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Introduction: The striatum (St) integrates cognitive, motor, and limbic functions
and plays a critical role in processing emotions, motivation, and rewards. It may
undergo several morphophysiological changes in neuropsychiatric diseases.
Depression, a complex psychiatric disorder, affects millions of people around
the world and leads to an increased risk of suicide, decreased quality of life, and
functional impairment. Conventional treatments require prolonged use, leading
to drug resistance; thus, new treatments and therapeutic strategies have been
widely studied. Ayahuasca results from the joint infusion of the Banisteriopsis
caapi vine and Psychotria viridis leaves have psychoactive properties, and
its use in depression has shown promising results. Our objective was to
morphoquantitatively evaluate the effects of ayahuasca on the St in an already
validated model of juvenile depression induced in a non-human primate.

Methods: Six marmosets were divided into three groups of two animals each.
One group was kept in family life (FG), and two groups were socially isolated (IG).
Isolation was carried out by separating the animal from all others in the colony.
One of the isolated groups received doses of ayahuasca tea (AG) 3 days before
and two times during the isolation period, while the other groups received the
same dose of placebo. After 13 weeks of experimentation, euthanasia, and
transcardiac perfusion were performed. The brains were sectioned and stained
with thionin using the Nissl method. We employed stereological techniques
to assess the striatum and investigate potential alterations in neuronal volume
in socially isolated animals treated with ayahuasca. Equidistant sections of the
caudate and putamen were analyzed for all measurements and selected by
systematic and uniform sampling.
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Results and discussion: Striatal neurons in the IG group exhibited significantly
smaller volumes compared to those in the FG and AG groups. Our findings suggest
that ayahuasca may prevent extensive neuronal volume loss, as observed in the IG,
by acting as a prophylactic agent and buffering neural structural changes during
chronical social isolation.
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Highlights

« Social isolation decreases the volume of striatal neurons.

o Striatal neurons have adaptative stress response in juvenile
marmosets administrated with ayahuasca.

o Ayahuasca demonstrated a potential prophylactic effect by
enhancing the resilience of striatal neurons against volume loss
during chronic social isolation.

1 Introduction

Depression is a debilitating mental health condition affecting
approximately 280 million individuals globally, including an estimated
5% of adults and 5.7% of elderly people over the age of 60 (WHO,
2023). Its etiology and treatment involve a complex interplay of
genetic, neurobiological, psychological, and environmental factors,
posing a significant challenge to scientific understanding and effective
clinical intervention (Marx et al., 2023). Among the various brain
regions implicated in the pathophysiology of depression, the striatum
emerges as a crucial component of this complex neurobiological
puzzle (Xu et al., 2020).

The striatum (St), located in the basal region of the brain, is
traditionally associated with motor control (Graybiel, 2008). However,
increasing interest surrounds its role in cognitive and emotional
processes (Graybiel, 2008; Provost et al, 2015). Anatomically
composed of the caudate nucleus (Cd) and putamen (Pu) (Alexander
and Crutcher, 1990), the St’s functional significance extends beyond
motor functions, encompassing participation in circuits regulating
mood, motivation, and behavior (Basile et al., 2021).

The St serves as the primary input center of the basal ganglia
(Shepherd, 2013). In addition to receiving projections from subcortical
areas such as the thalamus, amygdala, hippocampus, and substantia
nigra pars compacta, the St receives extensive input from cortical
regions (Choi et al., 2019; Miura et al., 2020). Notably, projections
from the limbic and prefrontal cortices suggest a crucial role for the St
in regulating emotions, motivation, and decision-making (Shepherd,
2013). This convergence of fibers positions the St as a strategic target
for investigations into the neurobiology of mood disorders,
including depression.

The understanding of the neurobiological mechanisms underlying
depression has expanded considerably in recent decades, with
significant insights emerging regarding chronic stress as a precursor
to various clinical conditions and the growing appreciation for the role
of corticostriatal circuits (LeMoult et al., 2023). These circuits, which
connect cortical areas with the St, play a crucial role in regulating
mood, motivation, and behavior (Siemsen et al., 2022). Dysfunctions
in these circuits have been implicated in a range of psychiatric
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disorders (Lee et al., 2022), including depression. As a critical hub
within these circuits, the St is emerging as a promising target for
further investigation into the neurobiological bases of chronic stress
and depression (Shepherd, 2013).

