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SUMMARY

The consumption of synthetic cannabinoids during adolescence is reported to be arisk factor for the appear-
ance of psychiatric disorders later in life. AB-FUBINACA is a member of the indazole carboxamide family of
synthetic cannabinoids present in Spice/K2 preparations. The present study sought to investigate the long-
term effects of AB-FUBINACA consumption during adolescence in both male and female mice. AB-
FUBINACA revealed several sex-dependent behavioral alterations. In this sense, the administration of this
synthetic cannabinoid in female, but not male, mice induced psychotic-like symptoms which were associ-
ated with changes in dendritic arborization and density of mature dendritic spines in pyramidal neurons of
the prefrontal cortex, as well as with an up-regulation of differentially expressed genes in this brain area.
This study helps to clarify the potential late detrimental effects of this potent synthetic cannabinoid that

may derive from its use during adolescence.

INTRODUCTION

Synthetic cannabinoids (SCBs) are emerging drugs of abuse de-
tected in herbal incense products and sold under names such as
K2 (in North America) or Spice (in Europe), primarily through the
internet.” Compared to A®-tetrahydrocannabinol (A°-THC), the
principal psychoactive ingredient of cannabis, SCBs are potent
full agonists of brain cannabinoid receptors, leading to more
potent effects than those produced by A°-THC.? Indeed, the
consumption of SCBs has been increasingly associated with se-
vere intoxications and even deaths, thus representing a global
public health problem.® Adolescents and young adults show
the highest rate of SCB use” which is of particular concern
because adolescence is a critical period in brain development
and maturation.” Despite the dramatic increase of SCB use
among young adults®’ their impact on brain function and
behavior in adulthood represents an important unanswered
health question.

SCBs can be categorized into distinct groups and sub-
groups depending on their chemical structure. In 2010, naph-
thoylindoles, such as JWH-018 and JWH-073, and cyclohex-
ylphenols, such as CP-47,497, were the primary SCBs found
in seized Spice/K2 products.® Research into the mechanisms
of SCBs-related toxicity has mostly focused on these
naphthoylindoles (e.g., JWH series) while the toxicological
profiles and impact on the behavior of other SCBs classes

(e.g., indole- and indazole-based SCBs) have been hardly
studied.?

AB-FUBINACA is a member of the indazole carboxamide
family of SCBs which includes other compounds that have
been linked to deaths in the United States such as AB-
CHMINACA or AB-PINACA.° AB-FUBINACA presents potent
affinity for the CB1 cannabinoid receptor (CB1R) (Ki =
0.9 nM)."® In animal models, AB-FUBINACA reproduced the
typical “tetrad” effects of A°-THC which are hypothermia, anal-
gesia, hypolocomotion, and catalepsy.'' Regarding anxiety, the
acute administration of AB-FUBINACA in adult mice induced
anxiolytic- or anxiogenic-like effects depending on the dose.'?
This SCB has also been shown to produce physical depen-
dence'® and impair recognition memory'* after chronic admin-
istration in mice. However, lasting neurobiological conse-
quences induced by adolescent exposure to AB-FUBINACA
remain poorly understood.

In this study, we investigated the long-term consequences of
adolescent exposure to AB-FUBINACA on key neurobehavioral
responses associated with SCB toxicity in humans. Anxiety,
fear extinction, recognition memory, sociability, depression,
and sensorimotor gating were evaluated in male and female
mice after treatment with AB-FUBINACA during adolescence.
Given the behavioral results observed, possible structural plas-
ticity alterations and RNA-Seq profile were analyzed in the pre-
frontal cortex of female mice exposed to this SCB.
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Figure 1. AB-FUBINACA treatment during adolescence alters anxiety-like behavior in a sex-dependent manner

(A) Schematic representation of experimental design.

(B-E) Effects of adolescent exposure to AB-FUBINACA (PND 35-39: 1 mg/kg, PND 40-44: 1.5 mg/kg, and PND 45-49: 2 mg/kg) or vehicle in anxiety-like behavior
in the EPM (B, C) and fear extinction (D, E) in male (B, D) and female (C, E) mice (n = 12 mice per group). Percentage of time spent in the open arm and total number
of entries are shown for the EPM. Time course of the freezing levels scored during cued fear extinction trials is shown for fear memory processing. Data are
expressed as mean + SEM. *p < 0.05 (comparison between AB-FUBINACA and vehicle; Student’s t test). PND postnatal day, EPM elevated plus maze, LOC

locomotion, E1-E5 extinction trials.

RESULTS

Long-term consequences in adolescent mice exposed

to AB-FUBINACA on the extinction of fear and anxiety

Adolescent male and female mice were treated with increasing
doses of AB-FUBINACA for 15 days (PND 35-39: 1 mg/kg,
PND 40-44: 1.5 mg/kg, and PND 45-49: 2 mg/kg) (Figure 1A).
Body weight was daily evaluated along with AB-FUBINACA
treatment. The weight gain of mice treated with AB-FUBINACA
was lower than those exposed to the vehicle in both sexes (Fig-
ure S1) (interaction day x treatment: F14 1162 = 10.79, p < 0.0001
and Fq41372 = 4.99, p < 0.0001, for male and female mice,
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respectively), in agreement with previous reports evaluating
effects of adolescent cannabinoid exposure. Locomotor activity,
anxiety-like behavior, and fear memory processing were
analyzed 20 days after the finishing of the AB-FUBINACA treat-
ment (Figure 1A). No changes in locomotion were observed in
either males or females (Figure S2). By using the elevated plus
maze (EPM), AB-FUBINACA induced an opposite effect on anx-
iety depending on the sex. Anxiolytic- or anxiogenic-like effects
(p < 0.05) were observed, respectively, in male and female mice,
without changes in the total number of entries (Figures 1B and
1C). Aversive memory processing was evaluated by a cued
fear conditioning and extinction paradigm. The administration
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Figure 2. AB-FUBINACA treatment during adolescence alters novel object recognition memory and depressive-like behavior in a sex

dependent manner
(A) Schematic representation of experimental design.

