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A B S T R A C T

Ayahuasca is a psychoactive concoction prepared from the plants Banisteriopsis caapi and Psychotria viridis which
are used ancestrally by Amazonian Indian populations and more recently, by Christian religious groups in Brazil
and other countries. The aims of the present study were to identify the effects of ayahuasca on zebrafish embryo
development and neurobehavior. Toxicity and developmental endpoints for zebrafish embryos were assessed
from 0 to 1000mg/L over 96 h of exposure. The effects on locomotor activity of zebrafish larvae were assessed
using a video tracking system (ZebraBox) from 0 to 20mg/L and after 120 and 144 h of exposure. The LC50 of
ayahuasca in zebrafish was determined as 236.3mg/L. Ayahuasca exposure caused significant developmental
anomalies in zebrafish embryos, mainly at the highest concentration tested, including hatching delay, loss of
equilibrium, edema and the accumulation of red blood cells. Embryo behavior was also significantly affected,
with decreased locomotor activity at the highest concentration tested. These results are in accordance with data
obtained in mammal studies highlighting the possible risks of uncontrolled use of ayahuasca. Further research
employing more specific behavior analysis could provide additional data on both therapeutic benefits and
possible toxicological risk of ayahuasca.

1. Introduction

Ayahuasca is a hallucinogenic plant extract produced mainly by the
concoction of two plants found in South America: Psychotria viridis and
Banisteriopsis caapi, which contain N,N-dymethyltryptamine (DMT) and
β-carbolines (harmine, harmaline and tetrahydro-harmaline), respec-
tively. This beverage has been incorporated in Christian rituals in Brazil
since the 1930s, and more recently in other South American countries,
North America, Europe and Asia [1–4]. The use of ayahuasca for re-
ligious purposes is considered safe [5] and although its commerciali-
zation is currently prohibited by Brazilian legislation [6], it is possible
to purchase the beverage and its constituents online and in tour
packages to experience ayahuasca in the forest [7]. The association of
ayahuasca with other drugs such as tricyclic and selective serotonin
reuptake inhibitor (SSRI) antidepressants is potentially harmful and

may lead to the development of serotonin syndrome [8].
The psychotropic action of ayahuasca involves the serotonin system

and is only possible through the synergistic interactions between the
main constituents of the infusion. When ingested, DMT is metabolized
and inactivated by intestinal and liver enzyme monoamine oxidases
(MAO) resulting in a limited effect on the nervous system. However, the
β-carbolines present in ayahuasca inhibit MAO activity and prevent the
inactivation of DMT, thereby allowing it to reach the brain and act as a
serotonin receptor agonist [9,10]. DMT is structurally related to the
endogenous neurotransmitter serotonin (5-hydroxytryptamine, 5-HT)
and has affinity for serotonin receptors, mainly the 5-HT2A, what ex-
plains its psychedelic effects [5].

Several human studies have investigated the therapeutic properties
of ayahuasca, predominantly to treat mood disorders [11–13]. Fur-
thermore, the potential anti-depressive effect of ayahuasca and its
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components has been documented in animal models [14–16]. Rodent
models have historically been used to investigate the neurobehavioral
mechanisms of hallucinogenic drugs [17]. However, to evaluate a
greater number of potential drugs it is necessary to expand the spec-
trum of model organisms to determine the full magnitude of both the
therapeutic benefits and any associated toxicological risks [18].

In this context, zebrafish (Danio rerio) is rapidly emerging as a useful
model to investigate hallucinogenic drug effects in neuropsycho-
pharmacological behaviour [18–21]. Recently, behavioral tests used to
model anxiety-like behaviors in rodents were successfully adapted to
zebrafish including larval stages, showing to parallel rodents and clin-
ical data [18,19]. In addition to its small size, zebrafish is easily bred in
the laboratory, cost-efficient as it can be housed in large numbers in a
relatively small space, and has external fertilization, producing large
clutches of transparent embryos that are especially suited for morpho-
logical observation of developmental processes. The zebrafish genome
has been sequenced and is well-characterized, showing high levels of
structural conservation and genetic homology to humans [22]. More-
over, zebrafish possesses the classic complete neurotransmitter struc-
ture with serotonergic, opioidergic, glutamatergic, histaminergic, cho-
linergic and monoaminergic systems, which are also highly conserved
between humans and other mammals [23–26].

The aim of the present study was to evaluate the effects of aya-
huasca on zebrafish early life stages. The parameters selected com-
prised several levels from lethality to behavioral assessment.