Advances in neuroimaging and neuroanatomical techniques
have revealed structural and functional changes in the St of
individuals with depression (Han et al., 2023). Studies in humans
and animals suggest that striatal dysfunctions play a crucial role
in the pathogenesis of depression (Qi et al., 2018; Avnioglu et al.,
2021). Abnormalities in the connectivity and synaptic plasticity
of these nuclei may contribute to depressive symptoms (Xu et al.,
20205 Rodrigues et al., 2022), including anhedonia, apathy, and
executive dysfunction.

The relationship between depression and the St becomes even
more significant when considering potential treatments. Currently,
medicaments considered the gold standard for treating depression
include second-generation antidepressants, such as selective serotonin
reuptake inhibitors and serotonin-norepinephrine reuptake inhibitors
(Kovich et al., 2023). Fluoxetine hydrochloride, a widely prescribed
SSR], is often the first-line treatment for children, adolescents, and
young adults (Hussain et al., 2018).

The medications currently used often take around 2 weeks to
show significant improvements (Cipriani et al., 2018), potentially
leading to chronic use (Harmer et al., 2017) and, in many cases,
antidepressant resistance (Ho and Zhang, 2016). In this context,
studies on the effects of psychoactive substances, such as ayahuasca,
have emerged. Ayahuasca is a brew prepared from the Banisteriopsis
caapi vine and Psycotria viridis leaves. Its primary psychoactive
compound, N, N-dimethyltryptamine (DMT), has potent psychedelic
properties (Perkins et al., 2022; Rossi et al., 2022). This compound,
found in various plants, is used in traditional rituals in some cultures
and has recently garnered interest for its potential antidepressant and
anti-inflammatory effects (Osorio Fde et al., 2015; Palhano-Fontes
et al., 2019). DMT acts as a serotonin (5-HT) receptor agonist,
modulating neuronal activity (Carbonaro and Gatch, 2016; Luan
etal., 2024)

Most research on mood disorders focuses on adult or early
childhood animal models, with relatively few studies investigating the
juvenile period. However, the juvenile phase is a crucial ontogenetic
stage, marked by remarkable plasticity within the nervous system. This
plasticity makes the juvenile brain particularly sensitive to
environmental influences, which can induce lasting changes in
cognition and the stress response system. Adverse experiences during
this critical period can lead to enduring cognitive, behavioral, and
physiological problems in adulthood, increasing the risk of mood
disorders such as depression (Hankin, 2006; Ganzel and Morris, 2011;
Thapar et al., 2012). In recent years, the incidence of depressive
episodes in adolescents has increased (Qin et al., 2015), affecting
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approximately 14% of young people between 15 and 18 years old.
Furthermore, there is a recurrence rate of approximately 40% within
3-5 years following the first episode (Hankin, 2006).

Previous studies conducted by our team (Galvao-Coelho et al.,
2017; da Silva et al., 2018) have validated chronic social isolation
as an effective protocol for inducing depression and
hypocortisolemia in juvenile marmosets. Additionally, ayahuasca
has been shown to act as a prophylactic substance, preventing
some depressive symptoms (de Meiroz Grilo et al, 2022).
However, few studies have investigated the effects of ayahuasca in
animal models of depression, and there is a particular gap in
knowledge regarding how this substance affects the morphology
of the striatum. This gap limits our understanding of the potential
risks and benefits of ayahuasca and hinders the identification of
possible health repercussions for individuals.

This study aimed to investigate the morphoquantitative effects
of ayahuasca on the St in a non-human primate model of
depression. We employed stereological techniques to advance the
understanding of the pathophysiology of depression and
contribute to the development of novel therapeutic approaches for
this debilitating condition. This research has significant
implications for improving individuals’ mental health and

wellbeing worldwide.

2 Materials and methods

This research thoroughly analyzed serial coronal brain
sections from six marmosets. All research protocols were carried
out in accordance with the recommendations of the Federal
University of Rio Grande do Norte (UFRN) in the Animal
Experimentation Ethics Committee (approved under protocol no.
225.001/2020 and addendum 5 of no. 032/2014).

2.1 Experimental depression model

The common marmoset (Callithrix jacchus) is a small
neotropical primate that is easy to handle and adaptable to captive
environments. It is currently classified as a species of “Least
Concern” on the Red List of Threatened Species of the
International Union for Conservation of Nature (Miranda
et al.,, 2015).

