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ABSTRACT: Drugs capable of ameliorating symptoms of
depression and anxiety while also improving cognitive
function and sociability are highly desirable. Anecdotal reports
have suggested that serotonergic psychedelics administered in
low doses on a chronic, intermittent schedule, so-called
“microdosing”, might produce beneficial effects on mood,
anxiety, cognition, and social interaction. Here, we test this
hypothesis by subjecting male and female Sprague Dawley rats
to behavioral testing following the chronic, intermittent
administration of low doses of the psychedelic N,N-
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dimethyltryptamine (DMT). The behavioral and cellular effects of this dosing regimen were distinct from those induced
following a single high dose of the drug. We found that chronic, intermittent, low doses of DMT produced an antidepressant-
like phenotype and enhanced fear extinction learning without impacting working memory or social interaction. Additionally,
male rats treated with DMT on this schedule gained a significant amount of body weight during the course of the study. Taken
together, our results suggest that psychedelic microdosing may alleviate symptoms of mood and anxiety disorders, though the

potential hazards of this practice warrant further investigation.
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B INTRODUCTION

Mood and anxiety disorders are among the leading causes of
disability worldwide,"”” and antidepressants remain one of the
most highly prescribed medications in the United States.’
Current therapeutic strategies for treating these disorders are
slow-acting and prove to be ineffective for many patients.”
Thus, there is a critical need to develop new treatment
strategies for these disorders.

Serotonergic psychedelics, such as lysergic acid diethylamide
(LSD), psilocybin, and N,N-dimethyltryptamine (DMT), have
a long history of use as experimental therapeutics in the clinic
for treating depression, anxiety, and substance use disor-
der.>"° However, it is unclear whether hallucinogenic doses of
these drugs are required for them to produce therapeutic
effects. Psychedelic microdosing—the practice of administer-
ing subhallucinogenic doses of psychedelic compounds on a
chronic, intermittent schedule—is rapidly gaining popularity
due to its alleged antidepressant and anxiolytic effects.'' ™"
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Despite the prevalence of psychedelic microdosing, there are
essentially no peer-reviewed studies that have investigated the
potential benefits and risks of this practice."”"

Psychedelics are potent psychoplastogens,'® and their effects
on neural plasticity have been invoked to explain their long-
lasting behavioral effects related to mood and anxiety.'’
Previously, we observed that even a low dose of DMT caused
changes in the frequency and amplitude of spontaneous
excitatory postsynaptic currents (EPSCs) in the prefrontal
cortex (PFC) of rats that lasted long after the drug had been
cleared from the body.'® Therefore, we hypothesized that
administration of this low dose on a chronic, intermittent
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Figure 1. Experimental design for testing the effects of chronic, intermittent, low doses of DMT on rats. Blue boxes indicate the days when drug
was administered. Behavioral testing was performed on the days between doses. Gray boxes indicate days the animals spent in their home cages
with no testing being performed. CLAMS = Comprehensive Lab Animal Monitoring System.

schedule might impact behaviors relevant to mood and anxiety
that involve the PFC."*™**

Here, we demonstrate that chronic (~2 months), inter-
mittent (every third day), low (1 mg/kg) doses of DMT
facilitate fear extinction learning and reduce immobility in the
forced swim test without producing the anxio§enic-like effects
characteristic of a high dose (10 mg/kg).”* However, the
former dosing regimen also significantly increases bodyweight
in male rats. Taken together, the data presented here suggest
that subhallucinogenic doses of psychedelic compounds might
possess value for treating and/or preventing mood and anxiety
disorders. Despite the therapeutic potential of psychedelic
microdosing, this practice is not without risks, and future
studies need to better define the potential for negative
neurobiological or metabolic repercussions.

B RESULTS

Experimental Design for Assessing the Effects of
Chronic, Intermittent, Low Doses of DMT on Rat
Behaviors. Anecdotal human reports regarding psychedelic
microdosing were informative when designing our rodent
studies. First, young adults appear to be the most likely to
practice psychedelic microdosing, so we employed similarly
aged rats (ie., postnatal day 56) in our study. Both male and
female rats were used. Animals were treated every third day for
2 weeks before beginning behavioral testing (Figure 1), and
drug administration continued on this schedule throughout the
remainder of the study. Behavioral experiments were generally
ordered from least to most stressful, included a variety of tests
relevant to mood, anxiety, and cognitive function, and were
completed during the 2 day period between administration of
doses to ensure that any effects observed were due to
persistent neural adaptations as opposed to the acute effects of
the drug. Following the completion of behavioral testing, the
animals were subjected to metabolic monitoring and sacrificed.
Tissue was collected and subjected to additional structural and
biochemical analyses.