(B-G) Effects of adolescent exposure to AB-FUBINACA (PND 35-39: 1 mg/kg, PND 40-44: 1.5 mg/kg, and PND 45-49: 2 mg/kg) or vehicle in memory in the NOR
(B, E), sociability in the three chamber test (C, F), and depressive-like behavior in the FST (D, G) in male (B, C, D) and female (E, F, G) mice (n = 11-15 mice per
group). The discrimination index is shown for the NOR, total time in direct contact with each compartment is shown for sociability test, and immobility time is
shown in the FST. Data are expressed as mean + SEM. *p < 0.05, **p < 0.001 (comparison between AB-FUBINACA and vehicle group; two-way ANOVA,
compartment (C, F); Student’s t test (D, E). PND postnatal day, NOR novel object recognition, FST forced swimming test.

of AB-FUBINACA did not alter fear extinction in both males (Fig-
ure 1D) and females (Figure 1E). However, fear conditioning was
higher in females (interaction cue x treatment: F, 4 = 4.91,
p < 0.05) treated with AB-FUBINACA in comparison with con-
trols, while no differences were observed in the case of male
mice (Figure S3). These results suggest the existence of sex-
specific effects in anxiety due to AB-FUBINACA exposure during
adolescence.

Long-term consequences in adolescent mice exposed

to AB-FUBINACA on non-emotional memory, sociability,
and depression

To study possible durable alterations in non-emotional mem-
ory, sociability, and depression, mice were exposed to a
similar protocol of AB-FUBINACA administration (Figure 2A).
By using the novel object recognition test (NOR), memory
was not affected in male mice as showed the lack of changes
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Figure 3. AB-FUBINACA treatment during adolescence alters sensorimotor gating in a sex-dependent manner

(A) Schematic representation of experimental design.
(B) Graphic diagram of the PPI protocol.

(C—H) Effects of adolescent exposure to AB-FUBINACA (PND 35-39: 1 mg/kg, PND 40-44: 1.5 mg/kg, and PND 45-49: 2 mg/kg) or vehicle in sensorimotor gating
inmale (C, D, E) and female (F, G, H) mice (n = 13-15 mice per group). Percentage of prepulse inhibition (C, F), mean of the percentage of prepulse inhibition (D, G),
and startle response amplitude (E, H) are shown. Data are expressed as mean + SEM. *p < 0.05 (comparison between AB-FUBINACA and vehicle group; two-way
ANOVA with repeated measures, treatment (F); Student’s t test (G). PND postnatal day, PPI prepulse inhibition test, dB decibels, ITI inter-trial interval.

in the discrimination index between control and treated ani-
mals (Figure 2B). Interestingly, the discrimination index was
lower in females exposed to AB-FUBINACA during the
adolescent period in comparison with controls (o < 0.05) (Fig-
ure 2E), indicating the existence of memory deficits in these
animals. Total exploration time was not altered in any of the
different experimental groups (Figure S4). On the other
hand, social behavior was not affected in either males or fe-
males as revealed by similar contact times between controls
and mice treated with AB-FUBINACA (Figures 2C and 2F).
Finally, a decrease in immobility time was observed in adult
male mice treated with AB-FUBINACA during adolescence
(p < 0.05) (Figure 2D) in the forced swimming test (FST), while
this difference was not present in the case of female mice
(Figure 2G). Therefore, adolescent exposure to AB-FUBINCA
induced different effects on memory and depressive-like
behavior in adult male and female mice.

4 iScience 28, 111857, February 21, 2025

Long-term consequences in adolescent mice exposed

to AB-FUBINACA on sensorimotor gating

Impairments of prepulse inhibition (PPI) of the startle reflex, a
sensorimotor gating process, are observed in patients with
schizophrenia and are considered a marker of psychotic-like
behavior.'® We studied possible PPI alterations in both adult
male and female mice treated with AB-FUBINACA during the
adolescent period (Figure 3A). Details of the experimental proto-
col of PPl used are presented in Figure 3B. AB-FUBINACA expo-
sure did not modify the PPl of the startle reflex in males
(Figures 3C and 3D). The magnitude of the startle reflex was
also not altered by AB-FUBINACA injection (Figure 3E) in these
mice. Notably, a significant decrease in PPI of the startle reflex
was revealed in female mice (treatment effect: Fq .5 = 6.04,
p < 0.05) (Figure 3F). An overall reduction of PPI due to AB-
FUBINACA exposure was also observed when representing
the mean PPI score (p < 0.05) (Figure 3G). This effect was
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Figure 4. AB-FUBINACA treatment during adulthood alters sensorimotor gating, but neither anxiety-like behavior nor memory, in female
mice

(A) Schematic representation of experimental design.