Due to its close phylogenetic relationship with other primates,
including humans, the marmoset has become a prominent model
organism in studies focused on chronic stress. It is a validated
animal model for investigations related to depression, as it exhibits
physiological and behavioral changes that resemble those
observed in humans with depression when exposed to chronic
stress paradigms (Pryce et al., 2002; Galvao-Coelho et al., 2008;
de Sousa et al., 2021; de Meiroz Grilo et al., 2022).

2.2 Experimental design
This study utilized brain samples collected from the study

conducted by de Meiroz Grilo et al. (2022). The animals were
raised at the UFRN Primatology Center and housed under natural
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lighting conditions with controlled temperature and humidity,
with food and water provided ad libitum. The analysis of the
results involved a total of six marmosets distributed into three
groups: Family Group (FG), Isolated Group (IG), and Ayahuasca
Group (AG). At the beginning of the experiment, all animals were
aged between 7 and 9 months, classified as juveniles I and II (de
Castro Ledo et al,, 2009), and reached the end of the experiment,
aged between 11 and 13 months. The animals in the FG served as
the control group, while the IG animals acted as a negative control
group. The AG subjects constituted the experimental group.

The study followed the protocol for inducing depression due
to chronic stress established by Galviao-Coelho et al. (2017). It was
divided into two distinct stages: the basal phase and the
experimental phase. In the basal phase, all animals were housed
socially with their families for 4 weeks. After this phase, the FG
(n =2) animals remained in the same conditions for another
9 weeks. The experimental phase consisted of total social isolation
from other animals for 9 weeks. In this second stage, the IG
(n=2)and AG (n = 2) animals were separated from their families
and kept in individual cages, completely isolated from other
animals, without visual contact or proximity between their
families’ accommodation enclosures. Prolonged exposure to social
isolation is a significant chronic stressor and is known to induce
depressive-like behaviors in marmosets (Galviao-Coelho et al.,
2017; da Silva et al., 2018).

A total of three doses of ayahuasca tea (1.67 mL/300 g) were
administered by oral gavage to the AG animals, constituting a
preventive and chronic treatment (Galvao et al., 2018; Palhano-
Fontes et al., 2019). These administrations were carried out 3 days
before isolation, and two more doses were made 25 and 50 days
after the first (Figure 1).

The dosage used was based on previous research in which
1 mL of ayahuasca was administered per kilogram of body weight,
similar to its use in traditional Brazilian rituals. Allometric
scaling, considering the differences in metabolic rates described
by Pachaly (2024), was applied to adjust the dosage for the
marmosets. The basal metabolic rate of a typical 70 kg human was
calculated as 1,694 kcal, while that of a 300 g marmoset was
calculated as 28.38 kcal. Thus, the dose of ayahuasca was
determined to be 0.06 mL/kcal for humans and adjusted to
1.67 mL for marmosets (de Sousa et al., 2021).

A single batch of ayahuasca, prepared by Templo da Barquinha
in Ji-Parand, Ronddnia, was used for this study. The brew was
prepared with P. viridis leaves (50%) and B. caapi bark (50%),
boiled in water for 60 h. Water evaporation was compensated for
by adding more water, bark, and leaves. The final batch was stored
in glass jars in a refrigerator (da Silva et al., 2018). The
concentration of the main alkaloids was quantified by mass
spectroscopy,  showing  0.36 £ 0.0l mg/mL of DMT,
1.86 + 0.11 mg/mL of harmine, 0.24 + 0.03 mg/mL of harmaline,
and 0.20 + 0.05 mg/mL of THH (Savoldi et al., 2017; Palhano-
Fontes et al., 2019).

Ayahuasca was administered by oral gavage using flexible,
lubricated cannulas to minimize the risk of damage to the
gastrointestinal tract. The animals were fed small portions of fruit
before the procedure, which was carried out 15 min after feeding.
All animals were previously adapted to the method and handling
to minimize stress (da Silva et al., 2018).
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Baseline phase Experimental phase

FG

All marmosets are

o . Maintained together family
maintained together family

Individually isolated

Start of the
experimental phase

Start of the
baseline phase

[ End of the experiment ]

4 weeks 9 weeks

By gavage: Ayahuasca (1.67 ml/300g) to the AG. W

FIGURE 1

Schematic drawing of the experimental design. On the left side of the image, in blue, Basal Phase events: all animals maintained in family interaction,
and 3 days before the end of this phase, the animals received, by gavage, Ayahuasca for AG animals. In orange, the right side of the image shows
events from the Experimental Phase: animals from groups IG and AG are subjected to social isolation, and FG continues in family interaction. Below is
a green timeline of the treatment administrations with Ayahuasca for AG animals. The first gavage occurred 3 days before the end of the baseline

phase, and two more administrations occurred during the experimental phase, 25 and 50 days after the first gavage.