We decided to use the psychedelic N,N-dimethyltryptamine
(DMT) in our studies for several reasons. First, DMT
constitutes the core structure of all indole-containing
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psychedelics including LSD and psilocybin.'’ Second, DMT
is known to impact rodent behaviors relevant to mood, anxiety,
cognitive function, and sociability.lo’zs_31 Third, DMT is the
principal psychoactive component in ayahuasca, an Amazonian
tisane typically administered on a chronic, intermittent
schedule that has been shown to have antidepressant effects.'
Additionally, we have previously demonstrated that an acute
hallucinogenic dose of DMT (10 mg/kg) administered to rats
produces robust behavioral phenotypes in several paradigms
relevant to mood and anxiety disorders, enabling us to
compare the effects of a single high dose of the compound
to those produced by chronic, intermittent, low doses of the
drug. While there is no well-established definition of what
constitutes a “microdose”, humans typically employ 1/10 of a
hallucinogenic dose,'" so we opted to administer DMT at 1
mg/kg, or 1/10 of the dose used in our acute study.”*
Several pieces of evidence suggest that a 1 mg/kg dose of
DMT is subhallucinogenic in rats. First, 1 mg/kg DMT only
produces ~20% correct lever responding in S3prague Dawley
rats trained to discriminate DMT from saline.”” Additionally,
this dose only produces approximately 10—20% drug-
appropriate responding in Sprague Dawley rats trained to
discriminate other hallucinogens such as (—)-2,5-dimethoxy-4-
methylamphetamine (DOM, 0.5 mg/kg) or LSD (0.1 mg/kg)
from saline.>* Furthermore, a 1 mg/kg dose of DMT does not
produce the drastic change in body posture that is character-
istic of a 10 mg/kg dose.”* Finally, the 1 mg/kg dose is
predicted to be subhallucinogenic in rats based on allometric
scaling® of known subhallucinogenic doses in humans.”* In
these human studies, DMT was administered intravenously, a
route that avoids first-pass metabolism and yields a high
maximum concentration in the brain. We chose to administer
DMT to rats via intraperitoneal injection reasoning that drug
administered by this route is slower to enter the bloodstream
and more susceptible to hepatic metabolism than intravenous
administration,” thus providing additional assurance that the
dose selected for our study would be subhallucinogenic.
Prior to our study, essentially nothing was known about the
effects of psychedelic microdosing on animal behaviors.
Therefore, our primary goal was to determine which behavioral
tests were likely to be impacted by this dosing regimen. We
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chose to use the highest dose still considered to be
subhallucinogenic, reasoning that it should produce the
maximal effect with lower doses expected to be less efficacious.

Chronic, Intermittent, Low Doses of DMT Do Not
Produce Anxiogenic-like Effects in NIL or EPM Tests. To
assess the effects of chronic, intermittent, low doses of DMT
on anxiety levels, animals were tested in both novelty-induced
locomotion (NIL) and the elevated plus maze (EPM)
paradigms. Following exposure to a novel open space, we
measured the total distance traveled, degree of thigmotaxis,
number of rearings, and time spent rearing (Figure S1a). Using
a Z-normalization procedure developed by Guilloux and co-
workers,*® we combined all of these related measures into a
single NIL Score. No statistical difference between the male
and female treatment groups was observed, so these data were
combined (Figure 2a). Chronic, intermittent, low doses of
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Figure 2. Chronic, intermittent, low doses of DMT do not produce
anxiogenic-like effects in rats. (a) DMT-treated and vehicle-treated
groups display similar phenotypes in the NIL (a) and EPM (b)
paradigms. Error bars represent SEM, ns not significant. See
Supplementary Table 1 for details of all statistical tests.

DMT did not produce a significant difference between
treatment groups in the NIL Score (p = 0.08), though DMT
trended toward producing an anxiolytic-like effect.

As in the open field, DMT-treated animals did not display
any behavioral signs of anxiety in the EPM as determined by
the percentage of time spent in either the open or closed arms
of the maze or the number of open or closed arm entries
(Figure S1b). Again, these related measures were Z-normalized
and combined into a single EPM Score. As no statistical
difference between the male and female treatment groups was
observed, these data were combined (Figure 2b). Animals
treated with DMT were indistinguishable from vehicle controls
(p = 0.92). Additionally, the treatment groups displayed similar
levels of locomotion in the EPM maze as determined by total
distance traveled and average velocity (Figure Slc). This
distinct lack of any anxiogenic-like effect in either the NIL or
EPM demonstrates a striking difference between the chronic,
intermittent, low dose and the single high dose psychedelic
treatment paradigms, as a single high dose of DMT is known
to produce robust anxiogenic-like effects in both the NIL and
EPM behavioral tests.”*