(B-F) Effects of adult exposure to AB-FUBINACA (PND 69-73: 1 mg/kg, PND 74-78: 1.5 mg/kg, and PND 79-83: 2 mg/kg) or vehicle in anxiety-like behavior in the
EPM (B), memory in the NOR (C), and sensorimotor gating (D, E, F) in female mice (n = 10-17 mice per group). Percentage of time spent in the open arm and total
number of entries are shown for the EPM, the discrimination index and total time of exploration are represented for the NOR. Percentage of prepulse inhibition (D),
mean of the percentage of prepulse inhibition (E), and startle response amplitude (F) are also shown. Data are expressed as mean = SEM. *p < 0.05 (comparison
between AB-FUBINACA and vehicle group; two-way ANOVA with repeated measures, treatment (D); Student’s t test (E). PND postnatal day, EPM elevated plus
maze, NOR novel object recognition, PPI prepulse inhibition test, dB decibels.

independent of baseline changes in startle amplitude (Figure 3H), To elucidate whether an immature brain represents a period of
ruling out an impact of startle reaction in the modifications of PPl development more susceptible to the effects of AB-FUBINACA,
observed. To evaluate whether the deficits observed in PPl  we evaluated the consequences of the treatment with this SCB
would be preserved in the long term, we chose a time point quite  directly in adult female animals (Figure 4A). Possible changes
far from the initial measurement (80 days after ending treatment in anxiety, non-emotional memory, and sensorimotor gating
with AB-FUBINACA). However, the deficits in PPl were not main-  were assessed 20 days following the last injection of AB-
tained at this point (Figure S5). Taken together, these results sug-  FUBINACA (Figure 4A), as previously studied during the adoles-
gest a sex-dependent alteration in sensorimotor gating due to  cent exposure to this drug. Notably, no differences in the EPM
the adolescent exposure to the SCB AB-FUBINACA. (Figure 4B) and NOR (Figure 4C) tests were observed between
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vehicle and AB-FUBINACA groups. These results indicate that
adolescence represents a sensitive window for the harmful con-
sequences of AB-FUBINACA exposure on anxiety and memory.
In contrast, AB-FUBINACA administration in adult females
induced a decrease in PPI (Figures 4D and 4E), without changes
in the magnitude of startle reflex (Figure 4F), as previously
observed in adolescent female mice treated with this SCB.
Therefore, the alterations induced by AB-FUBINACA in sensori-
motor gating in females were independent of the temporal win-
dow of administration and emphasized the detrimental conse-
quences of AB-FUBINACA exposure in the appearance of
psychotic-like symptoms.

Transcriptome analysis in adult female mice exposed to
AB-FUBINACA during adolescence

The prefrontal cortex is a brain area directly related to the mod-
ulation of sensorimotor gating.'® We next used RNA-Seq to
examine the molecular profile of this brain region in female
mice exposed to AB-FUBINACA during adolescence (Figure 5A),
given the deficits previously observed in PPI of the startle reflex
in these animals. Prefrontal cortex samples used for the tran-
scriptome analysis were obtained from the set of animals previ-
ously subjected to PPIl. RNA-Seq identified two differentially ex-
pressed genes (DEGs) (adjusted p < 0.05 and cutoff of 2-fold
change) which were upregulated in mice injected with AB-
FUBINACA (Figure 5B). These two DEGs (Plekhg2 and Sh3tc1)
in each vehicle- and AB-FUBINACA-treated mouse were clus-
tered with a heatmap (Figure 5C). Principal component analysis
(PCA) is shown in Figure S6. Significant negative correlations be-
tween the percentage of PPl and the relative expression of
Plekhg?2 (p < 0.001) (Figure 5D) and Sh3tc1 (p < 0.05) (Figure 5E)
were found in the prefrontal cortex of female mice treated with
vehicle or AB-FUBINACA.

Structural plasticity analysis in adult female mice
exposed to AB-FUBINACA during adolescence

The plekhg2 gene, which encodes a Rho family-specific guanine
nucleotide exchange factor, has been recently associated with
dendritic spine morphology formation and corticogenesis.'”
Moreover, Rho family guanosine triphosphatases (GTPases),
including Cdc42, are known to regulate various cellular pro-
cesses, such as morphology, gene transcription, proliferation,
and migration through actin cytoskeletal rearrangement. Adoles-
cent AB-FUBINACA exposure did not modify Cdc42 activity in
the prefrontal cortex of female adults (Figure S7), suggesting
that other Rho GTPases could be regulated by Plekhg2. We
next analyzed the existence of possible structural plasticity
alterations in pyramidal neurons of the prefrontal cortex of adult
female mice treated with AB-FUBINACA during adolescence.
Sholl analysis showed lower dendritic arborization in AB-
FUBINACA-treated mice compared to controls as revealed by
mixed-model ANOVA (treatment effect: F; 46 = 6.01, p < 0.05;
interaction treatment x radius: F4 370 = 4.68, p < 0.0001) (Figures
6A and 6B). Total length dendrites were shorter in mice exposed
to the SCB than in controls (p < 0.05) (Figures 6A, 6C, and S8A).
This effect was revealed as the branching order increased
(Figures S8B-S8D). Moreover, convex hull volume was also
lower (p < 0.01) in female mice treated with AB-FUBINACA (Fig-
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ure 6D). PCA identified different groupings of the neuronal pop-
ulations, by using an unbiased approach (Figure 6E). Total apical
(Figures 6F and 6G), but not basal (Figures S8E and S8F), den-
dritic spine density decreased in female mice exposed to AB-
FUBINACA (p < 0.01). Moreover, the density of mushroom
(mature) spines (p < 0.05) was lower in mice treated with the syn-
thetic cannabinoid in comparison with controls (Figure 6H). No
changes were observed in long thin, stubby, and branched
spines (Figure 6H). As a whole, these results indicate that adoles-
cent AB-FUBINACA exposure in female mice involves changes
in dendritic arborization and in the density of mature spines in
the prefrontal cortex of adult animals. These alterations were
associated with the presence of psychotic-like symptoms, as re-
vealed by the deficits in the PPI test.