2.3 Euthanasia, perfusion, microtomy, and
staining technique

At the end of the experiment, the animals were euthanized
with sodium thiopental (Abbott, Sdo Paulo, SP, Brazil; 40 mg/kg,
i.v.) according to the protocols and doses approved by the UFRN
Institutional Animal Care and Use Committee, which consist of
three times the sedation dose administered intraperitoneally.

Transcardiac perfusion was performed via the left ventricle
and right atrium using a three-phase perfusion pump. The first
phase involved a saline solution with an anticoagulant infused for
5 min at a high flow rate to clear the vascular bed. The second
phase consisted of a 4% paraformaldehyde solution in 0.1 M
phosphate buffer (pH 7.4) infused for 45 min at a slow flow rate.
Finally, a solution of 4% paraformaldehyde and 15% sucrose in
0.1 M phosphate buffer (pH 7.4) was infused for 30 min at a slow
flow rate.

After perfusion, the animals were decapitated, and their brains
were extracted via craniotomy. The brains were post-fixed in 4%
paraformaldehyde overnight in 0.1 M phosphate buffer (pH 7.4).
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They were then cryoprotected in a solution of 4%
paraformaldehyde and 15% sucrose in 0.1 M phosphate buffer
(pH 7.4) for 3 days, followed by immersion in a 30% sucrose
solution in 0.1 M phosphate buffer (pH 7.4) until microtomy.
Six parallel series of 40 pm-thick coronal sections were
obtained using a cryostat at —20°C. The brain tissue was
embedded in Tissue-Tek blocks and subjected to rapid freezing
before sectioning. The first series of sections was mounted on

positively charged slides for Nissl staining with thionine.

2.4 Stereological data collection

Nissl staining was used to collect stereological data. A previous
study of the material was conducted to establish optimal
parameters for section fraction, square area count, grid spacing
size, and dissector height. These stereological parameters were
established based on Paxinos et al. (2012) and the evaluation of
two experienced researchers. Considering the rostrocaudal
arrangement of Cd and Pu, a random, uniform, and systematic
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sampling was conducted to obtain five sections for evaluating each
nucleus separately, totaling the analysis of 10 sections per animal.
Canvas 12 software was used to highlight the contours of the
stereotaxic levels (Figure 2).

Analyses were performed using a Zeiss Axio Imager-Z2
microscope with a motorized stage integrated into the camera and
a stereology apparatus with Stereo Investigator v11.0 software
(MBF Bioscience) (Figure 3). The volume of each core region was
estimated using Cavalieri’s principle, as adapted by Gundersen
and Jensen (Gundersen and Jensen, 1987). Total striatal volume
was measured by summing the estimated volumes for the Cd and
Pu nuclei. The optical fractionator method was used to calculate
the total number of neurons in the areas of interest (West et al.,
1991) with 63x magnification (1.4 numerical aperture). Neuronal
volume was estimated using the Nucleator tool based on the
1993).
identification was performed using a detailed neuronal

Rotator method (Jensen and Gundersen, Neuronal

characteristics algorithm, and calibration was performed using
the Neurocytology Test tool (Garcia-Cabezas et al., 2016).

N 7
Pu< ,\‘0

= Cd ~

FIGURE 2

Schematic representation of the stereotaxic levels used and the
three-dimensional morphology of St. Schematic of coronal sections
showing the rostrocaudal arrangement of Cd (A) (AP: +1.30 mm to
+13.30 mm) and Pu (B) (AP: +5.80 mm to +12.50 mm) at the
approximate levels used for this study. (C) Schematic representation
of the three-dimensional morphology of St, Cd, and Pu. (D) Brain
distribution of simultaneously used stereotaxic levels of Cd and Pu.
Scale bar in (A—=C): 1 mm. Scale bar in (D): 5 mm.
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2.5 Data analysis

The data were tabulated and subjected to descriptive statistical
analysis. Statistical analysis was performed using GraphPad Prism
software (version 7.0). For neuronal volume analysis, each neuron
was treated as a sampling unit. The Shapiro-Wilk test was used to
verify the data distribution. Because the data did not meet the
normality criteria, the Kruskal-Wallis test was applied. This
robust, non-parametric statistical approach allows for comparing
medians between groups, even when the data distribution is not
normal. Both tests were conducted with a significance level set at
p <0.05.