Chronic, Intermittent, Low Doses of DMT Facilitate
Cued Fear Extinction Learning. Both contextual and cued
fear memory were assessed following fear conditioning (Figure
3a). Prior to receiving foot shocks, there was no difference in
baseline freezing levels between the vehicle- and DMT-treated
groups (Figure 3b). Similarly, the treatment groups were
indistinguishable immediately after the last training foot shock
(Figure 3c). Again, this latter point highlights the drastic
differences between a chronic, intermittent, low dose paradigm
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Figure 3. Chronic, intermittent, low doses of DMT enhance fear
extinction in rats. (a) Experimental design for the fear conditioning
and extinction experiments. (b, c) DMT- and vehicle-treated groups
displayed comparable levels of freezing in the 2 min period before (b)
and after (c) receiving foot shocks. (d, e) Neither contextual fear
memory (d) nor cued fear memory (e) were impaired by chronic,
intermittent treatment with low doses of DMT. (f) DMT-treated
animals exhibited enhanced cued extinction memory as compared to
vehicle-treated controls. n = 11 DMT-treated animals (S male and 6
female), n = 12 vehicle-treated animals (6 male and 6 female); error
bars represent SEM, ns not significant, *p < 0.05. See
Supplementary Table 1 for details of all statistical tests.

and a single high dose of DMT, as the latter significantly
increases freezing levels immediately following foot shocks.**

The day after fear conditioning, contextual fear memory was
assessed in the original training context. Freezing behavior was
comparable between the groups indicating no effect of
treatment on contextual fear memory (Figure 3d). The
following day, animals were administered DMT or vehicle
and allowed to rest in their home cages. The next day, animals
were placed in a new context and presented the auditory
conditioned stimulus multiple times. Again, freezing levels
were indistinguishable between the two groups demonstrating
that treatment did not impair the formation of cued fear
memories (Figure 3e). This cued memory test also served as
the extinction training. After 24 h, the cued memory test was
repeated, however, the DMT-treated animals froze significantly
less than the vehicle controls (p = 0.03), suggesting that
chronic, intermittent, low doses of DMT facilitate fear
extinction learning (Figure 3f).

Chronic, Intermittent, Low Doses of DMT Elicit
Antidepressant-like Responses in the Forced Swim
Test (FST). To determine if this treatment regimen also
produces antidepressant-like effects in rodents, rats were
subjected to a 2 day modified forced swim paradigm consisting
of a pretest on the first day and a test swim 24 h later. Both
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male and female rats treated with low doses of DMT on a
chronic, intermittent schedule displayed robust antidepressant-
like responses when compared to the vehicle-treated controls
(Figure 4), with both males and females exhibiting similar
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Figure 4. Chronic, intermittent, low doses of DMT produce
antidepressant-like effects in rats. Such effects include reduced
immobility (a), increased climbing (b), and increased swimming
(c) in the FST. Error bars represent SEM, ns = not significant, *p <
0.0S. See Supplementary Table 1 for details of all statistical tests.

behavior. Treatment significantly decreased immobility for
females (p = 0.02), and though not significant after controlling
for multiple hypothesis testing, a similar trend was observed for
males. When individual sex/treatment pairs were analyzed via
one-way analysis of variance (ANOVA) with Tukey’s post hoc
test, there were no statistical differences in climbing or
swimming behavior between sexes or treatment groups, so the
data were combined. When males and females were analyzed
together, a significant effect of treatment on swimming
behavior (p = 0.04) was observed. Similarly, DMT treatment
trended toward producing an antidepressant-like effect on
climbing behavior (p = 0.05) as well. Because this dosing
regimen does not increase locomotion in the open field
(Figure Sla), in the EPM (Figure Slc), or in a novel fear
conditioning chamber prior to receiving foot shocks (Figure
3b), this response cannot be attributed to a general increase in
activity.

Unlike the effects observed in the NIL and EPM paradigms,
both the enhanced fear extinction learning and antidepressant-
like effects in the FST following chronic, intermittent DMT
treatment are consistent with the acute effects of a single high
dose of DMT. Moreover, these data represent the first
experiments in rodents corroborating the antidepressant and
anxiolytic effects of psychedelic microdosing reported by
humans.

