of all samples) using ΔΔCt method:
ΔΔCt= (Ct (target gene)sample – mean Ct (reference genes)sample) – (Ct
(target gene)pool – mean Ct (reference genes)pool). The relative amount of
mRNA was calculated as 2−ΔΔCt.

Western blot
Samples were prepared as previously described [57], with minor
modifications. Brain cortices were processed as total homogenates for
Western blot experiments (n= 8 per group). Samples were prepared in
electrophoresis buffer. Denatured proteins (40 µg) were resolved in SDS-
PAGE gels and transferred to nitrocellulose membranes. After being
blocked for 1 h at room temperature (3% non-fat powdered milk in PBS),
membranes were incubated overnight at 4 °C under constant agitation
with the primary antibodies against 5HT2AR (Immunostar 24288, 1:500;
Immunostar, Hudson, WI, USA); BDNF (Ab108319, 1:2000; Abcam, Cam-
bridge, UK); synaptic vesicle glycoprotein 2A (SV2A) (Ab32942, 1:1000;

Abcam, Cambridge, UK); postsynaptic density protein 95 (PSD-95)
(MAB1596, 1:2000; Merck Millipore, Darmstadt, Germany); spinophilin
(PA5-48102, 1:1000; ThermoFisher/Invitrogen, Carlsbad, CA, USA) or β-actin
(A1978, 1:200,000; Sigma-Aldrich, Burlington, MA, USA), as a loading
control. After incubation with the chemiluminescent secondary antibodies
(anti-rabbit, HRP-conjugated, Jackson ImmunoResearch 111-035-144,
1:5000; anti-mouse, HRP-conjugated, Jackson ImmunoResearch 115-035-
146, 1:5000; Jackson ImmunoResearch, West Grove, PA, USA; anti-sheep,
HRP-conjugated, A16041, 1:4000; ThermoFisher, Carlsbad, CA, USA) for
1–2 h at room temperature, immunotransference substrate (ECL PierceTM,
Thermofisher; Carlsbad, CA, USA) was added and the immunoreactive
signal (integrated intensity value) was detected using the Amersham
Imager 680 (Cytiva, Little Chalfont, Buckinghamshire, UK) and quantified
using Image Studio Lite 5.2 (LI-COR Biociences, Lincoln, NE, USA). A
standard pool of total homogenate was processed in the same gels and
used as external reference sample. Immunoreactivity values of each target
protein were normalized for β-actin signal of the same sample. Whole
uncropped images of the original Western blots from which figures have
been obtained are shown in Figure S1.

Statistical analysis
All experiments were randomized and analysed in blind. The required
sample sizes were estimated on the basis of our past experience
performing similar experiments and power analysis calculations performed
with GPower 3.1.9.7 software (University of Düsseldorf, Düsseldorf,
Germany). Data were tested initially for normality (Shapiro-Wilk) and
further analysed. Behavioural, physiological, Western blot and qPCR
experimental, data were analysed using two-way ANOVA followed by
Bonferroni post hoc test after statistically significant interaction between
factors. Factors were identified as FCUMS (control vs stress condition), FPsil
(saline vs psilocybin treatment) and Fi (interaction between factors). For
comparison of the CUMS effect before treatment and the HTR between
first and second administration of psilocybin, data were analysed using
paired t-test. Semi-quantitative parameters (coat state, NBT) were analysed
using Kruskal-Wallis test (non-parametric ANOVA), followed by Dunn’s
multiple comparisons test. All results are shown as mean ± SEM. In all
cases, statistical significance was considered when p < 0.05. Statistical
outliers were identified using the Grubbs’ test. Degrees of freedom are
summarized in Table S2. Data were analysed using GraphPad Prism 10.0
(GraphPad Software, San Diego, CA, USA).

RESULTS
Behavioural evaluation
Head-twitch response (HTR). The first dose of psilocybin (day 29)
induced 20.00 ± 1.51 HT events in the control mice (n= 16) and
16.67 ± 0.82 HT events in the CUMS mice (n= 16). As expected,
saline administration did not induce HTR in either control or CUMS
groups (n= 8). A significant effect of psilocybin was revealed
(FPsil(1,42)= 182.600, p < 0.0001). No significant effect of stress or
interaction between factors was found (Fig. 2a). A more detailed
statistical analysis is shown in table S3. The second administration
of systemic psilocybin (day 36) induced 25.20 ± 1.34 HT events in
the control and 22.86 ± 0.94 HT events in the CUMS mice. As
expected, a significant effect of psilocybin was found (FPsil(1,43)=
405.200, p < 0.0001), but no significant effect of stress or
significant interaction between factors was identified (Fig. 2b).
Interestingly, a significant difference was observed in the HTR

between first and second administration of psilocybin, within
treatment-groups. The control group exhibited a higher number of
head-twitches on the second administration (t= 3.107, p < 0.01).
Likewise, higher HTR was observed in the CUMS animals on the
second psilocybin administration (t= 5.753, p < 0.0001) (Fig. 2c).

Sucrose preference test (SP). As expected, no differences were
found at baseline in the SP between groups (data not shown).
Prior to the first dose of psilocybin/saline administration, stressed
animals showed significant reduction in preference (t= 3.80,
p < 0.001) (Fig. 2d). All numerical values are included in Table S4.
After drug administration, CUMS-psilocybin animals showed

increased preference, compared to their saline-treated
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counterparts. Two-way ANOVA showed significant interaction
between factors (Fi(1,47)= 9.923, p < 0.01). Post hoc analysis
revealed significant differences between control-saline and
CUMS-saline (t= 3.373, p < 0.01), and between CUMS-saline and
CUMS-psilocybin mice (t= 2.316, p < 0.05) (Fig. 2e).

Tail suspension test (TST). The CUMS-saline group showed
increased immobility-time in the TST. This effect was rescued by
treatment in the CUMS group. Two-way ANOVA revealed
significant effect of treatment and significant interaction between
factors (FPsil(1,46)= 9.907, p < 0.01; Fi(1,46)= 9.045, p < 0.01). Post
hoc analysis showed differences between control-saline and
CUMS-saline (t= 3.207, p < 0.01), and between CUMS-saline and
CUMS-psilocybin (t= 3.965, p < 0.001) groups (Fig. 2f).

Forced swimming test (FST). Increased immobility-time induced
by CUMS was observed in the FST. Psilocybin rescued such effect
in stressed mice (Fig. 2g). Two-way ANOVA revealed significant
effect of CUMS, treatment and interaction between factors
(FCUMS(1,59)= 19.740, p < 0.0001; FPsil(1,59)= 9.024, p < 0.01;
Fi(1,59)= 4.454, p < 0.05). The post hoc analysis showed differ-
ences between control-saline and CUMS-saline (t= 4.672,
p= 0.0001), and between CUMS-saline and CUMS-psilocybin
groups (t= 3.587, p < 0.01).
Such behavioural effects were reflected in alterations in

swimming (FCUMS(1,59)= 4.738, p < 0.05; FPsil(1,59)= 5.235,
p < 0.05; Fi(1,59)= 11.67, p < 0.01) (Fig. 2h). Post hoc analysis
showed differences between control-saline and CUMS-saline
groups (t= 3.987, p= 0.01), and between CUMS-saline and
CUMS-psilocybin groups (t= 4.001, p < 0.01). A decreased climb-
ing was also observed in both CUMS groups, but psilocybin did
not modify such behaviour (FCUMS(1,59)= 10.98, p < 0.01;
FPsil(1,59)= 1.729, p= 0.194; Fi(1,59)= 1.271, p= 0.264) (Fig. 2i).