3 Results
3.1 Nissl-stained results

Sections of the striatal complex from juvenile marmosets
subjected to social isolation protocols were stained using the Nissl
method and subsequently analyzed through stereological techniques.
Representative sections from the FG, IG, and AG groups were used
(Figures 4D-F, respectively). Notably, a marked reduction in cell
volume can be observed in the IG group (arrowheads) (Figure 4B)
compared to the cells in the FG and AG groups (arrows) (Figures 4A,C,
respectively).

3.2 Neuronal volume

An average of 175 neurons were sampled per animal. The mean
neuronal volume of striatal neurons in the FG was 888.5 + 349.1 pm’.
The IG exhibited a significantly lower mean neuronal volume of
568.1 +279.5 um?, while the AG showed a mean volume of
989.3 +478.3 pm’>.

The Shapiro-Wilk test indicated a non-normal distribution of
neuronal volume data (p < 0.001). Therefore, a Kruskal-Wallis test
with Dunn’s post-hoc analysis was performed. The Kruskal-Wallis test
revealed a significant difference in striatal neuron volume between the
groups (y* = 256.2, p < 0.0001). Dunn’s post-hoc tests demonstrated
that the FG and AG had significantly larger neuronal volume than the
IG (p < 0.0001). No significant difference was observed between AG
and FG (p=0.6570) (Figure 5A). Notably, when comparing
individually the nuclei, the volumes of the Cd and Pu in the FG and
AG were significantly larger than their counterparts in the IG
(p < 0.0001) (Figure 5B).

3.3 Neuronal density, estimated volume of
nuclei, and estimated number of neurons

Neuronal density (neurons per mm?®) was calculated by dividing
the estimated number of neurons by the corresponding volume. Data
from both animals in each group were included in the analysis.
Figure 6 shows the mean values for the two animals in each group. The
IG showed a higher neuronal density (89,838 + 3,123 neurons/mm®)
compared to the FG (82,301 + 5,452 neurons/mm°) and the AG
(52,539 * 5,046 neurons/mm?). However, it is important to note that
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FIGURE 3

Steps for collecting stereological data. (A) Demarcation of the structure of interest using the lowest magnification objective, 2x, represented by a Cd
level. (B) After applying the quadratic test system, the points within the nuclear area are counted, considering the same point inclusion criteria.
Following Cavalieri's principle, as adapted by Gundersen and Jensen, this is repeated for all sections to apply the sum of points obtained in the
formulas. (C) Using the same demarcation of the nucleus, the optical dissector of 40x40um was defined at the highest magnification (63x). (D) The
software, through the optical fractionator, randomizes collection samples within the demarcated area (black square), where the count can

be performed, and the neuronal volume can also be verified through the nucleolus and neuronal borders by the Nucleator tool using the Z axis
observed in the sidebar (green and red). Scale bar in (A,B): 1000 pm. Scale bar in (C,D): 20 pm.

the small number of animals per group made it impossible to perform
statistical inference tests, which merely represent trends.

Additionally, the estimated total striatal volume in the AG group
(114.5 £ 12.76 mm’®) showed a trend toward an increase compared to
the IG group (97.68 + 29.90 mm?) and the FG group (64.36 + 1.90 mm°)
(Figures 6C,D) with a calculated mean error coeflicient of 3.2% (see
Supplementary Table 1). Furthermore, ayahuasca treatment appears to
have a prophylactic effect on estimated total striatal neuronal numbers,
as the AG (6,078,000 + 1,248,000) maintained approximately the same
number of neurons as the FG (5,307,000 + 507,000), in contrast to the
IG (8,682,000 + 2,382,000) (Figures 6E,F).