Chronic, Intermittent, Low Doses of DMT Have No
Effect on Working/Short-Term Memory or Social
Interaction. In addition to positive effects on mood and
anxiety, humans also report that psychedelic microdosing can
improve various aspects of cognitive function and increase
sociability. To assess the effects of chronic, intermittent, low
doses of DMT on working memory in rodents, we took
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advanta%e of continuous spontaneous alternation behavior
(SAB).”” In this paradigm, rodents are allowed to freely
explore a T-maze and the number of successive and total arm
entries are recorded. In the absence of a reinforcing stimulus
(positive or negative), the natural foraging behavior of the
animal is to avoid the most recently entered arm after reaching
the central node of the maze. Deficits in attention and spatial
working memory typically manifest as reductions in percent
alternation, however, the animals microdosed with DMT were
indistinguishable from vehicle controls (Figure S2a). More-
over, they exhibited similar levels of locomotion as measured
by the total number of arm entries (Figure S2b).

Next, we assessed short-term memory in the absence of
aversive or appetitive conditioning using novel object
recognition (NOR).*® No differences were observed between
the treatment groups with respect to the total amount of time
spent interacting with the familiar vs the novel object (Figure
S2c) or the discrimination index (Figure S2d). Similar results
were observed for both male and females in the SAB and NOR
paradigms.

Finally, we determined the impact of chronic, intermittent,
low doses of DMT on sociability using the three-chambered
social approach paradigm.”” Social preference was observed for
both the vehicle- and DMT-treated groups, but there was no
difference between the groups with respect to the amount of
time that they spent interacting with either a novel drug-naive
conspecific or a novel inanimate object (Figure S2e). Taken
together, our data demonstrate that chronic, intermittent low
doses of DMT do not produce any obvious impairments in
working/short-term memory or social interaction in rodents.
However, unlike rodent tests of anxiety and depression
(Figures 3 and 4), these rodent tests of cognitive function
and sociability do not corroborate the beneficial effects of
psychedelic microdosing reported by humans.

Chronic, Intermittent, Low Doses of DMT Decrease
Dendritic Spine Density in the PFC of Female, but Not
Male, Rats. As a single high dose of DMT increases dendritic
spine density in the prefrontal cortex (PEC),'® we assessed the
effect of chronic, intermittent low doses of DMT on spine
density in that brain region. Following 7 weeks of microdosing
and behavioral testing (Figure 1), animals were sacrificed and
the structure of layer V pyramidal neurons in the PFC were
assessed via Golgi—Cox staining. We observed comparable
spine density in the PFC of both the vehicle- and DMT-treated
male animals (p = 0.98) (Figure S). However, DMT-treated
females showed a significant decrease in the number of spines
per 10 ym as compared to vehicle controls (p = 0.03).

Chronic, Intermittent, Low Doses of DMT Do Not
Change Gene Expression in the PFC. In addition to
assessing structural changes in the PFC, we also determined if
chronic, intermittent, low doses of DMT impacted expression
of several key genes (Figure 6). First, we assessed the
expression of EGR1, EGR2, ARC, and FOS via droplet digital
PCR (ddPCR), as acute doses of psychedelics are known to
increase their expression.40 Chronic, intermittent, low doses of
DMT did not alter the expression of any of these genes.
Furthermore, it did not increase the expression of BDNF, a
result that contrasts with increased BDNF expression observed
in the cortex of rats following both acute*' and chronic
administration*” of high doses of psychedelics. Finally, HTR2A
gene expression was unchanged despite chronic stimulation of
the 5S-HT2A receptor for nearly 2 months.
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Figure S. Chronic, intermittent, low doses of DMT decrease dendritic
spine density in the PFC of female, but not male, rats. (a) Dendritic
spine density on layer V pyramidal neurons is reduced following
psychedelic microdosing in females (DMT n = 20 cells from 2
animals; VEH n = 20 cells from 2 animals), but not males (DMT n =
12 cells from 2 animals; VEH n = 21 cells from 2 animals) as
measured via Golgi—Cox staining. (b) Representative images of
Golgi—Cox stained layer V pyramidal neurons in the PFC of rats. M =
males, F = females, Error bars represent SEM, ns = not significant, *p
< 0.0S. See Supplementary Table 1 for details of all statistical tests.

Chronic, Intermittent, Low Doses of DMT Impact
Metabolism. Over the course of the 7 week study, we noticed
that DMT-treated male rats, but not females, gained
significantly more bodyweight than their vehicle-treated
counterparts (p = 0.003 and 0.99, respectively) (Figure S3a
and b). The weights of vehicle-treated male rats increased by
165%, while those of DMT-treated male rats increased by
182% (Figure S3b). Therefore, we subjected the rats to
metabolic monitoring for ~48 h in isolation using a
Comprehensive Lab Animal Monitoring System (CLAMS)
following completion of behavioral testing (Figure 1). Despite
gaining more weight, DMT-treated animals trended toward
consuming less food than vehicle controls (Figure S3c). These
results could not be easily explained by changes in activity or
energy expenditure as horizontal movement, vertical move-
ment, heat dissipated, and respiratory exchange rate (RER)

were not statistically different between the treatment groups
(Figure S3d—g).