Elevated plus maze (EPM). The percentage of entries to open
arms in EPM was reduced in stressed group (FCUMS(1,57)= 6.501,
p < 0.05). No significant effect of psilocybin or interaction between
factors was found (Fig. 2j). Likewise, stressed groups exhibited
increased time in the closed arms (FCUMS(1,57)= 14.910, p < 0.001)
(Fig. 2k). The latency to entrance to closed arms was significantly
lower for CUMS mice compared to controls, as revealed by two-
way ANOVA (FCUMS(1,55)= 9.37, p < 0.01). No significant effect of
psilocybin or significant interaction between factors were found
(FPsil(1,55)= 1.79, p > 0.05; Fi(1,55)= 0.08, p > 0.05) (Fig. 2l).

Open field test (OFT). The CUMS protocol induced increased
exploratory activity in the OFT, as well as psilocybin did
(FCUMS(1,59)= 5.207, p < 0.05; FPsil(1,59)= 15.40, p < 0.001;
Fi(1,59)= 0.009, p= 0.921) (Fig. 2m). The time in centre was
significantly reduced in CUMS groups regardless of treatment
(FCUMS(1,58)= 7.383, p < 0.01) (Fig. 2n).

Novelty-suppressed feeding test (NSFT). An increased latency to
feed in the NSFT was observed in CUMS groups, and psilocybin
did not rescue such increase (FCUMS(1,55)= 9.347, p < 0.01;
FPsil(1,55)= 0.835, p= 0.365; Fi(1,55)= 0.020, p= 0.889) (Fig. 2o).

Nest-building test (NBT). The CUMS protocol caused deficits in the
ability of mice to make nests, as decreased scores were obtained in
the NBT, but psilocybin did not rescue such deficits (non-parametric
ANOVA Kruskal-Wallis= 47.71, p < 0.0001). Dunn’s post hoc test
showed significant differences between control-saline and CUMS-
saline (Z= 4.64, p < 0.0001) groups, but no effect of psilocybin
(CUMS-saline vs CUMS-psilocybin, Z= 0.76, p > 0.05) (Fig. 2p).

Coat state. CUMS animals showed decreased self-care behaviour,
evidenced by degradation of the coat state (Kruskal-Wallis=
49.67, p < 0.0001; control-saline vs CUMS-saline, Z= 5.19,

p < 0.0001; CUMS-saline vs CUMS-psilocybin, Z= 0.03, p > 0.05)
(Fig. 2q).

Physiological state evaluation
Bodyweight. Baseline differences between groups were pre-
viously discarded (data not shown). At the end of stress protocol,
CUMS animals showed lower bodyweight gain. Differences were
observed for the CUMS factor (FCUMS(1,59)= 140.400, p < 0.0001)
but not for the psilocybin factor or interaction between the two
variables (Fig. 3a).

Food intake. Increased food intake on week 5 was observed in
CUMS groups (FCUMS(1,58)= 134.200, p < 0.0001). Psilocybin treat-
ment did not affect the food intake in control nor in CUMS mice
(Fig. 3b).

Tissue weight. Stressed animals exhibited significantly lower WAT
weight relative to bodyweight (FCUMS(1,58)= 25.430, p < 0.0001). No
psilocybin effect or significant interaction was found (Fig. 3c). In
contrast, stressed animals exhibited significantly higher BAT weight
relative to bodyweight (FCUMS(1,58)= 25.030, p < 0.0001). Again, no
psilocybin effect or significant interaction was found (Fig. 3d).
Consistent with the physiological effects of a chronic hyperactiva-

tion of HPA, CUMS animals showed increased adrenal weight
relative to bodyweight (FCUMS(1,57)= 193.000, p < 0.0001). However,
psilocybin treatment did not show any impact on CUMS-induced
adrenal hypertrophy (Fig. 3e).

Z-score for depression index, anxiety index and physiological
signs of stress calculation
In order to carry out a comprehensive analysis of the behavioural
impairments caused by chronic stress and the therapeutic effects
induced by psilocybin treatment, z-scoring methodology was
employed [53–55]. This transformation is essential for evaluating
the effects of psilocybin in different domains of the disease
modelled by the CUMS protocol, thus providing a comprehensive
overview that goes beyond the interpretations made by individual
tests. Individual parameters measured were normalized (Table S5),
then integrated parameters were obtained by combining scores
within test, to finally draw a z-score for each phenotype or
physiological sign: depression index, anxiety index and physiolo-
gical signs of stress (Figures S2, S3 and S4).
Regarding depression index, two-way ANOVA revealed significant

effect of stress, treatment and interaction between factors
(FCUMS(1,59)= 13.18, p < 0.001; FPsil(1,59)= 8.42, p < 0.01; Fi(1,59)=
24.27, p < 0.0001). Post hoc analysis showed differences between
control-saline and CUMS-saline (t= 6.10, p < 0.0001), and between
CUMS-saline and CUMS-psilocybin (t= 5.49, p < 0.0001) (Fig. 4a).
Anxiety index was also affected by stress (FCUMS(1,58)= 18.26,

p < 0.0001). Interestingly, an anxiolytic effect after psilocybin
administration was also observed (FPsil(1,58)= 4.02, p < 0.05). No
significant interaction between factors was revealed (Fi(1,58)=
0.27, p= 0.61) (Fig. 4b). Thus, global anxiolytic effect of psilocybin
seems to be induced both in stressed and non-stressed mice.
Finally, overall effects on physiological signs of stress were

analysed. Two-way ANOVA revealed significant effect of stress
(FCUMS(1,58)= 446.7, p < 0.0001), but no effect of treatment
(FPsil(1,58)= 0.05, p= 0.83) or interaction between factors
(Fi(1,58)= 0.25, p= 0.61) (Fig. 4c).

Nr3c1 and Htr2a mRNA expression in cortical samples
A selective increase in relative Nr3c1 expression in CUMS-
psilocybin group was found, (FCUMS(1,24)= 8.756, p < 0.01;
FPsil(1,24)= 0.319, p= 0.577; Fi(1,24)= 20.66, p < 0.001). Post hoc
analysis showed differences between control-psilocybin and
CUMS-psilocybin groups (t= 4.964, p < 0.001), and between
CUMS-saline and CUMS-psilocybin groups (t= 3.613, p < 0.01)
(Fig. 5a).
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Relative Htr2a mRNA expression was increased in both non-
stressed and stressed psilocybin-treated groups (FPsil(1,27)=
5.553, p < 0.05). No significant effects were found for CUMS factor
or interaction between factors (Fig. 5b).