4 Discussion

Adolescents experience high rates of depression, which negatively
impact cognitive development, leading to poor academic performance,
substance abuse, behavioral problems, family conflicts, and suicides
(Hauenstein, 2003; Frankish et al., 2018; Stringaris and Vidal-Ribas,
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2019). Adolescence represents a critical period for brain development
(Fuhrmann et al,, 2015), and depression can exert a profoundly
detrimental effect on neural maturation (Sacchet et al, 2016).
Consequently, there is an urgent need to advance neurobiological
research aimed at investigating the pathophysiology of depression and
developing new approaches to alleviate the symptoms of this
debilitating condition.

In a previous publication, we observed an apparent prophylactic
effect of ayahuasca in preventing depressive-like behaviors and
stimulating cortisol reactivity during social isolation (de Meiroz Grilo
et al, 2022). In that study, male marmosets treated with ayahuasca
exhibited a more adaptive stress response compared to isolated animals,
along with fecal cortisol levels similar to those animals living in
family groups.

The present study utilized the same brain samples from de Meiroz
Grilo et al. (2022) to conduct a neuroanatomical investigation aimed
at identifying potential structural changes in the marmoset striatum,
as chronic stress and neuropsychiatric disorders are known to disrupt
striatal circuits. For example, chronic stress can impair communication
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FIGURE 4

Representative photomicrographs of changes in neuronal volume, number and density in the St of animals FG (A), IG (B), and AG (C), respectively. Note
the conspicuous neuronal volume reduction and densities in B compared to A and C. Sections were obtained in the first rostral section of the Cd of
animals in the FG (D), IG (E) and AG (F), respectively. ppArrowheads indicate neurons, and *asterisks indicate perineuronal regions. In (A-C):
Magnification 100x. Scale bar: 10 pm. In (D—F): Magnification 2x. Scale bar: 1000 pm.
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FIGURE 5

ViolinPlots of the comparison of neuronal volume in pm?* on the St (A) and per nucleus (B). On the graph, a solid line represents the median, while

dashed lines represent interquartile ranges. Comparisons using the Kruskal-Wallis test and Dunn's post-hoc test. Significance levels are indicated by
asterisks: ****p < 0.0001.

between somatostatin-positive interneurons and striatal medium-  alterations in the glutamine-glutamate-GABA cycle between the
spiny neurons, leading to striatal overactivation, disinhibition, and  striatum, hippocampus, and cerebellum may also contribute to the
increased motor output (Rodrigues et al., 2022). Furthermore, effects of chronic stress (Xu et al., 2020).
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Neuroanatomical studies involving experimental models exposed
to stress protocols are predominantly based on global MRI analyses
conducted in humans. However, quantitative data at the cellular level
related to depression in non-human primates remain unavailable,
highlighting a critical gap in the literature.

Adolescents suffering from depression exhibit significant
structural changes within their brains (Redlich et al., 2018; Pagliaccio
et al.,, 2020; Wu et al,, 2020). A recent MRI study found increased
volume in the cortical areas and cerebellum of adolescents
experiencing depression (Fu et al., 2023). Conversely, MRI studies in
adults with major depressive disorder have reported increased
volumes in subcortical regions, including the striatum, amygdala, and
nucleus accumbens (Qi et al., 2018; Avnioglu et al., 2021). A study
conducted with adolescents and young adults found greater gray
matter volume in the dorsolateral prefrontal cortex of those with
depression and lower gray matter volumes in the hippocampus
compared to healthy controls (Straub et al., 2019).

Given the scarcity of morphoquantitative data on the effects of stress
on neural structures in juvenile individuals, particularly at the cellular
level, efforts to identify morphological changes associated with widely
studied functional alterations provide a valuable opportunity to deepen
our understanding of the underlying pathological mechanisms. At the
same time, such investigations may assist in identifying prophylactic
agents capable of mitigating the effects of the disease.

Frontiers in Neuroanatomy

In our previous study de Meiroz Grilo et al. (2022), we observed
reduced autogrooming behavior in AG animals, comparable to that of
FG animals—a behavior associated with stress reduction. Similarly, FG
and AG animals exhibited comparable scores for sucrose solution intake,
which were significantly different from those of IG animals, indicating
symptoms related to anxiety and depression in the IG group. Finally,
animals in the AG group showed cortisol levels similar to those in the
family control group. Taken together, the behavioral data from our
previous work and the morphological data presented here appear to
converge, supporting the prophylactic effect of ayahuasca in attenuating
symptoms of chronic stress.