2. Materials and methods

2.1. Ayahuasca infusion

The ayahuasca was provided by the União do Vegetal (UDV) religious
group based in Brasilia, Brazil. The infusion was lyophilized (100mL
infusion yielded 0.162 g lyophilized powder), and the dry material
stored at −20 °C prior to use. Quantitative analysis by GC-MS/MS de-
termined the infusion composition as: 1.56mg/mL harmine, 0.122mg/
mL harmaline and 0.141mg/mL DMT (for more details, see Pic-Taylor
et al. [15], and Santos et al. [27]). Tetrahydroharmine was not ana-
lyzed.

2.2. Zebrafish maintenance and embryo collection

Zebrafish embryos were provided by the facility established at the
Department of Genetics and Morphology in the University of Brasilia,
Brazil. Adult organisms were kept in a ZebTEC (Tecniplast, Italy) re-
circulating system and maintained in tanks with reverse osmosis and
activated carbon filtered water. Fish were cultivated in the aquatic fa-
cility with a photoperiod cycle of 12:12 h (light:dark); water tempera-
ture of 26.0 ± 1 °C; conductivity of 750 ± 50 μS/cm; pH 7.0 ± 0.5,
and dissolved oxygen≥ 95% saturation.

Zebrafish eggs were obtained by breeding in the iSpawn breeding
system (Tecniplast). Males and females (at a ratio of 1 male to 2 fe-
males) were sequentially added to system 24 h prior to breeding and
segregated by a divider. The division was removed early in the morning
and the spawning platform lifted to initiate spawning. Eggs were col-
lected immediately post-mating, rinsed in water, and inspected under a
stereomicroscope (SMZ 1500, Nikon Corporation). Unfertilized eggs
and those with cleavage irregularities or injuries were discarded.

2.3. Zebrafish embryo toxicity assay

The assay was based on the OECD testing guideline n° 236 [28] for
the fish embryo toxicity (FET) test. A total of 20 embryos per replicate
were exposed in triplicate in 24-well plates (2 mL of test solution per
well) to increasing concentrations of the ayahuasca infusion: 0; 0.064;
0.3; 1.6; 8; 40; 200 and 1000mg/L of the lyophilized material diluted in
zebrafish culture water. These concentrations were chosen based on a

range-finding test previously carried out to derive the LC50. The test
was initiated immediately after fertilization and run for 96 h. Embryos
were observed daily under a stereomicroscope and the following
parameters evaluated: mortality, incidence of pericardial edema and
red blood cell accumulation (clutch of red blood cells), malformations,
hatching, equilibrium (represented by embryos side-lying in the bottom
of the microplate well) and developmental delay.

Based on the results of this assay, ayahuasca concentrations that did
not induce any abnormalities or mortality were selected for the loco-
motor behaviour assay.

2.4. Behavioral assessment

The effects of ayahuasca on the locomotor activity of zebrafish
larvae was assessed using the ZebraBox-ZEB 478 tracking system
(software version 3.22, Viewpoint Life Sciences, Lyon, France) estab-
lished at the Department of Biology, University of Aveiro, Portugal. The
maintenance of zebrafish organisms, embryo collection and test settings
were performed under similar conditions as described in 2.2.
Locomotion was evaluated for 24 embryos per treatment, including the
control, in 96-well plates (one embryo per well) at 120 and 144 hpf
(hours post fertilization). These time points were chosen based on
previous research that showed that they have the most robust response
at both light and dark periods [29]. Sublethal concentrations: 0.0064,
0.032, 0.16, 0.8, 4 and 20mg/L were used to assess locomotor activity.
The ZebraBox system monitors movement by automated video re-
cording with an infrared camera (25 images per second). Zebrafish
larvae typically show less locomotion during light periods. Therefore,
movement was stimulated by applying light:dark intervals, according to
Andrade et al. [30]. Briefly, embryonic movements were recorded
during light-dark intervals over a period of 20min (5min light, 10min
dark, 5 min light). For each replicate, the distance moved in 1min in-
tervals was recorded. Only data from the dark period was used to cal-
culate the differences between control and treated embryos. The cal-
culated total distance moved refers to the total swimming distance of
the larvae during each measurement period.

2.5. Statistical analyses

Ayahuasca lethal concentration (LC50) and effect concentration
(EC50) values were calculated for the zebrafish model by fitting log-
logistic dose response curves using the extension package drc for the
statistical environment R [31].

A one-way analysis of variance (ANOVA) with appropriate post-hoc
test (Dunnett's or Dunn's test) was conducted to potentially derive the
no observed effect concentration (NOEC) and the lowest observed effect
concentration (LOEC), and to analyze the zebrafish larvae locomotor
behavior data. The type of ANOVA (parametric or nonparametric) and
post-hoc tests were chosen depending on whether normality and
homoscedasticity of data were demonstrated by analysis of the re-
siduals with the Shapiro-Wilks test.