Next, we replicated the DMT microdosing experiment using
a larger cohort of male rats without performing any behavioral
testing. As observed previously, male rats administered
intermittent, low doses of DMT over the course of 1 month
gained weight at a faster rate than the vehicle-treated controls
(Figure S4a; p = 0.03, two-way repeated measures ANOVA).
Divergence between the two groups could be observed as early
as 1 week following the initiation of the experiment. After 4
weeks, the animals were sacrificed and their fat pads were
dissected and quantified as a percentage of total body weight
(Figure S4b). No differences were observed between treatment
groups with respect to either white (epidydimal, mesenteric,
retroperitoneal, subcutaneous) or brown adipose tissue,
suggesting that DMT-induced weight increases do not simply
reflect increased adiposity.

In an attempt to shed some light on the metabolic changes
induced by chronic, intermittent, low doses of DMT, we
measured steroid levels in serum samples from the DMT-
treated animals previously subjected to behavioral testing using
mass spectrometry-based metabolomics profiling (Supplemen-
tary Table 2). As expected, principal components analysis
revealed large sex differences in steroid profiles (Figure S5b).
However, DMT treatment appeared to have little overall effect
(Figure SSc and d), and after controlling for multiple
hypothesis testing, there were no statistical differences between
the treatment groups.

B DISCUSSION

Several clinical studies have demonstrated that acute,
hallucinogenic doses of psychedelic compounds can produce
rapid, long-lasting changes in mood and behavior in
humans.””~* Recent data also suggests that a single
hallucinogenic dose of DMT can change rodent brain structure
and behavior long after the drug has been cleared from the
body.'®** Furthermore, we previously demonstrated that a
nonhallucinogenic 1 mg/kg dose of DMT leads to increased
frequency and amplitude of spontaneous excitatory post-
synaptic currents (sEPSCs) in layer V pyramidal neurons of
the PFC 24 h after administration.'® Therefore, we
hypothesized that administering DMT on a chronic,
intermittent, low dose regimen—similar to psychedelic
microdosing—might alter behavior.

To the best of our knowledge, there has only been one peer-
reviewed scientific report on the effects of psychedelic
microdosing in rodents. This study employed three doses of
psilocin spaced over 6 days, with behavioral testing occurring
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Figure 6. Chronic, intermittent, low doses of DMT produce minimal effects on gene expression in the PFC of rats. Gene expression studies
(ddPCR) from rat PFC tissue indicate that psychedelic microdosing produces minimal effects on gene expression (1 = S females and 3—S males per
group). To account for multiple hypothesis testing, a Bonferroni correction was made such that the @ = 0.05/6 comparisons = 0.0083 for this
family of experiments. Error bars represent SEM, ns = not significant. See Supplementary Table 1 for details of all statistical tests.

DOI: 10.1021/acschemneuro.8b00692
ACS Chem. Neurosci. 2019, 10, 3261-3270


http://pubs.acs.org/doi/suppl/10.1021/acschemneuro.8b00692/suppl_file/cn8b00692_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acschemneuro.8b00692/suppl_file/cn8b00692_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acschemneuro.8b00692/suppl_file/cn8b00692_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acschemneuro.8b00692/suppl_file/cn8b00692_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acschemneuro.8b00692/suppl_file/cn8b00692_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acschemneuro.8b00692/suppl_file/cn8b00692_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acschemneuro.8b00692/suppl_file/cn8b00692_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acschemneuro.8b00692/suppl_file/cn8b00692_si_002.xlsx
http://pubs.acs.org/doi/suppl/10.1021/acschemneuro.8b00692/suppl_file/cn8b00692_si_002.xlsx
http://pubs.acs.org/doi/suppl/10.1021/acschemneuro.8b00692/suppl_file/cn8b00692_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acschemneuro.8b00692/suppl_file/cn8b00692_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acschemneuro.8b00692/suppl_file/cn8b00692_si_002.xlsx
http://pubs.acs.org/doi/suppl/10.1021/acschemneuro.8b00692/suppl_file/cn8b00692_si_002.xlsx
http://dx.doi.org/10.1021/acschemneuro.8b00692

ACS Chemical Neuroscience

Research Article

48 h after the final dose.*® In agreement with our findings, the
authors report no statistically significant changes in EPM
behavior when two-tailed statistical tests were employed. The
distinct lack of robust anxiogenic-like effects following chronic,
intermittent, low doses of psychedelics is striking when
compared to the effects of acute high doses. A hallucinogenic
dose of DMT (10 mg/kg) decreases exploratory behavior in
the NIL paradigm (i.e, both locomotion and rearing),
decreases the number of open arm entries in the EPM, and
increases freezing behavior immediately following the admin-
istration of foot shocks.”* None of these effects are observed
when a subhallucinogenic dose (1 mg/kg) of DMT is
administered on a chronic intermittent schedule (Figures 2
and 3c).