DISCUSSION

Our results show important sex-dependent long-term behavioral
effects due to adolescent exposure to the SCB AB-FUBINACA,
present in Spice/K2 preparations. Notably, treatment with AB-
FUBINCA during adolescence induced impairments of PPI
of the startle reflex in adult female mice, but not in males.
These deficits were also manifested when the cannabinoid
was directly administered in adult female animals, suggesting
a potent effect of this compound to produce psychotic-like
symptoms. The presence of PPl alterations was associated
with a decrease in the density of mature dendritic spines and a
lower dendritic arborization in the prefrontal cortex of cannabi-
noid-exposed mice.

The weight gain of mice treated with AB-FUBINACA was lower
than controls, as previously reported in the case of other canna-
binoids such as A°-THC'®'® or JWH-018.2° An anxiogenic-like
effect induced by AB-FUBINACA could explain the changes in
body weight. Indeed, one week after the finishing of the treat-
ment, a higher level of anxiety-like behavior in adolescent ro-
dents exposed to A°-THC compared to controls was found in
the EPM test in previous studies.'® Nonspecific inhibition of
ingestion, secondary to the potential sedative effects of AB-
FUBINACA could also be involved in this effect on body weight.

The administration of AB-FUBINACA during adolescence
affected anxiety in a sex-dependent manner. Thus, anxiolytic-
like effects were observed in adult males, while anxiogenic-like
responses were revealed in female adult mice. Consistent with
this, fear conditioning was higher in females treated with AB-
FUBINACA compared to controls, although no differences in
fear memory acquisition were observed in adult female mice
exposed to A°-THC during adolescence in a previous study.?’
Controversial data have been shown regarding the effects of
adolescent cannabinoid exposure on anxiety. In general, by us-
ing the EPM, most of the studies have not shown differences in
anxiety in adult male®'~*® or female®>*® rodents due to adoles-
cent A°-THC exposure, although an anxiogenic-like effect was
observed in adult male mice in another study.?* Regarding the
effects of SCBs, male adolescent rats treated with AB-
FUBINACA did not show changes in anxiety when reaching
adulthood by using the emergence test.>®> However, an anxio-
genic trend was observed in adult female, but not male, animals
exposed to the SCB JWH-018 during adolescence.”® On the
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Figure 5. AB-FUBINACA treatment during adolescence induces an up-regulation of PLEKHG2 and SH3TC1 genes in the prefrontal cortex of

adult females
(A) Schematic representation of experimental design.

(B) Volcano plot summarizing DEGs of AB-FUBINACA vs. vehicle treated mice (n = 4 mice per group).

(C) DEGs in each AB-FUBINACA and vehicle treated mouse clustered with a heatmap.

(D and E) Correlation between percentage of prepulse inhibition and Plekhg2 (D) and Sh3tc1 (E) relative expression (Pearson correlation coefficient). PND
postnatal day, PPI prepulse inhibition test, PFC prefrontal cortex, DEGs differentially expressed genes.

other hand, anxiety disorders characterized by pathological fear,
such as post-traumatic stress disorder and phobias, are associ-
ated with extinction deficits of aversive memories. Under our
experimental conditions, cued fear extinction was not affected
in either male or female mice by adolescent exposure to AB-
FUBINACA. In agreement, the administration of AS-THC or
JWH-018 during adolescence did not alter fear extinction in
male and female adult mice.?%?’

The detrimental effects of adolescent exposure to synthetic or
natural cannabinoids on novel object recognition are well-
known.?® Interestingly, similar treatments during adulthood did
not produce such long-term deleterious effects.’’*® Accord-
ingly, we observed a memory impairment in adult female, but
not male, mice treated with AB-FUBINACA during adolescence,
while this effect was not preserved when a similar experimental
procedure was carried out in adult animals. However, a recent
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Figure 6. AB-FUBINACA treatment during adolescence induces alterations in dendritic arborization and dendritic spine density in the
prefrontal cortex of adult females

Effects of treatment with AB-FUBINCA or vehicle during adolescence in dendritic arborization (A-E) and dendritic spine density (F-I) in the prefrontal cortex of
adult female mice.

(A) Representative traces of reconstructed neurons in AB-FUBINACA or vehicle-treated female mice. Scale bar = 50 pm.

(B) Sholl analysis represented by the number of intersections every 20 um.

(legend continued on next page)
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study has shown an impairment of the recognition memory in
adult mice exposed to chronic AB-FUBINACA administration, '
although this effect was observed in the short-term, 24 h after the
last drug injection. On the other hand, an antidepressant-like ef-
fect was found in male mice exposed to AB-FUBINACA during
adolescence, as revealed by the decrease in the immobility
time in the FST test. Notably, both preclinical and epidemiolog-
ical data suggest that females are more vulnerable than males
to the deleterious effects of adolescent cannabinoid exposure
on mood,*® although no alteration in depressive-like behavior
was observed in female mice in our study.