Test statistics and normality analysis were conducted using the
SigmaPlot Ver 12.5 software (SysSat, San Jose, California, USA) with a
significance level of equal or below 0.05 indicating statistically sig-
nificant results.

3. Results

3.1. Ayahuasca concentration-response profile of zebrafish embryos

Fertilized zebrafish eggs were exposed to different concentrations of
ayahuasca infusion for 96 h. The control group presented normal em-
bryonic development as described in Kimmel et al. [32], and mortality
remained below 10% throughout the experiment, thereby satisfying the
validation criteria of the OECD 236 protocol [28]. The calculated LC50
and EC50 values for zebrafish embryos exposed to ayahuasca are shown
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in Table 1. A 96 h LC50 value of 236.3 mg/L (corresponding to 0.02mg/
mL DMT, 0.017mg/mL harmaline and 0.22mg/mL harmine) was de-
termined.

Embryos exposed to 1000mg/L showed 100% mortality after the
first 48 h of exposure, as shown in Fig. 1. At 200mg/L, mortality was
only significant after hatching at 72 h of exposure, reaching more than
90% mortality at 96 hpf (Fig. 1).

Ayahuasca exposure also affected zebrafish embryo development.
At 48 hpf, embryos exposed to ayahuasca concentrations ranging from
0.0064 to 40mg/L showed precocious hatching, which was significant
at 0.3 and 1.6 mg/L when compared to controls (Fig. 2a). At a higher
concentration (200mg/L), hatching was below 10%, the same rate
found for the control group.

At 72 hpf, 100% of the control and over 90% exposed embryos
hatched out of the chorion, except for the 200mg/L concentration in
which a significantly decreased hatching rate was observed (Fig. 2b). In
addition to a decreasing hatching rate, ayahuasca also caused an in-
crease in partial hatching (embryos presenting the tail out of the egg-
shell but the head remained attached to the chorion, see Fig. 2iv).
Approximately 40% of the hatches occurring at 200mg/L were partial
hatches, as observed in Fig. 2c.

At 72 hpf, in addition to decreased hatching, ayahuasca affected the
equilibrium of exposed embryos following a concentration-dependent
pattern. However, this was only significant at 40mg/L (see Fig. 3a).
Concerning morphological effects, the most important anomalies ob-
served were an increase in the occurrence of edema and red blood cell

accumulation after 96 hpf at 200mg/L (Fig. 3 b–c, iii and iv).

3.2. Locomotor response of zebrafish to ayahuasca

Fig. 4 shows the zebrafish embryo swimming behavior test results.
At 120 hpf, a significant reduction in the total distance moved was
observed at 20mg/L, and at 144 hpf, this reduction was observed at the
two highest doses tested.

4. Discussion

To the best of our knowledge, no studies have investigated the acute
effects of ayahuasca on zebrafish early life stages. Other studies with
classical serotonergic hallucinogens (LSD, MDMA, mescaline, ibogaine)
have reported effects on physiological markers and the behavior of
adult zebrafish (for a review see Neelkantan et al. [19]). In our study,
the 96 h LC50 for zebrafish early life stages was 236.3 mg/L (corre-
sponding to 0.02mg/mL DMT, 0.017mg/mL harmaline and 0.22mg/
mL harmine). Gable [33] estimated the oral LD50 for DMT (one of the
components of ayahuasca infusion), to be 160mg/kg bw (body weight)
in mice. In another study conducted in female Wistar rats, Pic-Taylor
and co-authors [15] found that the lethal oral dose of ayahuasca was
greater than 50 times the ritual dose in humans, corresponding to
15.1 mg/kg bw DMT, 13.1mg/kg bw harmaline and 167mg/kg bw
harmine.

The increased mortality observed at the highest concentrations are

Table 1
Estimated EC50 and LC50 values for ayahuasca after 96 h of exposurea.

Developmental Parameter 24 h 48 h 72 h 96 h

Hatching n.e. n.d. 256.5 ± 10*106b –
Partial Hatching n.e. n.e. n.d. 150.8 ± 85.7
Equilibrium n.e. n.e. n.e. 138.4 ± 109.5#
Red blood cell accumulation n.e. n.e. n.d. 223.7 ± 168.8
Edema n.e. n.e. n.d. 129.2 ± 64.2
Mortality 442.1 ± 243.7 414.9 ± 221.9 414.95 ± 221.89 236.4 ± 155.8

a ayahuasca concentration (mg/L) ± standard errors, calculated from the adjustment of logistic regression.
b due to high standard error, these values are indicative only; n. e. no effect on the endpoint analysed; n. d. endpoint not determined (no effect or only effects

below a 50% level); - endpoint not analysed.