Evaluation of protein expression in cortical samples
Quantification of 5HT2AR immunoreactivity revealed two bands
corresponding to molecular weights ~75 kDa and ~60 kDa, as
previously reported (Fig. 5c and S1). An increase of the density of

5HTR2A 75 kDa band was observed after administration of two
doses of psilocybin, both in the control and CUMS animals
(FPsil(1,27)= 8.124, p= 0.008) (Fig. 5d). A trend towards increase of
5HT2AR 60 kDa band was also observed after psilocybin treatment
(FPsil(1,28)= 3.607, p= 0.07) (Fig. 5e). Positive correlation of the
immunodensity of the two bands was also confirmed (r= 0.64;
p < 0.0001) (Figure S5). Accordingly, 5HT2AR total density showed
a significant effect for psilocybin treatment both in the control and
CUMS animals (FPsil(1,28)= 4.99, p= 0.033) (Fig. 5f). In contrast,
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administration of a single dose of psilocybin did not induce
alterations in the 5HT2AR expression in non-stressed mice
(Figure S6).
The quantification of BDNF immunoreactivity also revealed

three bands corresponding to molecular weights ~42 kDa,
~32 kDa and ~14 kDa, as described previously by other authors
(Figure S1). Regarding BDNF 42 kDa, CUMS animals showed
decreased relative protein expression (FCUMS(1,28)= 4.745,
p < 0.05). However, psilocybin treatment did not cause any impact
(Fig. 5g). CUMS animals also showed decreased relative protein
expression of BDNF 32 kDa (FCUMS(1,28)= 5.857, p < 0.05) (Fig. 5h)
and BDNF 14 kDa (FCUMS(1,28)= 4.48; p < 0.05) (Fig. 5i). Yet,
psilocybin treatment did not exert effects on the CUMS-induced
decrease.
The quantification of SV2A, PSD-95 and spinophilin immunor-

eactivity revealed no effects of stress or psilocybin treatment, nor
significant interaction between factors (Fig. 5j, k, l).

DISCUSSION
In the present work, we have conducted a wide behavioural
characterization of the effects of psilocybin in an animal model of
depression based on chronic unpredictable stress exposure,
exploring a broad range of distinctive traits of the disease.
Different tests were classified into four dimensions: anhedonia,
behavioural despair, apathy and anxious phenotype [58]. These
behavioural endpoints are models of dimensions described in
human symptomatology [53], which have also been defined as
good predictors of antidepressant treatment outcome [59, 60].
Additionally, we have assessed potential mechanistic pathways of
the drug through the study of 5HT2AR, HPA and various
neuroplasticity-related proteins.
Anhedonia is one of the core clinical features of depression.

There is significant induction of anhedonic-like behaviour in
rodents upon implementation of CUMS protocols [24], and several
types of antidepressants have been proven to reverse it
[25, 61, 62]. When tested in the SP, anhedonic state exhibited
by the CUMS mice during stress protocol was reversed by
psilocybin treatment. Other works have carried out related
approaches. Hesselgrave et al. also described psilocybin-induced
reversion of anhedonia in a chronic multimodal stress model
(restraint stress and exposition to strobe lighting and white noise
during 14 days), but only the acute effect of the drug (1 mg/kg,
i.p.) was evaluated [34]. Cameron et al. identified that a single dose
of psilocybin (10 mg/kg, i.p.) restored corticosterone-induced
anhedonia in mice [32]. Sekssaoui et al. showed that psilocybin
(1 mg/kg, i.p.) reversed anhedonia induced by repeated swimming
in mice (10 min daily during 5 consecutive days) [33]. In addition,
chronic microdosing with psilocybin in rats (0.05 mg/kg, s.c. during
24 days) or in mice (0.05 mg/kg, i.p. during 6 days) has shown
increased resistance to stress-induced anhedonia, when produced
by either repeated saline injections or swimming exposure
[33, 63]. In the present study, we first demonstrate that two
doses of psilocybin (1 mg/kg, i.p.) administered in two consecutive
weeks, which resembles the posology followed in the clinical trials
with psilocybin [5–7], are able to exert long-lasting anti-anhedonia
effect in a translational animal model of depression.
Behavioural despair is commonly assessed by the FST and the

TST, which have been described as useful tools to identify
susceptibility to depressive-behaviour induction [64]. The immo-
bility is thought to reflect failure of persistence in escape-directed
behaviour, or the development of a passive behaviour that
disengages the animal from active forms of coping with stressful
stimuli [52]. Several antidepressant drugs have shown efficacy to
decrease immobility time in naïve animals [65, 66] but also in mice
subjected to CUMS [67–69]. In the present study, the behavioural
despair evidenced by increased immobility-time in CUMS was
rescued in psilocybin-treated group, both in the FST and the TST.

In addition, we have discriminated swimming and climbing
behaviours in the FST. Notably, psilocybin was able to rescue
swimming but not climbing reduction induced by stress. The
swimming is believed to reflect the brain serotonergic system in
rodents, whereas climbing relies on the noradrenergic system
[51, 52, 70]. This fact argues the idea that long-term antidepres-
sant action of psilocybin might imply serotonergic pathways
modulation. Conversely, another study reported no effect of
psilocybin in the FST in naïve mice [34]. The discrepancy between
results may lie in the already existing behavioural impairment
evidenced by passive coping behaviour adopted by stressed mice,
as well as the treatment posology and timing of tests. In fact,
another recent study has reported long-term, sustained anti-
depressant effects of psilocybin in FST even 3 weeks after drug-
administration in unstressed mice [28], or 2 weeks after, in the
chronic behavioural despair model [33]. In contrast, other aspects
of the depression-like symptomatology induced by stress were
not affected by psilocybin. In line with previous literature [71], we
observed decreased auto grooming and nest quality in CUMS
mice. The behaviours were previously shown to be rescued by
chronic fluoxetine treatment [45] but not by psilocybin in our
present study.
Regarding anxiety-like behaviour, multiple studies have

described anxiolytic properties of different 5HT2AR agonists
[36, 72, 73], including psilocybin [28, 31, 33]. According to the
present work, while the effect of psilocybin did not reach
statistical significance in the individual behavioural tests for
anxiety-like behaviours, we found an overall statistically significant
decrease in anxiety-like behaviour in both non-stressed and
stressed mice when using the z-score that integrates the
behavioural outcomes of the individual tests (see Figure S3). This
supports the idea that both disease animal models and naïve mice
are suitable for preclinical evaluation of the anxiolytic effect
induced by psychedelics. It is noteworthy that, in order to
circumvent the occurrence of false negatives, it appears expedient
to conduct a series of behavioural tests to assess the anxiety
dimension of the disease.
There is a well-established link between chronic stress, HPA

dysfunction and depression, evidenced by increased levels of
cortisol in plasma, saliva and urine, increased size and activity of
pituitary and adrenal glands in patients [74]. Altered expression
and functional changes in the GR have also been reported in
neuropathological studies of postmortem human brains [75].
Additionally, pre-clinical models of decreased GR expression have
exhibited depressive-like behaviour [75]. Likewise, alterations in
GR mRNA expression have been found in various brain regions of
CUMS models [23]. Although we did not find differences in GR
mRNA expression in CUMS, we have demonstrated impaired
function of the HPA, as stressed mice showed pronounced adrenal
gland hypertrophy, which would likely be accompanied by a
sustained elevation in plasma corticosterone concentration.
Psilocybin treatment caused a selective increase in relative
expression of GR in brain cortex of CUMS mice, but not in non-
stressed group. These results suggest that psilocybin modifies
gene expression of the GR only in the presence of an underlying
HPA dysregulation caused by chronic stress. In agreement,
antidepressant treatment has been previously linked to the re-
establishment of normal HPA function through increased GR
expression [74], and this phenomenon seems an indicator of
positive long-term therapeutic outcomes. Consistently, CUMS
animals also presented alterations in the bodyweight, food intake
and fat storage in response to chronic stress, in line with previous
studies in mice [76] and rats [77]. Nevertheless, psilocybin did not
modify bodyweight, feeding behaviour or fat storage, coherent
with data from a study in a mouse model of obesity [78].
The ability of psychedelics to promote neuroplasticity has been