PPI of the startle reflex is a classic preclinical model of senso-
rimotor gating assessment which involves a sensory filtering
mechanism to prevent sensory information overload.® Deficits
in PPl have been observed in several psychiatric disorders,
particularly in schizophrenia.®' Adolescent AB-FUBINACA expo-
sure induced a reduction of PPI of the startle reflex in female, but
not male, adult mice. Notably, this detrimental effect was
conserved when the same drug administration regimen was per-
formed directly in adulthood, suggesting that this SCB has an
important potential to produce psychotic-like symptoms.
Different results have been described regarding the effects of
cannabinoid exposure during adolescence on PPI in rodents.
Thus, A®-THC or JWH-018 administration induced persistent
PPI deficits in adult male rats®>** and mice,?° respectively. How-
ever, an increase in PPl has been also observed in male mice
treated with A°-THC during adolescence.®* On the other hand,
the chronic administration of JWH-018 in adult rodents did not
induce changes in PPI in male rats®® while causing sensorimotor
gating deficits in male mice.*® Interestingly, we found that the
behavioral alterations induced by adolescent exposure to AB-
FUBINACA were modulated by sex, being females more vulner-
able than males. Thus, anxiogenic-like responses, memory
impairment, and PPI deficits were observed in females, but not
in male mice. Despite the well-accepted observation that several
neuropsychiatric disorders are sex-related, few articles have
dealt with sex vulnerability to adolescent cannabinoid exposure,
both at the preclinical and clinical levels. In this sense, animal
models seem to suggest that females are more sensitive to the
effects of cannabinoids than males in the emotional sphere.®’
Sex has been described as a major factor modulating the phar-
macokinetic and brain activity effects of A°-THC in adolescent
rats.*® Future experiments will be required to study the influ-
ences of these and other factors (i.e.,:., tolerance from repeated
injections, hormonal status), in the sex-dependent effects
induced by AB-FUBINACA.

The prefrontal cortex is a brain area directly related to the
modulation of sensorimotor gating.'® By using RNA-Seq, we
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found that Sh3tc1 and Plekhg2 genes were up-regulated in
the prefrontal cortex of female adults exposed to AB-
FUBINACA during adolescence. The plekhg2 gene encodes
a guanine nucleotide exchange factor promoting GDP/GTP
exchange to activate Rho GTPases, including Rac and
Cdc42.%° Abnormalities of the Plekhg2 gene are involved in
postnatal microcephaly and intellectual disability.*® Specif-
ically, all these patients suffered with profound mental retar-
dation, dystonia, postnatal microcephaly, and a suggestive
neuroimaging pattern which consisted of paucity of white
matter and dorsal tegmental tracts, and particularly pons,
involvement.“® Interestingly, the Plekhg2 gene has been
recently shown to be essential for axon, dendrite, and syn-
apse development in mouse cortical neurons in vivo.'” The
physiological and balanced expression of this gene, but not
a defect or an excess of this expression, probably will be
important for a correct biological function. Congruent with
this, we observed a lower dendritic arborization and a reduc-
tion of total length dendrites in prefrontal cortex pyramidal
neurons of adult female mice exposed to AB-FUBINACA dur-
ing the adolescent period. Furthermore, a decrease in the
density of total and mushroom-shaped (mature) dendritic
spines was also revealed in the same brain region in this
group of animals. These observations provide novel evidence
of a potential link between prefrontal cortex dysmorphology
and PPI alterations, which in turn could contribute to the pres-
ence of psychotic-like symptoms due to AB-FUBINACA
adolescent exposure. In this sense, adolescent exposure to
the SCB CP55,940 in male rats leads to reduced basal
dendrite arborization in pyramidal neurons in the prefrontal
cortex of adults,®' suggesting that cannabinoids may impede
the structural maturation of neuronal circuits in this brain re-
gion, thus inducing impaired cognitive function in adulthood.
Reduced dendritic spine density in the hippocampal dentate
gyrus was also associated with the impairment of spatial
working memory in adult male rats treated with A°-THC during
adolescence.”’

In summary, our findings reveal long-term behavioral alter-
ations associated with chronic adolescent exposure to AB-
FUBINACA, a member of the indazole carboxamide family of
SCBs. Understanding the detrimental consequences of SCB
abuse in the young population is crucial to developing drug-spe-
cific treatments for intoxication and effective education and pre-
vention programs.

Limitations of the study
We show important long-term sex-dependent behavioral effects
induced by adolescent exposure to AB-FUBINACA. SCBs

C) Total dendritic length.
D) Volumetric data of neuron dendrites in um3.

(
(
(
(
(
(
(
(

H). PC principal components 1 and 2.

E) Plot comparing the total number of reconstructed neurons (n = 6 neurons/mouse and n = 4 mice per group) across principal components PC1 and PC2.
F) Representative images of apical dendritic spines from AB-FUBINACA and vehicle treated female mice. Scale bar = 2 um.

G) Total spine density of apical dendrites in AB-FUBINACA and vehicle treated female mice (n = 4-5 neurons/mouse and n = 4 mice per group).

H) Spine density grouped according to their morphological characteristics in apical dendrites.

1) Schematic representation of the morphological classification of the dendritic spines. Data are expressed as mean + SEM. *p < 0.05, **p < 0.01 and ***p < 0.001
comparison between AB-FUBINACA and vehicle group; mixed-model ANOVA, interaction treatment x radius (B); Mann-Whitney U test (C); Student’s t test (D, G,
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present in Spice/K2 preparations seem to produce more detri-
mental effects than those produced by A°-THC, although no
direct comparison between AB-FUBINACA and A°-THC was
carried out in this study.