Unlike the anxiogenic-like effects produced by an acute
hallucinogenic dose of DMT, the beneficial effects on fear
extinction learning and forced swim behavior’* are reproduced
by the chronic, intermittent low dose regimen (Figures 3f and
4). These antidepressant-like and anxiolytic-like effects are
consistent with the anecdotal human reports regarding
psychedelic microdosing providing strong supporting evidence
that psychedelic microdosing might actually have therapeutic
potential. Compounds capable of enhancing fear extinction
learning in rodents, such as 3,4-methylenedioxymethamphet-
amine (MDMA),*”** are excellent candidates for treating
PTSD symptoms in humans.

We hypothesize that chronic, intermittent low doses of
DMT increase the excitability of pyramidal neurons in the PFC
that project to the basolateral amygdala and dorsal raphe
nucleus to decrease the expression of conditioned fear
responses and increase swimming behavior in the forced
swim test, respectively. DMT and other psychedelics are
potent psychoplastogens—compounds capable of promoting
the rapid growth of dendritic branches, spines, and synapses—
due to their ability to stimulate the mammalian target of
rapamycin (mTOR) through activation of S-HT2A recep-
tors.'® These receptors are enriched in the prefrontal cortex, an
area of the brain that is known to exert top-down control over
mood and anxiety. It is likely that the behavioral changes
induced by chronic, intermittent low doses of DMT are the
result of positive neuroadaptations in circuits involving the
PEC that are relevant to fear extinction”* and effortful response
to behavioral challenge (i.e., FST)*' as DMT has an extremely
short half-life in rats (ca. 15 min)* and the behaviors were
performed on days when DMT was NOT administered. In
fact, we have previously shown that a 1 mg/kg dose of DMT
increases the frequency and amplitude of spontaneous EPSCs
in the PFC long after DMT had been cleared from the body.'®

Despite producing similar anxiolytic-like and antidepressant-
like behavioral effects, an acute hallucinogenic dose and
chronic, intermittent, low doses of DMT produce very
different biochemical and structural phenotypes. We have
previously shown that a single hallucinogenic dose of DMT
(10 mg/kg) increases dendritic spine density on pyramidal
neurons of the PEC,'® but a similar effect was not observed
following administration of chronic, intermittent low doses (1
mg/kg) of DMT (Figure S). We hypothesize that chronic,
intermittent low doses of DMT promote sufficient plasticity to
strengthen key circuits involved in the regulation of mood and
fear, thus impacting behavior, but that homeostatic plasticity
tightly controls the overall synaptic input to these neurons
leading to similar spine densities between treatment groups
over time.
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While there were no major behavioral differences between
male and female rats following DMT treatment, there were
distinct changes in neuronal structure. Dendritic spine density
on pyramidal neurons of the PFC was unchanged in male rats
administered chronic, intermittent, low doses of DMT;
however, female rats exhibited a reduction in spine density
(Figure S). As psychedelics are known to increase glutamate
release in the cortex,”” the reduced spine density observed in
females could reflect greater sensitivity to glutamatergic
excitotoxicity. This highlights the fact that the overall
psychedelic microdosing load, which includes the amount of
drug in each dose, the frequency of administration, and the
length of treatment, is likely to be critical for achieving the
beneficial effects of psychedelic microdosing without negative
repercussions. Long-term intermittent use of ayahuasca is
correlated with thinning of the posterior cingulate cortex
(PCC) in humans,”" but not increased risk for mental illness.”
However, Nichols and co-workers have shown that chronic
(>3 months), intermittent, high doses of LSD administered to
rats produce neuroadaptations leading to a persistent
behavioral state consisting of hyperactivity, anhedonia, and
social deficits.”” These behavioral changes are accompanied by
significant gene expression changes in the PFC related to
neural plasticity.” As a similar dose of LSD given over 11 days
resulted in antidepressant-like effects,”* it appears that the total
length of treatment is critical for determining behavioral
outcomes.