Fig. 1. Overview of ayahuasca effects on zebrafish embryo survival after 96 h of exposure.
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probably related to the serotoninergic action of DMT present in aya-
huasca. Serotonergic stimulation may cause cardiovascular collapse
leading to intravascular coagulation, cerebral infarct or cerebral hae-
morrhage ultimately causing death [1,5,8]. Our results also demon-
strated that higher concentrations of ayahuasca exposure caused edema
and red blood cell accumulation as discussed below. An acute study
conducted in rats showed that a high dose of ayahuasca (30 X the usual
dose) induced neuronal activation in specific brain regions involved in
serotoninergic neurotransmission and caused some neuronal injury
[15]. Likewise, pregnant rats exposed to ayahuasca for 15 days (2 to 8X
the usual dose) had a significant decrease in the number of viable
neurons in the same regions involved in serotoninergic neuro-
transmission [34]. About half of pregnant rats exposed to the higher
doses (4 and 8X the usual dose) died after 2–13 days of exposure,
showing signs serotoninergic syndrome. It is likely that ayahuasca af-
fects fish embryo in the same way and higher doses would lead to death
by over stimulation of serotonin regions.

Ayahuasca exposure also affected the hatchability of zebrafish em-
bryos causing an inhibition at low and an increasing at highest con-
centrations. Hatching is a critical period in zebrafish embryo develop-
ment, which occurs within 48–72 hpf under laboratory conditions [32].

According to Hallare et al. [35], different mechanisms may influence
the hatching process of zebrafish embryos, including the activity of the
embryo inside the eggshell and the distribution (failure or induction) of
the hatching enzyme chorionase. Precocious hatching is probably due
to an increased muscular movement that enabled the embryos to break
through the outer layers of the eggshell at low concentrations. On the
other hand, embryos exposed to higher ayahuasca concentrations may
have caused the opposite effect, reducing the ability of the larvae to
break the egg envelopes.

Along with the decrease in hatching, ayahuasca caused loss of
equilibrium in exposed embryos following a concentration-dependent
pattern. This effect may indicate an early signal of behavioral changes
caused by ayahuasca that may affect the motor function of exposed
embryos. Furthermore, ayahuasca also affected the development of
embryos causing morphological alterations such as edemas and red
blood cell accumulation. These results agree with a study in rats con-
ducted by our research group using the same ayahuasca material [34].
Fetus from rats exposed to 2X the ayahuasca human ritual dose (cor-
responding to 6.7 mg of harmine, 0.52mg of harmaline and 0.60mg of
DMT per kg bw/day) or higher showed soft tissue anomalies (mostly
variations), including dilated cerebral ventricles, malpositioned organs

Fig. 2. Sublethal effects of ayahuasca infusion on zebrafish embryos: a) Hatching rate at 48 hpf; b) Hatching rate at 72 hpf; c) Partial hatching at 72 and 96 hpf;
Zebrafish embryo phenotypes after exposure to ayahuasca: i) Control group at 48 hpf (5× amplification); ii) Hatched larva exposed to 0.064mg/L at 48 hpf (3.2×
amplification); iii) Control group at 96 hpf (3.2× amplification); iv) Partially hatched embryo exposed to 200mg/L after 96 hpf (3.2× amplification). Asterisks
correspond to significant significance (p < 0.05). # denotes concentrations at which 100% mortality occurred.
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(kidneys, testes, ovaries, and uterus), and abnormal liver shape, in
addition to delayed ossification [34].

Overall, ayahuasca exposure caused a significant decrease in the
locomotor activity of zebrafish larvae. Locomotor assays using zebrafish
larvae have recently gained prominence in the development and
screening of common drugs [18]. However, most studies were con-
ducted in adults. Adult zebrafish exposed to typical serotonergic drugs
(psychedelic mind-altering agents) such as lysergic acid diethylamide
(LSD), mescaline, psilocybin, showed no alterations in the main motor
activity expressed as distance travelled and velocity [36–38], although
effects on anxiety-related behavior, social behavior and cognitive
functions were observed. A recent study showed a concentration-de-
pendent (1 and 3ml/L) reduction in locomotor activity (reduced
swimming speed and less distance travelled), and hypoactivity of adult
zebrafish exposed to ayahuasca [39].