We used similar doses of AB-FUBINACA in male and female
mice. Testing different doses in male and female animals would
be of interest to evaluate whether the behavioral differences be-
tween sexes observed are qualitative or could be affected by a
particular dose range.

We identify AB-FUBINACA as a drug of abuse with a high po-
tential to produce psychotic-like symptoms. AB-FUBINCA is
frequently detected in Spice/K2 preparations, but these herbal
smoking mixtures can contain diverse bioactive compounds
contributing to the detrimental effects associated with their con-
sumption in humans.

We show PPI alterations in adult female mice, but not in males,
exposed to AB-FUBINCA during adolescence. Given these re-
sults, we studied potential changes in structural plasticity in
the prefrontal cortex of female mice. Additional studies are
necessary to evaluate possible modifications in dendrite
morphology in the prefrontal cortex of male mice treated with
this SCB.
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REAGENT or RESOURCE SOURCE IDENTIFIER
Chemicals, peptides, and recombinant proteins

AB-FUBINACA Cayman CAY-14039; CAS: 1185282-01-2
Critical commercial assays

RiboPureTM Kit Invitrogen Cat#10107824
G-LISA Activation Assay Cytoskeleton Inc. Cat#BK127

FD Rapid GolgiStain kit FD NeuroTechnologies, Inc Cat#PK401A
Deposited data

RNAseq NCBI SRA PRJNA 1167322
Experimental models: Organisms/strains

Male and female C57BL/6J mice Charles Rivers 632C57BL/6J

Software and algorithms

GraphPad Prism 9.2.0

STATISTICA ®

Sholl Analysis — Neuroanatomy plugin - FIJI
Dendritic spine- Filament tracer tool - IMARIS
PCA - FactoMineR - R package version 2.11

Graphpad

StatSoft

FIJI free software
Oxford Instruments

r- project free software

https://www.graphpad.com/
https://www.statsoft.de
https://fiji.sc
BPA-IM-Tracer97

https://doi.org/10.32614/
CRAN.package.FactMineR

Other

Chamber for fear conditioning and PPI test
Actimetry
Confocal microscope

PanLab
Cibertec
Zeiss, CLSM

Cat#LE116
Not specified
LSM 900

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Animals

Adolescent male and female, and adult female C57BL/6J mice (Charles River, France) were used in these experiments. Animals were
housed 4-5 per cage in a temperature (21 + 1°C)-and humidity (55 + 10%)-controlled room under a 12 h light/dark cycle. Food and
water were available ad libitum. All behavioral studies were performed during light period. Experimental procedures were conducted
in accordance with the guidelines of the European Communities Directive 2010/63/EU and Spanish Regulations RD 1201/2005 and
53/2013 regulating animal research and approved by the local ethical committee (CEEA-UFV) (283.2/21).

METHOD DETAILS

Drugs
AB-FUBINACA (Cayman Chemical) was prepared in a 5% ethanol, 5% Tween-80 and 90% saline solution and was intraperitoneally
(i.p.) administered at doses of 1, 1.5 and 2 mg/kg (10 ml/kg of body weight). Dosage was based on previous studies.'®"*'*

Experimental designs

AB-FUBINACA treatment in adolescent mice

We evaluated long-term effects due to adolescent exposure to AB-FUBINACA on anxiety-like behavior, cued fear conditioning and
extinction, object memory, sociability, depressive-like behavior and prepulse inhibition (PPI) of the startle reflex in both male and fe-
male mice. The temporal boundaries of adolescence, a vulnerable period to the central effects of drugs®“® are not precisely defined in
either humans or rodents.”® Thus, based on previous studies,”>”' the treatment started at PND 35. Mice were i.p. treated with
increasing doses of AB-FUBINACA (PND 35-39: 1 mg/kg, PND 40-44: 1.5 mg/kg, and PND 45-49: 2 mg/kg) or vehicle for 15 days.
Long-term effects were analyzed 20 (PND 69) days after the end of the treatment. The interval of time between adolescent treatment
and the different behavioral assays were based on previous reports.”>?" Behavioral studies were carried out in 6 different batches
(3 per sex) as described in Figures 1A, 2A, and 3A. The first was used for locomotion, anxiety and fear extinction experiments (males,
n = 12; females, n =12), the second, for performing object recognition, sociability and forced swimming tests (males, n = 14-15;
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females, n = 11-13) and the third for the experiments of PPl (males, n = 13-15; females, n = 13-15). Tissues were obtained 24 h after the
PPI test to carry out biochemical experiments. For RNAseq experiments, the number of mice used was 4 per group. An additional
experiment was performed for Golgi staining (n = 4 mice per group). The number of animals used in this study is in the usual range
of similar experiments previously published.*>*
AB-FUBINACA treatment in adult mice
To determine if adolescence is a period of vulnerability to the effects observed in AB-FUBINACA treated mice, a similar protocol was
conducted in adult mice (Figure 4A).

Aligning with the prior experimental framework where PND 69 marked adulthood, intraperitoneal injections of AB-FUBINACA or
vehicle started at this point, increasing the doses as previously described (PND 69-73: 1 mg/kg, PND 74-78: 1.5 mg/kg, and PND
79-83: 2 mg/kg). Behavioral evaluation started 20 days after the end of the treatment (PND 103), as described in Figure 4A.

Behavioral experiments

Elevated plus maze

Anxiety-like behavior was assessed by using an elevated plus maze (EPM), which consisted in four arms (25 x 5 cm) set in cross from
a central square (5 X 5 cm) and raised 30 cm from the ground. Two opposite arms were delimited by vertical walls (closed arms),
although the two other arms had unprotected edges (open arms). The apparatus was indirectly illuminated with 40-50 lux. The
5 min test was recorded through a videocamera located on top of the maze. Results are expressed as total entries to the open
and closed arms, and the percentage of time spent in the open arms with respect to the total amount of time spent in both closed
and open arms.