A single hallucinogenic dose of several psychedelic
compounds has been shown to increase gene expression of
several genes related to neural plasticity.”>® However, we did
not observe similar changes following the administration of
chronic, intermittent low doses of DMT (Figure 6). Duman
and co-workers also observed that repeated dosing of 2,5-
dimethoxy-4-iodoamphetamine (DOI), an amphetamine-based
psychedelic, caused minimal changes in BDNF expression in
the cortex when compared to a single acute dose. They
hypothesized that S-HT2 downregulation might explain the
differences observed between the two dosing regimens.
However, in the case of chronic, intermittent administration
of low dose DMT, we do not observe any changes in HTR2A
expression (Figure 6), and it has been previously shown that
DMT does not induce receptor downregulation in cellular
studies,’” nor does it cause tolerance in humans.*® This distinct
lack of increased BDNF expression following chronic,
intermittent, low doses of DMT highlights an important
mechanistic difference between psychedelic microdosing and
chronic treatment with selective serotonin reuptake inhibitors
and other slow-acting antidepressants. In the latter case,
increased BDNF expression is believed to facilitate the repair of
damaged circuits relevant to mood and anxiety.”” Chronic,
intermittent low doses of DMT appear to accomplish this
without any obvious changes in the expression of BDNF or
other genes known to be differentially regulated following
administration of a single high dose of a psychedelic.

In addition to neurobiologial effects, psychedelic micro-
dosing might also impact metabolism. After correcting for
multiple hypothesis testing, male rats administered chronic,
intermittent low doses of DMT exhibited a trend toward eating
less food (p = 0.13, Figure S3c). Similar effects have been
observed following administration of ayahuasca® and various
serotonergic agonists.”’ Surprisingly, despite eating less food
than vehicle-treated controls, the DMT-treated animals gained
significantly more weight (Figure S3b). This contrasted with a
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previous report of chronic ayahuasca administration in rats,”
and the reason for the discrepancy is not immediately obvious.
Metabolomics experiments revealed that serum levels of most
steroids remained unchanged following psychedelic micro-
dosing. However, male rats treated with DMT did experience a
nearly 50% reduction in estradiol levels, though the effect was
not significant after correcting for multiple hypothesis testing.

In general, more work needs to be done to identify potential
risks associated with the increasingly popular practice of
psychedelic microdosing. While psychedelic-induced activation
of mTOR in young adults might lead to changes in neural
plasticity having beneficial effects on mood and anxiety, in
some individuals, psychedelic microdosing could cause over-
stimulation of cortical neurons and actually exacerbate
symptoms of neuropsychiatric disorders. Moreover, nothing
is known about the effects of psychedelic microdosing on
neurodevelopment or the aging brain. As overactivation of
mTOR has been proposed to contribute to the development of
autism spectrum disorder (ASD)®* and Alzheimer’s disease
(AD),*® more research is warranted to fully understand the
risks associated with the chronic, intermittent use of
psychedelics and related psychoplastogens.

While our study only assessed the impact of a single low
dose of DMT administered on a chronic, intermittent
schedule, it is important because it provides critical
information about which behaviors are sensitive to psychedelic
microdosing, and which are not, for both males and females.
Moreover, it accomplished this using the minimal number of
animals possible—an important ethical consideration. Follow-
up studies can now hone in on particular behaviors of interest
(e.g, FST or fear extinction) and perform dose—response or
time—response studies. We still do not know if (1) lower doses
would maintain therapeutic efficacy while minimizing changes
in spine density or other potential side effects, or (2) if more
complex dose—response relationships (e.g, U-shaped) are
operative. Future studies examining dose—response effects and
the impact of different dosing schedules are certainly
warranted.

Despite the potential risks associated with psychedelic
microdosing, the data presented here suggest several exciting
possibilities for the treatment of mood and anxiety disorders.
First, a chronic intermittent dosing regimen lends itself to the
potential prophylactic treatment of neuropsychiatric diseases.
As acute doses of serotonergic psychedelics produce similar
effects as an acute dose of the psychoplastogen ketamine, and
ketamine has demonstrated promise for preventing stress-
induced depression- and anxiety-related phenotypes in animal
models,”*™*® it will be interesting to see if psychedelic
microdosing is also capable of preventing the development of
depression and anxiety symptoms. Second, the ability of low
doses of DMT to produce positive effects on mood and anxiety
in rats suggests that the perceptual effects of psychedelics can
be decoupled from their therapeutic properties. This could
lead to the development of nonhallucinogenic psychoplas-
togens with broad therapeutic potential and minimal risk for
abuse. Taken together, our results encourage cautious
optimism about the potential for psychedelic microdosing to
produce beneficial effects on depression and anxiety.