proposed as a potential mechanism of psilocybin to exert
antidepressant effects [15, 26]. We have assessed potential
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changes in neuroplasticity-related protein expression in brain
cortex. Notably, a decrease in BDNF expression in the cortex of
CUMS animals was observed, as it has been previously reported in
chronic stress animal models [23, 79] and in the PFC of individuals
with depression [80, 81]. Moreover, such neurotrophin seems to
be increased in patients after antidepressant treatment [82, 83]. In
the present study, no effect of psilocybin was observed on cortical
expression of BDNF. Previous studies have also reported transient
increases of BDNF following psychedelic administration in plasma
of healthy subjects [84] or in rodent brain [15, 78, 85]. Although
the predominant mode of BDNF secretion is from presynaptic
sites, BDNF can be synthesized and secreted from different
components of the synapse including astrocytes, microglia and
post-synaptic dendrites [86, 87]. Thus, it is feasible to speculate
that psychedelic-induced neuroplastic effect could be mediated
by the selective increase of BDNF from precise subcellular
localizations [88], and a more specific look into local production
of BDNF in the dendritic compartment may shed light into their
mechanism of action. Moreover, discrepancy between different
studies could be due to the desynchronised timing between tissue
harvest (14 days after the last dose in the present work) and the
“window of neuroplasticity” opened by psilocybin [89].
Additionally, we measured the 12-transmembrane domain

glycoprotein SV2A. This protein is expressed in synaptic vesicles
throughout the brain and is considered to reflect presynaptic
density [90]. One study performed in pigs has reported increases
in cortical SV2A seven days after one single intravenous
administration of psilocybin [91]. Kiilerich et al., have also
measured increases in SV2A levels in the paraventricular thalamic
nucleus after repeated low doses of psilocybin in mice [63].
Unfortunately, the present work was not able to replicate such
results, which could be due to differences in the methodological
approach, species, region-specificity or experiment timing. Other
neuroplasticity-related markers were also measured. Little evi-
dence exists on the regulation of postsynaptic density protein
PSD-95, and while one study showed a rapid increase in the
cortical Psd95 gene expression in a region-specific manner after
psilocybin (8 mg/kg i.p.) in rats [92], another did not (1 mg/kg i.p.)
[93]. Current data does not show changes in the PSD-95 protein
expression in psilocybin-treated mice. Finally, post-synaptic actin-
binding protein spinophilin was evaluated. It is known to play a
major role in spine formation and function, and to regulate
cytoskeletal function [94]. Evidence suggests that chronic
antidepressant treatment modulates its gene expression in frontal
cortex [95]. However, no changes in the cortical protein expression
derived from stress or after treatment were found in the
present work.
Although the 5HT2AR desensitization upon a high dose of

psychedelic administration has been described [96, 97], few
studies have assessed 5HT2AR mRNA and protein expression after
psilocybin treatment. Unexpectedly, the cortical 5HT2AR expres-
sion was increased in both psilocybin-treated groups, regardless
of control or stress condition, even though the antidepressant-like
effects of psilocybin were exclusively present in CUMS group.
Previous works have shown no changes in the cortical Htr2a
mRNA 1 day or 7 days after single administration of psilocybin in
pigs [98], or a transient decrease and return to baseline few hours
following DOI in rats [99]. To the best of our knowledge, this is the
first work to report a long-term effect in 5HT2AR in brain cortex
after two systemic administrations of psilocybin. In addition,
detection of two bands in Western blot allows to speculate that
different subpopulations of 5HT2AR may be detected in total
homogenates of cortical samples. Although the nature of this
modification remains unknown, it could be aimed at correct
5HT2AR folding, targeting to the membrane or its activity at the
membrane (eg. glycosylation). Alternatively, it may be involved in
addressing 5HT2AR to organelle membranes (e.g., lipidation as
palmitoylation) or even in trafficking the internalized receptor to

downstream degradation processes (e.g., ubiquitination, SUMOy-
lation). In accordance with higher 5HT2AR expression, we also
observed an increase in the HTR at the second administration of
psilocybin in control and CUMS groups; confirming this phenom-
enon as a stress-independent effect. This phenomenon is not in
line with the tolerance developed after repeated administrations
of the psychedelic DOI (consecutive daily doses) [97, 100].
Interestingly, previous works have reported that challenge DOI
doses, when administered in non-consecutive days, are able to
produce significantly greater effects relative to their respective
first-injection control values [101–103], as reported for psilocybin
in the present work. Higher in vivo sensitivity to psilocybin, along
with an enhancement of cortical 5HT2AR density could reflect a
long-term over-compensatory mechanism after initial receptor
desensitization. A more exhaustive assessment of the receptor
status at various time points after single and booster dose of
psilocybin could provide clues into the mechanism driving this
action and should be taken into consideration for future studies. It
is crucial to ascertain whether these effects are exclusive to
psilocybin or can be extrapolated to other tryptamine-derived
psychedelics or also to phenethylamine- and ergoline-derived
psychedelic drugs. In this context, previous studies have demon-
strated the existence of cross-interactions between the psyche-
delic DOI (phenethylamine) and lysergic acid diethylamide (LSD,
an ergoline) [97]. This information is relevant to the safety of
future treatments with psychedelic drugs with different pharma-
cological profiles. The present study likewise indicates the value of
integrating positron emission tomography (PET) techniques with
5HT2AR selective ligands such as [11C]Cimbi-36 into clinical trials
to evaluate the acute and long-term consequences of pharmaco-
logical interventions with psychedelics, in line with previous
recommendations [104].

Novelty and limitations of the study
The present study builds upon the findings of a previous study in
which a dose-response analysis was conducted to evaluate the
acute effects of psilocybin [14]. Moreover, this study mimicked a
multi-administration scheme already evaluated in different clinical
trials [5–7, 10]. While several studies have assessed the
antidepressant and anxiolytic effects of psilocybin in animals
[105], this is the first to examine its long-term therapeutic effects
in a pre-clinical model based on chronic and unpredictable stress
—one of the most translational models for investigating
depression-associated symptoms.
The development of the animal model required prior optimiza-

tion of the protocol to ensure the emergence of a behavioural
phenotype exhibiting depression-associated symptoms across an
extensive battery of behavioural tests. The effect of psilocybin was
then studied in this pathological phenotype. Taken together,
these factors provide construct, content, and predictive validity to
the present study, highlighting its novelty and relevance, and
contributing to the reproducibility of the results obtained in
preclinical trials.
The study has also several limitations, including sex bias and

lack of data in female mice. Unfortunately, preclinical studies
evaluating antidepressant-like effects in females are scarce,
despite depression being twice as common in women as in
men. Regrettably, the effect of sex as a variable could not be
included in the present study, but the authors acknowledge and
forcefully recommend the use of both sexes in basic experimental
research, especially with regard to characterisation of antidepres-
sants. Another important drawback, as already mentioned, is the
extended time interval between the last administration of
psilocybin and tissue harvest, due to the need to perform the
in vivo assessment. It is reasonable to think that a closer time
point would be more suitable for the evaluation of certain
molecular pathways targeted by the drug, to unfold the molecular
basis of the therapeutic action of psilocybin.
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CONCLUSIONS
Overall, our results provide new insight into the effects of
psilocybin in a well-validated, translational model of depression.
Chronic stress model of depression exhibited disrupted behaviour
relative to different dimensions of depressive-like and anxiety-like
symptomatology. Two doses of psilocybin were able to rescue
impairments in depressive phenotype, and to induce anxiolytic-
like effects. Additionally, an increase in sensitivity to psilocybin-
induced HTR was observed following booster dose. Altogether,
these results highlight that the use of translational animal models
contributes to the understanding of the largely debated
therapeutic effect and mechanism of action of psychedelics. This
preclinical model can be useful in order to implement effective
and feasible treatment models of psychedelic-assisted therapies
for depression. The results of this study indicate a need for further
evaluation of the therapeutic potential of psilocybin in treating
anxiety symptoms associated with depression in future clinical
trials. Further studies are warranted to address mechanistic
aspects of the antidepressant/anxiolytic effect of psilocybin,
including sex bias.