Overall, our findings indicate that neurons in the striatum of animals
treated with ayahuasca maintained volumes (989.3 +478.3 pm?®)
comparable to those observed in animals kept in family groups
(888.5+349.1 pm®) and, interestingly, distinct from the neuronal
volumes in isolated animals (568.1 + 279.5 pm?). These results support
our previous behavioral data, further reinforcing the potential
prophylactic role of ayahuasca while highlighting its morphological
effects on neural structures.

Conversely, neuronal number, density, and striatal volume did not
show significant differences among the groups and cannot be compared
statistically due to the limited number of animals. However, the AG
group exhibited a trend toward reduced neuronal density compared to
the other groups despite maintaining a neuronal number similar to that
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observed in the FG. Interestingly, animals treated with ayahuasca
displayed larger striatal volumes, suggesting a potential compensatory
process in the striatum.

A plausible explanation for these morphological changes could
be related to glial responses to chronic stress induced by the social
isolation protocol. Recent evidence from human postmortem brain
tissue has shown that stress is associated with significant reductions in
astrocytes across several brain regions (Lu et al., 2025). Further research
is needed to deepen investigations and better understand the trend of
increased striatal volume in animals treated with ayahuasca.

Although no statistical inference was observed in striatal volume,
our data showed a relative increase in striatal volume, which aligns with
recent findings in the literature. A recent MRI study conducted on
depressed patients who attempted suicide revealed structural changes in
the putamen (Pu) (Kang et al., 2020). Furthermore, depressed patients
have been reported to exhibit striatal enlargement, particularly in the Pu
region (Avnioglu et al., 2021).

Even though we have presented important findings, particularly
regarding the prophylactic effect in preventing volumetric loss in striatal
neurons, some limitations should be acknowledged. The first limitation
concerns the number of animals available in each sample group. This
factor should be carefully considered, as studies involving non-human
primates typically face constraints related to sample size (Atapour et al.,
2024; Teymornejad et al., 2024). This limitation affected the analysis of
the collected data, particularly regarding nucleus volume, neuronal
number, and neuronal densities. Although the histological changes
observed in situ were striking—and additional animals would likely
reveal significant statistical differences—further studies with larger
sample sizes are necessary to strengthen these findings.

Secondly, the absence of females in the groups represents another
limitation, especially considering the higher incidence of depression in
women (Eid et al., 2019). Finally, the absence of sham gavages (e.g., with
saline or water as a vehicle) in the stressed control group was primarily
due to confinement restrictions imposed during the SARS-CoV-2
pandemic, which necessitated adjustments to the initial protocol.

To the best of our knowledge, this is the first study to examine the
effects of social isolation on the striatum of non-human primates at
the cellular level. Furthermore, it is the first to present consistent data
on the prophylactic effects of classic psychedelic administration on
the neuroanatomical cellular profiles of marmosets subjected to a
social isolation protocol. Behavioral data indicate that ayahuasca,
when administered prior to social isolation, attenuated symptoms of
chronic stress (de Meiroz Grilo et al., 2022). Furthermore, an
observational study comparing adolescent ayahuasca users and
non-users found fewer psychiatric symptoms among users,
suggesting a protective effect of ayahuasca (Da Silveira et al., 2005).
The morphological evidence presented here supports ayahuasca’s
prophylactic role, as striatal neurons maintained their volumes. These
findings encourage future studies to further investigate the proposed
prophylactic effect observed in striatal neurons.

5 Conclusion

Our findings suggest that ayahuasca may exert a prophylactic
effect by preserving striatal neuron volumes and mitigating the effects
of chronic stress induced by social isolation.

Behavioral data from our previous study demonstrated stress-
reducing effects, including preserved cortisol levels and reduced
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depressive-like behaviors in treated animals. Although no inferential
statistics were performed to compare neuronal density, trends suggest
a potential reorganization of striatal nuclei in ayahuasca-treated
animals, possibly linked to glial responses.

Morphological evidence highlights increased striatal volumes in
ayahuasca-treated animals, aligning with recent literature on structural
brain changes associated with depression. While the sample size and
absence of female subjects may slightly limit the generalizability of
these findings, the data presented here provide valuable insights that
warrant further investigation to confirm ayahuasca’s prophylactic
potential and to better understand its effects on neural structures.
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