B METHODS

Drugs. Solid DMT-fumarate (2:1) was prepared as described
previously®” and stored in the dark at —20 °C prior to use. For each
administration, a solution of DMT-fumarate (2:1) in 0.9% sterile
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saline was freshly prepared and passed through a 0.2 gm syringe filter.
For all experiments, DMT-fumarate (2:1) was administered at 1 mg/
kg (calculated based on the weight of the 2:1 DMT:fumarate salt) via
intraperitoneal injection using an injection volume of 1 mL/kg. For
our vehicle control, 0.9% sterile saline solution was utilized.

Animals. Male and female Sprague Dawley rats were obtained
from Charles River Laboratories (Wilmington, MA), were housed two
animals of the same sex per cage, and were given ad libitum access to
food and water. The experiments began when the rats were 8 weeks of
age. Lights in the vivarium were turned on at 07:00 h and turned off at
19:00 h. Behavioral experiments were performed during the light-on
phase, with experiments taking place between 08:00 and 18:00 h
unless otherwise noted. Treatment groups were randomly assigned,
but each cage housed one animal from the DMT- and one from the
VEH-treated groups. When appropriate, behavioral tests were
counterbalanced to avoid systematic errors. All experimental
procedures involving animals were approved by the UC Davis
Institutional Animal Care and Use Committee (IACUC) and adhered
to principles described in the National Institutes of Health Guide for
the Care and Use of Laboratory Animals. Over the course of one of
the microdosing experiments, one animal began to exhibit signs of
poor health, and was euthanized according to our IACUC protocol.
The University of California, Davis is accredited by the Association
for Assessment and Accreditation of Laboratory Animal Care
International (AAALAC). Details of behavioral tasks can be found
in the Supplementary Methods.

Data Availability. Data that support the findings of this study are
available from the corresponding author upon request.

Statistical Analysis. Data analyses were performed by experi-
menters blinded to treatment conditions. Statistical analyses were
performed using GraphPad Prism (version 7.0a). Details of all
statistical tests can be found in Supplementary Table 1. Appropriate
samples sizes were estimated based on our previous experiences
performing similar experiments in conjunction with a power analysis.
The behavioral tests selected were based on specific hypotheses
regarding the effects of psychedelic microdosing on mood, anxiety,
cognitive function, and sociability. All comparisons presented were
planned at the outset of the study.

As our study was designed to detect potential sex differences, each
experiment was first analyzed using a one-way ANOVA with a
Tukey’s post hoc test where each sex/treatment pair served as an
independent group. When (1) comparisons between males and
females within each treatment group (i.e., vehicle or DMT) were not
significant, and (2) there was no difference between treatment groups
of the same sex, the data from the two sexes were combined.
However, in the case of the metabolism data presented in Figure S3,
each sex/treatment pair was treated independently in an attempt to
explain the sex differences in weight gain observed for the DMT-
treated group.

In cases where several related phenotypes were measured (i.e,, NIL
and EPM), we performed a Z-normalization according to the method
of Guilloux and co-workers® using vehicle-treated males as the
control population. Then, we averaged the Z-scores for each animal
across all of the measured phenotypes related to a particular
behavioral experiment, to produce a single “behavioral score” (i.e.,
NIL Score or EPM Score). The Z-normalized values for each
behavioral score were then compared using an unpaired Student’s t
test.

In the case of fear conditioning and fear extinction experiments
(Figure 3), a Mann—Whitney Test was used as a bimodal distribution
was observed. Similar results in rat fear extinction experiments have
been observed by others®® and suggest that there are responders and
nonresponders to extinction training. For the FST (Figure 4), video
files were scored by two blinded observers and averaged. For gene
expression studies (Figure 6) individual comparisons were made via
two-tailed unpaired Student’s t tests, but the alpha for this family of
experiments was adjusted using a Bonferroni correction. For the
adiposity study, a two-way ANOVA with Sidak’s post hoc test was
performed.
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For the steroid profiling experiments, samples were split into male
and female subgroups prior to statistical analysis. The Shapiro—Wilk
normality test revealed normally distributed data in males and
females. A heteroscedastic two-tailed Student’s ¢ test and the
Benjamini—Hochberg correction® was used to test for differences
in steroid concentrations between treated and control animals.
Student’s t test was performed in MS Excel, raw p-values were
exported to R-studio where the “p.adjust” function was used to apply
the Benjamini—Hochberg multiple comparisons adjustment account-
ing for all 18 steroid metabolites. For the steroid profiling studies, the
ggplots2 package in R studio was used to create boxplots. Principal
components analysis was performed using MetaboAnalyst 4.0.

For all statistical analyses, a Grubbs test was used to verify obvious
outliers, and the specific data points omitted are listed in
Supplementary Table 1. For the social interaction test, a computer
error caused us to lose data for one animal.
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