Cued fear conditioning and extinction

Training and testing were performed as in preceding experiments with slight modifications.?**' Mice were individually placed in the
chamber (LE116, Panlab, Harvard Instruments) made of black walls with a transparent front door. The box (25 x 25 x 25 cm) was
located inside a soundproof module to provide background noise and to reduce outside sound. The chamber floor was formed by
parallel metal bars (2 mm of diameter and 6 mm spaced) connected to a shock generator (LE100- 26 module, Panlab, Harvard In-
struments). A high-sensitivity weight transducer (load cell unit) was used to record the signal generated by the animal movement in-
tensity. The software PACKWIN V2.0 automatically quantified the percentage of immobility for each experimental phase. Between
animal trials, the chamber was cleaned with 70% ethanol and water to avoid olfactory cues. The conditioning session consisted of a
180 sec habituation followed by three cue tones (3 Hz, 80 dB) of 30 sec long. Each cue (conditioned stimulus, CS) co-terminates with
a 0.7 mA foot-shock of 1 sec duration (unconditioned stimulus, US). The interval between cues lasted 10 sec. Fear extinction sessions
(E1-E5) were performed 24, 48, 72, 96 and 120 h after the conditioning day in a novel environment (white walls, transparent cylinder,
and smooth floor). During E1, mice were habituated to the new context for 180 sec, whereas in E2-E5 this acclimatation period was
reduced to 60 sec. Then, mice were re-exposed to the CS (4 cue tones, 30 sec long, 10 sec between tones). Fear memory was as-
sessed as the mean percentage of time that mice spent freezing during the 4 cue tones of each extinction session. Freezing behavior,
arodent’s natural response to fear, was automatically recorded and defined as complete lack of movement, except for breathing for
more than 800 ms. Data from fear extinction were expressed as percentage of freezing behavior.

Locomotion

Changes in locomotor activity were assessed by using activity boxes (27 x 27 x 21 cm, Cibertec). Mice were individually placed in
locomotor cages with low luminosity. Activity was measured as the total number of times the animal crossed an infrared beam during
15 min.

Novel object recognition test

Object-recognition memory was performed by using a V-shaped maze made of matte black methacrylate with two corridors (30 x
4.5 cm and 15 cm high) joined at a 90° angle. Mice were first habituated for 9 min to the maze. The day after, animals were trained and
exposed to two identical objects located at both limits of the maze and were allowed to explore for 9 min. On the test day, 24 h later,
mice were again placed in the maze for 9 min, but one of the familiar objects was replaced with a novel one. Object exploration was
defined as the orientation of the nose to the object at less than 2 cm. The total time the animal spent exploring each object was
computed and the discrimination index was calculated as the difference between the time spent exploring novel vs familiar object
divided by the total time exploring the two objects.

Three-chamber social interaction test

Sociability testing occurred in a three-chamber maze made of transparent methacrylate with three exact compartments (20 x 20 x
40 cm) separated by sliding doors (5 x 8 cm). After a 5 min habituation in the central chamber, the session to evaluate social affiliation/
motivation started. A same-sex conspecific stranger was placed in a cylindrical cage that allows interaction in one of the side com-
partments, while the other compartment remained empty. The doors opened, and the mouse was allowed to explore the different
compartments freely for 10 minutes. Typically, mice exhibit a preference for spending more time with other mice than alone, demon-
strating sociability. Interaction times, measured as the time that the animal head was inside of a zone surrounding cylindrical cages
enclosures at less than 5 cm distance, were recorded.

Forced swimming test

To evaluate depression-like behaviors, animals were placed in a transparent methacrylate cylinder (20 cm of diameter) filled with wa-
ter (22-24°C) up to 15 cm to prevent mice from touching the bottom. They were allowed to swim freely for 6 min under normal light
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conditions. The cumulative duration of immobility during the last 4 min was calculated. Immobility was defined as the absence of
movements except for those slights to maintain balance in the water.

Prepulse inhibition of startle reflex

PPI of startle reflex, a measure of sensorimotor gating, was conducted in two automated StartFear combined chambers (LE116, Pan-
lab, Harvard Instruments) which were calibrated to ensure equivalent sensitivity and sound. Mice were daily habituated to a non-
restrictive Plexiglas cylinder anchored to a high sensitivity transducer for 5 min with background white noise (65 dB) 4 days prior
to test. The test started with an acclimatation period of 5 min followed by 5 pulse trials (120 dB, 40 ms) to establish baseline acoustic
startle response. The experimental protocol consisted of 10 blocks with 3 or 12 trials each, randomly presented with an inter-trial
interval of 10-30 s: no stimulus (12x) (65dB), pulse alone (12x) (120 dB, 40 ms), pulse precede by 4 prepulse intensities (12x
each) (4, 8, 12 and 16 dB above background noise, 20 ms duration, 100 ms before pulse) and prepulse alone (3x each) (Figure 3B).
Finally, 5 pulse trials were delivered. The first and last five trial pulses were excluded from the final analysis. Startle amplitude was
automatically detected by PACKWIN V2.0 software. PPl was calculated as: 100 x (mean startle response — mean prepulse inhibited
startle response) / (mean startle response).