The ayahuasca component DMT is a serotonin receptor agonist [40].
Studies conducted in adult teleost fish determined that increased ser-
otonin levels significantly decreased spontaneous swimming activity
[41–43]. Similarly, our results demonstrated a decrease in the total
swimming distance moved by the zebrafish larvae after exposure to

ayahuasca which may also be related to increased serotonin in synaptic
regions. Airhart et al. [44] reported a significant decrease in the
swimming activity of zebrafish larvae exposed to fluoxetine, an SSRI,
which was correlated with a decrease in the concentration of serotonin
transporter protein (SERT) and 5-HT1A transcripts in the spinal cord.

This reduction in locomotor behavior after ayahuasca exposure
seems to correlate well with data obtained for rodents. A study con-
ducted in female Wistar rats also demonstrated a significant decrease in
locomotion after ayahuasca acute exposure (Pic-Taylor et al. [15]).
Common behavioral screens used to model stress and anxiety in rodents
were recently successfully adapted to adult and larvae of zebrafish,
showing to parallel rodents and clinical data [19,20,45–47]. In addi-
tion, the powerful video-tracking tools developed in recent years, and
well-defined behavioral phenotypes [48,49] make zebrafish larvae a
reliable high-throughput model to study the effects of various drugs,
including mixtures and/or concoctions, such as ayahuasca.

Furthermore, recent studies of a wide range of hallucinogenic drugs,
including serotonergic and glutamatergic agents [36,46,50], have de-
monstrated that behavioral and physiological phenotypes of zebrafish
are highly sensitive and appear to correlate with the data obtained in

Fig. 3. Sublethal effects of ayahuasca infusion on zebrafish embryos: a) Loss of equilibrium after 72 and 96 hpf; b) Occurrence of edema after 96 hpf; c) Red blood cell
accumulation after 96 hpf; Phenotypes of zebrafish embryos after exposure to ayahuasca: i) Control group at 72 hpf (3.2× amplification); ii) Control group at 96 hpf
(3.2× amplification); iii) Larva exposed to 200mg/L after 72 hpf presenting edema and red blood cell accumulation (black arrow) (5× amplification); iv) Larva
exposed to 200mg/L after 96 hpf showing edema (5× amplification). Asterisks correspond to significant significance (p < 0.05). # denotes concentrations at which
100% of mortality occurred. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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mammals. Most of behavioral studies conducted to date used adult
zebrafish. Therefore, there is a lack of larval zebrafish locomotor data
available for the main classes of hallucinogenic drugs [19], a gap to
which this paper can have an important contribution.

5. Conclusion

The effects of ayahuasca on the development and locomotor beha-
vior of zebrafish in early life stages are reported for the first time. An
LC50 of 236.3 mg/L was determined. Ayahuasca exposure induced
several developmental anomalies such as hatching delay, loss of equi-
librium, edema and red blood cell accumulation. The locomotor activity
of zebrafish larvae was decreased at concentrations as low as 4mg/L.
Our results correlated well with available ayahuasca studies in rats. As
referred before, zebrafish share substantial physiological and genetic
homology with humans and other mammals, possessing the classic
neurotransmitters structure, receptors and hormones. The use of aya-
huasca under the religious context is safe [51], however caution should
be taken when the beverage is use for recreation since deleterious ef-
fects are caused by high doses. Further studies of zebrafish larvae em-
ploying more specific behavior analysis could help to understand both
therapeutic benefits and possible toxicological risk of ayahuasca.

Ethical standards

The experiments are in accordance with the current laws of the
country in which they were performed. The study was approved by the

ethics committee of the University of Brasilia (Reference No. UnB doc:
100226/2014).

Conflicts of interest

The authors declare that there is no conflict of interest.

Acknowledgments

We are grateful to Michael Derek Taylor for English revision of the
manuscript. The present study received financial support from the
Federal District Research Foundation (FAP-DF; Grant 193000358/
2010). TSA also received a post-doctoral grant from the Federal District
Research Foundation. CKG is grateful to CNPq for the “Bolsas de
Produtividade”. RO wish to acknowledge the Brazilian Ministry of
Education, and Ministry of Science and Technology of Brazil for the
scholarship provided through the program Science without Borders
(CNPq BJT-A/CAPES PNPD).

Appendix A. Supplementary data

Supplementary data related to this article can be found at https://
doi.org/10.1016/j.cbi.2018.08.001.

Transparency document

Transparency document related to this article can be found online at

Fig. 4. Effects of ayahuasca on zebrafish swimming behavior: total distance moved after 120 and 144 hpf. Left panel: overview of zebrafish embryo behavior
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periods only. Values are mean values ± standard error and asterisks indicate significant significance (p < 0.05).
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