DATA AVAILABILITY
The data sets generated for this study are available on request to the corresponding
authors.

REFERENCES
1. Malhi GS, Mann JJ. Depression. Lancet. 2018;392:2299–312.
2. Mekonen T, Chan GCK, Connor JP, Hides L, Leung J. Estimating the global

treatment rates for depression: a systematic review and meta-analysis. J Affect
Disord. 2021;295:1234–42.

3. Cipriani A, Furukawa TA, Salanti G, Chaimani A, Atkinson LZ, Ogawa Y, et al.
Comparative efficacy and acceptability of 21 antidepressant drugs for the acute
treatment of adults with major depressive disorder: a systematic review and
network meta-analysis. Focus (Am Psychiatr Publ). 2018;16:420–9.

4. GBD 2019 Diseases and Injuries Collaborators. Global burden of 369 diseases
and injuries in 204 countries and territories, 1990-2019: a systematic analysis for
the global burden of disease study 2019. Lancet. 2020;396:1204–22.

5. Carhart-Harris RL, Bolstridge M, Rucker J, Day CM, Erritzoe D, Kaelen M, et al.
Psilocybin with psychological support for treatment-resistant depression: an
open-label feasibility study. Lancet Psychiatry. 2016;3:619–27.

6. Carhart-Harris R, Giribaldi B, Watts R, Baker-Jones M, Murphy-Beiner A, Murphy
R, et al. Trial of psilocybin versus escitalopram for depression. N Engl J Med.
2021;384:1402–11.

7. Davis AK, Barrett FS, May DG, Cosimano MP, Sepeda ND, Johnson MW, et al.
Effects of psilocybin-assisted therapy on major depressive disorder: a rando-
mized clinical trial. JAMA Psychiatry. 2021;78:481–9.

8. Goodwin GM, Aaronson ST, Alvarez O, Arden PC, Baker A, Bennett JC, et al.
Single-dose psilocybin for a treatment-resistant episode of major depression. N
Engl J Med. 2022;387:1637–48.

9. von Rotz R, Schindowski EM, Jungwirth J, Schuldt A, Rieser NM, Zahoranszky K,
et al. Corrigendum to ‘Single-dose psilocybin-assisted therapy in major
depressive disorder: a placebo-controlled, double-blind, randomised clinical
trial’. EClinicalMedicine. 2023;56:101841. Erratum for: EClinicalMedicine. 2022;
56:101809.

10. Rosenblat JD, Meshkat S, Doyle Z, Kaczmarek E, Brudner RM, Kratiuk K, et al.
Psilocybin-assisted psychotherapy for treatment resistant depression: a rando-
mized clinical trial evaluating repeated doses of psilocybin. Med.
2024;5:190–200.e5.

11. Yao Y, Guo D, Lu TS, Liu FL, Huang SH, Diao MQ, et al. Efficacy and safety of
psychedelics for the treatment of mental disorders: a systematic review and
meta-analysis. Psychiatry Res. 2024;335:115886.

12. Marchi M, Farina R, Rachedi K, Laonigro F, Žuljević MF, Pingani L, et al. Psy-
chedelics as an intervention for psychological, existential distress in terminally ill
patients: a systematic review and network meta-analysis. J Psychopharmacol.
2024:2698811241303594.

13. Vollenweider FX, Vollenweider-Scherpenhuyzen MF, Bäbler A, Vogel H, Hell D.
Psilocybin induces schizophrenia-like psychosis in humans via a serotonin-2
agonist action. Neuroreport. 1998;9:3897–902.

14. Erkizia-Santamaría I, Alles-Pascual R, Horrillo I, Meana JJ, Ortega JE. Serotonin 5-
HT2A, 5-HT2c and 5-HT1A receptor involvement in the acute effects of psilocybin

in mice. In vitro pharmacological profile and modulation of thermoregulation and
head-twich response. Biomed Pharmacother. 2022;154:113612.

15. Moliner R, Girych M, Brunello CA, Kovaleva V, Biojone C, Enkavi G, et al. Psy-
chedelics promote plasticity by directly binding to BDNF receptor TrkB. Nat
Neurosci. 2023;26:1032–41.

16. Kessler RC. The effects of stressful life events on depression. Annu Rev Psychol.
1997;48:191–214.

17. Dwyer JB, Aftab A, Radhakrishnan R, Widge A, Rodriguez CI, Carpenter LL, et al.
APA council of research task force on novel biomarkers and treatments. Hor-
monal treatments for major depressive disorder: state of the art. Am J Psy-
chiatry. 2020;177:686–705.

18. Duman RS, Aghajanian GK. Synaptic dysfunction in depression: potential ther-
apeutic targets. Science. 2012;338:68–72.

19. Chi KF, Korgaonkar M, Grieve SM. Imaging predictors of remission to anti-
depressant medications in major depressive disorder. J Affect Disord.
2015;186:134–44.

20. Wang Q, Timberlake MA 2nd, Prall K, Dwivedi Y. The recent progress in animal
models of depression. Prog Neuropsychopharmacol Biol Psychiatry. 2017;77:99–109.

21. Gyles TM, Nestler EJ, Parise EM. Advancing preclinical chronic stress models to
promote therapeutic discovery for human stress disorders. Neuropsycho-
pharmacology. 2024;49:215–26.

22. Willner P. The chronic mild stress (CMS) model of depression: history, evaluation
and usage. Neurobiol Stress. 2016;6:78–93.

23. Hill MN, Hellemans KG, Verma P, Gorzalka BB, Weinberg J. Neurobiology of
chronic mild stress: parallels to major depression. Neurosci Biobehav Rev.
2012;36:2085–117.

24. Antoniuk S, Bijata M, Ponimaskin E, Wlodarczyk J. Chronic unpredictable mild
stress for modeling depression in rodents: meta-analysis of model reliability.
Neurosci Biobehav Rev. 2019;99:101–16.

25. Ramaker MJ, Dulawa SC. Identifying fast-onset antidepressants using rodent
models. Mol Psychiatry. 2017;22:656–65.

26. Shao LX, Liao C, Gregg I, Davoudian PA, Savalia NK, Delagarza K, et al. Psilocybin
induces rapid and persistent growth of dendritic spines in frontal cortex in vivo.
Neuron. 2021;109:2535–44.e4.

27. Wojtas A, Bysiek A, Wawrzczak-Bargiela A, Szych Z, Majcher-Maślanka I, Herian
M, et al. Effect of psilocybin and ketamine on brain neurotransmitters, gluta-
mate receptors, DNA and rat behavior. Int J Mol Sci. 2022;23:6713.

28. Takaba R, Ibi D, Yoshida K, Hosomi E, Kawase R, Kitagawa H, et al. Etho-
pharmacological evaluation of antidepressant-like effect of serotonergic psy-
chedelics in C57BL/6J male mice. Naunyn Schmiedebergs Arch Pharmacol.
2024;397:3019–35.

29. Werle I, Bertoglio LJ. Psychedelics: a review of their effects on recalled aversive
memories and fear/anxiety expression in rodents. Neurosci Biobehav Rev.
2024;167:105899.

30. Jefsen O, Højgaard K, Christiansen SL, Elfving B, Nutt DJ, Wegener G, et al.
Psilocybin lacks antidepressant-like effect in the flinders sensitive line rat. Acta
Neuropsychiatr. 2019;31:213–9.

31. Hibicke M, Landry AN, Kramer HM, Talman ZK, Nichols CD. Psychedelics, but not
ketamine, produce persistent antidepressant-like effects in a rodent experi-
mental system for the study of depression. ACS Chem Neurosci. 2020;11:864–71.

32. Cameron LP, Patel SD, Vargas MV, Barragan EV, Saeger HN, Warren HT, et al.
5-HT2ARs mediate therapeutic behavioral effects of psychedelic tryptamines.
ACS Chem Neurosci. 2023;14:351–8.

33. Sekssaoui M, Bockaert J, Marin P, Bécamel C. Antidepressant-like effects of
psychedelics in a chronic despair mouse model: is the 5-HT2A receptor the
unique player? Neuropsychopharmacology. 2024;49:747–56.

34. Hesselgrave N, Troppoli TA, Wulff AB, Cole AB, Thompson SM. Harnessing psi-
locybin: antidepressant-like behavioral and synaptic actions of psilocybin are
independent of 5-HT2R activation in mice. Proc Natl Acad Sci USA.
2021;118:e2022489118.

35. Pedicini M, Cordner ZA. Utility of preclinical models in the study of psilocybin - A
comprehensive review. Neurosci Biobehav Rev. 2023;146:105046.

36. Odland AU, Kristensen JL, Andreasen JT. Animal behavior in psychedelic
research. Pharmacol Rev. 2022;74:1176–205.

37. Percie du Sert N, Hurst V, Ahluwalia A, Alam S, Avey MT, Baker M, et al. The
ARRIVE guidelines 2.0: updated guidelines for reporting animal research. PLoS
Biol. 2020;18:e3000410.

38. Du Preez A, Onorato D, Eiben I, Musaelyan K, Egeland M, Zunszain PA, et al.
Chronic stress followed by social isolation promotes depressive-like behaviour,
alters microglial and astrocyte biology and reduces hippocampal neurogenesis
in male mice. Brain Behav Immun. 2021;91:24–47.

39. Elizalde N, Gil-Bea FJ, Ramírez MJ, Aisa B, Lasheras B, Del Rio J, et al. Long-lasting
behavioral effects and recognition memory deficit induced by chronic mild
stress in mice: effect of antidepressant treatment. Psychopharmacology (Berl).
2008;199:1–14.

I. Erkizia-Santamaría et al.

11

Translational Psychiatry          (2025) 15:201 



40. Harkin A, Houlihan DD, Kelly JP. Reduction in preference for saccharin by
repeated unpredictable stress in mice and its prevention by imipramine. J
Psychopharmacol. 2002;16:115–23.

41. Willner P. Reliability of the chronic mild stress model of depression: a user
survey. Neurobiol Stress. 2016;6:68–77.

42. Acikgoz B, Dalkiran B, Dayi A. An overview of the currency and usefulness of
behavioral tests used from past to present to assess anxiety, social behavior and
depression in rats and mice. Behav Processes. 2022;200:104670.

43. Liu MY, Yin CY, Zhu LJ, Zhu XH, Xu C, Luo CX, et al. Sucrose preference test for
measurement of stress-induced anhedonia in mice. Nat Protoc. 2018;13:1686–98.

44. Carobrez AP, Bertoglio LJ. Ethological and temporal analyses of anxiety-like
behavior: the elevated plus-maze model 20 years on. Neurosci Biobehav Rev.
2005;29:1193–205.

45. Nollet M. Models of depression: unpredictable chronic mild stress in mice. Curr
Protoc. 2021;1:e208.

46. Seibenhener ML, Wooten MC. Use of the open field maze to measure locomotor
and anxiety-like behavior in mice. J Vis Exp. 2015;96:e52434.

47. Gould TD, Dao DT, Kovacsics CE. The open field test. In: Gould TD, eds. Mood
and anxiety related phenotypes in mice: Characterization using behavioral tests.
Totowa, NJ: Humana Press; 2009.

48. Samuels BA, Hen R Novelty-suppressed feeding in the mouse. In: Gould TD, eds.
Mood and anxiety related phenotypes in mice. neuromethods. Humana Press;
2011.63.

49. Steru L, Chermat R, Thierry B, Simon P. The tail suspension test: a new method for
screening antidepressants in mice. Psychopharmacology (Berl). 1985;85:367–70.

50. Lucki I. The forced swimming test as a model for core and component beha-
vioral effects of antidepressant drugs. Behav Pharmacol. 1997;8:523–32.

51. Perez-Palomar B, Mollinedo-Gajate I, Berrocoso E, Meana JJ, Ortega JE. Serotonin
5-HT3 receptor antagonism potentiates the antidepressant activity of citalo-
pram. Neuropharmacology. 2018;133:491–502.

52. Cryan JF, Markou A, Lucki I. Assessing antidepressant activity in rodents: recent
developments and future needs. Trends Pharmacol Sci. 2002;23:238–45.

53. von Mücke-Heim IA, Urbina-Treviño L, Bordes J, Ries C, Schmidt MV, Deussing
JM. Introducing a depression-like syndrome for translational neuropsychiatry: a
plea for taxonomical validity and improved comparability between humans and
mice. Mol Psychiatry. 2023;28:329–40.

54. Kraeuter AK. The use of integrated behavioural z-scoring in behavioural neu-
roscience - a perspective article. J Neurosci Methods. 2023;384:109751.

55. Guilloux JP, Seney M, Edgar N, Sibille E. Integrated behavioral z-scoring
increases the sensitivity and reliability of behavioral phenotyping in mice:
relevance to emotionality and sex. J Neurosci Methods. 2011;197:21–31.

56. Brocos-Mosquera I, Miranda-Azpiazu P, Muguruza C, Corzo-Monje V, Morentin B,
Meana JJ, et al. Differential brain ADRA2A and ADRA2C gene expression and
epigenetic regulation in schizophrenia. Effect of antipsychotic drug treatment.
Transl Psychiatry. 2021;11:643.

57. Perez-Palomar B, Erdozain AM, Erkizia-Santamaría I, Ortega JE, Meana JJ. Maternal
immune activation induces cortical catecholaminergic hypofunction and cognitive
impairments in offspring. J Neuroimmune Pharmacol. 2023;18:348–65.

58. Planchez B, Surget A, Belzung C. Animal models of major depression: drawbacks
and challenges. J Neural Transm. 2019;126:1383–408.

59. Uher R, Perlis RH, Henigsberg N, Zobel A, Rietschel M, Mors O, et al. Depression
symptom dimensions as predictors of antidepressant treatment outcome: replic-
able evidence for interest-activity symptoms. Psychol Med. 2012;42:967–80.

60. Jackson MG, Robinson ESJ. The importance of a multidimensional approach to
the preclinical study of major depressive disorder and apathy. Emerg Top Life
Sci. 2022;6:479–89.

61. Klein AK, Austin EW, Cunningham MJ, Dvorak D, Gatti S, Hulls SK, et al. GM-1020:
a novel, orally bioavailable NMDA receptor antagonist with rapid and robust
antidepressant-like effects at well-tolerated doses in rodents. Neuropsycho-
pharmacology. 2024;49:905–14.

62. Papp M, Willner P. Models of affective illness: chronic mild stress in the rat. Curr
Protoc. 2023;3:e712.

63. Kiilerich KF, Lorenz J, Scharff MB, Speth N, Brandt TG, Czurylo J, et al. Repeated
low doses of psilocybin increase resilience to stress, lower compulsive actions,
and strengthen cortical connections to the paraventricular thalamic nucleus in
rats. Mol Psychiatry. 2023;28:3829–41.

64. Strekalova T, Couch Y, Kholod N, Boyks M, Malin D, Leprince P, et al. Update in
the methodology of the chronic stress paradigm: internal control matters. Behav
Brain Funct. 2011;7:9.

65. Kara NZ, Stukalin Y, Einat H. Revisiting the validity of the mouse forced swim
test: systematic review and meta-analysis of the effects of prototypic anti-
depressants. Neurosci Biobehav Rev. 2018;84:1–11.

66. Stukalin Y, Lan A, Einat H. Revisiting the validity of the mouse tail suspension
test: systematic review and meta-analysis of the effects of prototypic anti-
depressants. Neurosci Biobehav Rev. 2020;112:39–47.

67. Willner P. Validity, reliability and utility of the chronic mild stress model of
depression: a 10-year review and evaluation. Psychopharmacology (Berl).
1997;134:319–29.

68. Sun HL, Zhou ZQ, Zhang GF, Yang C, Wang XM, Shen JC, et al. Role of hippo-
campal p11 in the sustained antidepressant effect of ketamine in the chronic
unpredictable mild stress model. Transl Psychiatry. 2016;6:e741.

69. Brandão AAC, Deus DLS, Duarte-Filho LAMS, Menezes PMN, Massaranduba ABR,
Silva FS, et al. Nebulized and intraperitoneal ketamine have equivalent
antidepressant-like effect in the forced swim and tail suspension tests in mice.
Pharmacol Biochem Behav. 2023;233:173674.

70. Nguyen HT, Guiard BP, Bacq A, David DJ, David I, Quesseveur G, et al. Blockade
of the high-affinity noradrenaline transporter (NET) by the selective 5-HT
reuptake inhibitor escitalopram: an in vivo microdialysis study in mice. Br J
Pharmacol. 2013;168:103–16.

71. Cathomas F, Hartmann MN, Seifritz E, Pryce CR, Kaiser S. The translational study
of apathy-an ecological approach. Front Behav Neurosci. 2015;9:241.

72. Nic Dhonnchadha BA, Bourin M, Hascoët M. Anxiolytic-like effects of 5-HT2
ligands on three mouse models of anxiety. Behav Brain Res. 2003;140:203–14.

73. Pędzich BD, Rubens S, Sekssaoui M, Pierre A, Van Schuerbeek A, Marin P, et al.
Effects of a psychedelic 5-HT2A receptor agonist on anxiety-related behavior
and fear processing in mice. Neuropsychopharmacology. 2022;47:1304–14.

74. Pariante CM. The glucocorticoid receptor: part of the solution or part of the
problem? J Psychopharmacol. 2006;20:79–84.

75. Baumeister D, Lightman SL, Pariante CM. The HPA axis in the pathogenesis and
treatment of depressive disorders: integrating clinical and molecular findings.
Psychopathol Rev. 2016;a3:64–76.

76. Kuti D, Winkler Z, Horváth K, Juhász B, Szilvásy-Szabó A, Fekete C, et al. The
metabolic stress response: adaptation to acute-, repeated- and chronic chal-
lenges in mice. iScience. 2022;25:104693.

77. Abulmeaty MMA, Almajwal AM, Razak S, Al-Ramadhan FR, Wahid RM. Energy
homeostasis-associated (Enho) mRNA expression and energy homeostasis in
the acute stress versus chronic unpredictable mild stress rat models. Biomedi-
cines. 2023;11:440.

78. Fadahunsi N, Lund J, Breum AW, Mathiesen CV, Larsen IB, Knudsen GM, et al.
Acute and long-term effects of psilocybin on energy balance and feeding
behavior in mice. Transl Psychiatry. 2022;12:330.

79. Hu X, Zhao HL, Kurban N, Qin Y, Chen X, Cui SY, et al. Reduction of BDNF levels and
biphasic changes in glutamate release in the prefrontal cortex correlate with sus-
ceptibility to chronic stress-induced anhedonia. eNeuro. 2023;10:ENEURO.0406-
23.2023.

80. Dwivedi Y, Rizavi HS, Conley RR, Roberts RC, Tamminga CA, Pandey GN. Altered
gene expression of brain-derived neurotrophic factor and receptor tyrosine
kinase B in postmortem brain of suicide subjects. Arch Gen Psychiatry.
2003;60:804–15.

81. Youssef MM, Underwood MD, Huang YY, Hsiung SC, Liu Y, Simpson NR, et al.
Association of BDNF Val66Met polymorphism and brain BDNF levels with major
depression and suicide. Int J Neuropsychopharmacol. 2018;21:528–38.

82. Duman RS. Neural plasticity: consequences of stress and actions of anti-
depressant treatment. Dialogues Clin Neurosci. 2004;6:157–69.

83. Haile CN, Murrough JW, Iosifescu DV, Chang LC, Al Jurdi RK, Foulkes A, et al.
Plasma brain derived neurotrophic factor (BDNF) and response to ketamine in
treatment-resistant depression. Int J Neuropsychopharmacol. 2014;17:331–6.

84. Holze F, Vizeli P, Ley L, Müller F, Dolder P, Stocker M, et al. Acute dose-dependent
effects of lysergic acid diethylamide in a double-blind placebo-controlled study in
healthy subjects. Neuropsychopharmacology. 2021;46:537–44.

85. Ly C, Greb AC, Cameron LP, Wong JM, Barragan EV, Wilson PC, et al. Psychedelics
promote structural and functional neural plasticity. Cell Rep. 2018;23:3170–82.

86. Lessmann V, Brigadski T. Mechanisms, locations, and kinetics of synaptic BDNF
secretion: an update. Neurosci Res. 2009;65:11–22.

87. Parkhurst CN, Yang G, Ninan I, Savas JN, Yates JR 3rd, Lafaille JJ, et al. Microglia
promote learning-dependent synapse formation through brain-derived neuro-
trophic factor. Cell. 2013;155:1596–609.

88. Song M, Martinowich K, Lee FS. BDNF at the synapse: why location matters. Mol
Psychiatry. 2017;22:1370–5.

89. Calder AE, Hasler G. Towards an understanding of psychedelic-induced neuro-
plasticity. Neuropsychopharmacology. 2023;48:104–12.

90. Heurling K, Ashton NJ, Leuzy A, Zimmer ER, Blennow K, Zetterberg H, et al.
Synaptic vesicle protein 2A as a potential biomarker in synaptopathies. Mol Cell
Neurosci. 2019;97:34–42.

91. Raval NR, Johansen A, Donovan LL, Ros NF, Ozenne B, Hansen HD, et al. A single
dose of psilocybin increases synaptic density and decreases 5-HT2A receptor
density in the pig brain. Int J Mol Sci. 2021;22:835.

92. Jefsen OH, Elfving B, Wegener G, Müller HK. Transcriptional regulation in the rat
prefrontal cortex and hippocampus after a single administration of psilocybin. J
Psychopharmacol. 2021;35:483–93.

I. Erkizia-Santamaría et al.

12

Translational Psychiatry          (2025) 15:201 



93. Hibicke M, Kramer HM, Nichols CD. A single administration of psilocybin per-
sistently rescues cognitive deficits caused by adolescent chronic restraint stress
without long-term changes in synaptic protein gene expression in a rat
experimental system with translational relevance to depression. Psychedelic
Med. 2023;1:54–67.

94. Feng J, Yan Z, Ferreira A, Tomizawa K, Liauw JA, Zhuo M, et al. Spinophilin
regulates the formation and function of dendritic spines. Proc Natl Acad Sci
USA. 2000;97:9287–92.

95. Nava N, Treccani G, Müller HK, Popoli M, Wegener G, Elfving B. The expression of
plasticity-related genes in an acute model of stress is modulated by chronic
desipramine in a time-dependent manner within medial prefrontal cortex. Eur
Neuropsychopharmacol. 2017;27:19–28.

96. Buckholtz NS, Zhou DF, Freedman DX. Serotonin2 agonist administration down-
regulates rat brain serotonin2 receptors. Life Sci. 1988;42:2439–45.

97. de la Fuente Revenga M, Jaster AM, McGinn J, Silva G, Saha S, González-Maeso J.
Tolerance and cross-tolerance among psychedelic and nonpsychedelic 5-HT2A
receptor agonists in mice. ACS Chem Neurosci. 2022;13:2436–48.

98. Donovan LL, Johansen JV, Ros NF, Jaberi E, Linnet K, Johansen SS, et al. Effects of
a single dose of psilocybin on behaviour, brain 5-HT2A receptor occupancy and
gene expression in the pig. Eur Neuropsychopharmacol. 2021;42:1–11.

99. Anji A, Kumari M, Sullivan Hanley NR, Bryan GL, Hensler JG. Regulation of 5-HT(2A)
receptor mRNA levels and binding sites in rat frontal cortex by the agonist DOI and
the antagonist mianserin. Neuropharmacology. 2000;39:1996–2005.

100. Smith DA, Bailey JM, Williams D, Fantegrossi WE. Tolerance and cross-tolerance
to head twitch behavior elicited by phenethylamine- and tryptamine-derived
hallucinogens in mice. J Pharmacol Exp Ther. 2014;351:485–91.

101. Darmani NA, Martin BR, Glennon RA. Withdrawal from chronic treatment with
(+/−)-DOI causes super-sensitivity to 5-HT2 receptor-induced head-twitch
behaviour in mice. Eur J Pharmacol. 1990;186:115–8.

102. Darmani NA, Martin BR, Glennon RA. Behavioral evidence for differential
adaptation of the serotonergic system after acute and chronic treatment with
(+/−)-1-(2,5-dimethoxy-4-iodophenyl)-2-aminopropane (DOI) or ketanserin. J
Pharmacol Exp Ther. 1992;262:692–8.

103. Darmani NA, Gerdes CF. Temporal differential adaptation of head-twitch and
ear-scratch responses following administration of challenge doses of DOI.
Pharmacol Biochem Behav. 1995;50:545–50.

104. Wall MB, Harding R, Zafar R, Rabiner EA, Nutt DJ, Erritzoe D. Neuroimaging in
psychedelic drug development: past, present, and future. Mol Psychiatry.
2023;28:3573–80.

105. Erkizia-Santamaría I, Horrillo I, Meana JJ, Ortega JE. Clinical and preclinical evi-
dence of psilocybin as antidepressant. A narrative review. Prog Neuropsycho-
pharmacol Biol Psychiatry. 2025;136:111249.

AUTHOR CONTRIBUTIONS
IE-S and JEO designed the experiments. IE-S, IH, and JEO developed animal model
and conducted behavioural experiments. IE-S and GR performed and analysed qPCR
studies. DP-M, NM-A and AE performed and analysed Western blot experiments. JJM

and JEO supervised the project. IE-S wrote the original manuscript. All authors revised
the manuscript.

FUNDING
This work was supported by Grant PID2021–123508OB-I00, funded by MCIN/AEI/
10.13039/501100011033 and by ERDF A way of making Europe, by Department of
Health (2022111050), Department of Education (IT-1512–22) and Department of
Science, Universities and Innovation (PUE-2024-1-0014) of the Basque Government,
by CIBER -Consorcio Centro de Investigación Biomédica en Red- (CB/07/09/0008),
Instituto de Salud Carlos III, and by Fundación Vital Fundazioa (VITAL21/17). IE-S
received a postdoctoral fellowship (POS_2024_1_0053) and NM-A received a
predoctoral fellowship (PRE_2022_1_0256) from the Basque Government.

COMPETING INTERESTS
JJM is supported by an unrestricted grant from Janssen. The rest of the authors
declare no conflict of interest.

ADDITIONAL INFORMATION
Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/s41398-025-03421-4.

Correspondence and requests for materials should be addressed to Jorge E. Ortega.

Reprints and permission information is available at http://www.nature.com/
reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims
in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in anymedium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons licence, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this licence, visit http://
creativecommons.org/licenses/by/4.0/.

© The Author(s) 2025

I. Erkizia-Santamaría et al.

13

Translational Psychiatry          (2025) 15:201 

https://doi.org/10.1038/s41398-025-03421-4
http://www.nature.com/reprints
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Evaluation of behavioural and neurochemical effects of psilocybin in mice subjected to chronic unpredictable mild stress
	Introduction
	Materials and methods
	Animals
	Chronic unpredictable mild stress (CUMS)
	Drugs and treatment
	Behavioural evaluation
	Head-twitch response (HTR)
	Sucrose preference (SP)
	Elevated plus maze (EPM)
	Nest-building test (NBT)
	Open field test (OFT)
	Novelty-suppressed feeding test (NSFT)
	Tail suspension test (TST)
	Forced swimming test (FST)
	Coat state
	Physiological state evaluation
	Bodyweight
	Food intake
	Tissue harvesting

	Calculations of z-scores for behavioural and physiological assessments
	Real-time quantitative PCR (qPCR)
	Western blot
	Statistical analysis

	Results
	Behavioural evaluation
	Head-twitch response (HTR)
	Sucrose preference test (SP)
	Tail suspension test (TST)
	Forced swimming test (FST)
	Elevated plus maze (EPM)
	Open field test (OFT)
	Novelty-suppressed feeding test (NSFT)
	Nest-building test (NBT)
	Coat state

	Physiological state evaluation
	Bodyweight
	Food intake
	Tissue weight

	Z-score for depression index, anxiety index and physiological signs of stress calculation
	Nr3c1 and Htr2a mRNA expression in cortical samples
	Evaluation of protein expression in cortical samples

	Discussion
	Novelty and limitations of the study

	Conclusions
	References
	Author contributions
	Funding
	Competing interests
	ADDITIONAL INFORMATION