RNA sequencing

Total RNA was purified from prefrontal cortex tissues of vehicle (n = 4) and AB-FUBINACA treated female (n = 4) mice 24 h after PPI
test, with the RiboPureTM Kit (Invitrogen). RNA integrity > 7 was confirmed by TapeStation (Aligent). Sequencing libraries were pre-
pared using TruSeq Stranded mRNA Sample Prep Kit (lllumina) following manufacturer’s instructions. Libraries were validated by
using KAPA Library Quantification Kit for lllumina according to the gPCR Quantification Protocol Guide (KAPA Biosystems) and quan-
tified by TapeStation (Aligent). Libraries were submitted to an lllumina NovaSeq and sequencing was performed using a2 x 150 bp
paired end configuration. Pseudo-alignment and quantification were then made with Salmon algorithm (reference genome GRCh38)
(Patro et al.*%). Correlation analysis, principal component study and differential expression analysis were performed with DESeq?2
package (Love et al.“%). Differential expression gene (DEG) analyses were done using the parametric Wald test, with Benjamini-
Hochberg adjustment method (padj). Genes with padj < 0.05 and a cutoff of 2-fold change were considered significantly DEGs.
Raw data corresponding to RNA sequencing analyses were deposited at the NCBI SRA, ID number: PRINA 1167322.

G-LISA Cdc42 Activation Assay

Activity of CDC42 GTPases in prefrontal cortex tissue extract was measured by G-LISA Activation Assay (Cytoskeleton Inc.; BK127)
according to the manufacturers protocol. Tissues were lysed with an appropriate lysis buffer and centrifugated (10,000 x g, 1min,
4°C). Supernatants were immediately frozen and kept at —20°C till the G-LISA Activity Assay. Protein concentration was measured
by Precision Red™ Advanced Protein Assay (Cytoskeleton Inc.). Most articles that use the G-LISA kit work with cells instead of tis-
sue, so a fine-tuning had to be carried. An amount of 3 mg/ml of sample was needed in these case, data that differs from the original
protocol. The GTP-bound Cdc42 levels were performed according to the manufacturer’s protocol (Cytoskeleton Inc.) and measured
with a spectrophotometer at 490 nm.

Golgi staining procedure

Twenty days after adolescent exposure to AB-FUBINACA (n = 4) or vehicle (n = 4), female mice were sacrificed and the whole brain
was quickly and carefully removed from the skull. The Golgi staining procedure was conducted in accordance with manufacturer’s
instructions, FD Rapid GolgiStain kit (FD NeuroTechnologies, Inc.; PK401A Cell Systems Biology). In summary, brains were
immersed in solution A/B for 10 days in dark (with a change of the solution A/B after the first 24 h). Subsequently, they were trans-
ferred to solution C for 4-5 days prior to being sliced (with a change of the solution C after the first 24 h). Coronal sections of 160 um
thickness, spanning from 1.98 to 1.54 mm with respect to bregma for the prefrontal cortex, were obtained by using a cryostat
following the protocol described by Zhong et al.*® After the sections dried completely on gelatin-coated slides, they were incubated
in staining solution D/E for 10 min. Subsequently, stained sections were rinsed with distilled water and underwent for dehydration by a
series of consecutive immersion in ethanol solutions with increasing concentrations (50, 75, 95 and 100%). Following this, samples
were subjected to clearing using xylene and then mounted.

Image acquisition and analysis for sholl analysis

Stained sections were photographed at a 10x dry objective using a Zeiss LSM 900 confocal microscope (Zeiss, CLSM, Germany). A
Z projection was made to ensure capturing the entire neuron (1 um/stack, 16-bit, 1024 x 1024). For sholl analysis, only neurons of
layer II/1ll of the prefrontal cortex completely impregnated within Golgi stain and that could be traced along its entire length were
selected. Six independent neurons from each animal were randomly selected. To assess neuron remodeling and analysis, we
used the Neuroanatomy plugin (Simple Neurite Tracer, semi-automatic tool) in FIJI (FIJI is just Image J). Finally, a principal component
analysis (PCA) was performed to identify possible different groupings of the neuronal populations, by using an unbiased approach.
For that, we identified 13 markers of neuron complexity: number of intersections (every 20 um), total length (um), number of terminal
ends, total bifurcations, convex hull volume (um?®), average branch order, number of late-order branches, number of first, second, and
third-order branches, average length of first and second-order branches, and the ratio total length —late order branches. PCA was
performed using R package version 2.11 of FactoMineR.
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Image acquisition and analysis for the morphology of dendritic spines

Section images were captured under a Zeiss LSM 900 confocal microscope, using a 60%/2x oil objective (Zeiss, CLSM, Germany)
with 1.4 NA. Images were acquired through a z-plane (0.3um/stack, 16-bit, 2048 x 2048). Secondary and tertiary dendrites of indi-
vidual pyramidal neurons from layers /11l of the prefrontal cortex were selected. In addition, we chose 4-5 apical and 4-5 basal den-
drites per animal for the analysis. To calculate spine density, a minimum dendrite length of 20 um long was required. Reconstruction
of dendrites and spine classification was performed by using the “FilamentTracer” tool of IMARIS software (Bitplane). Projections
from dendrites were classified into 4 types based on their morphological characteristics: “stubby” were less than 0.7 um in length,
lacked a large spine head, and did not appear to have a neck; “thin spines,” larger than 0.7 um and had elongated spine necks with
small heads; “mushroom-like” were also more than 0.7 um of length, but were characterized by a short neck and large spine head;
and “branched” spines that had elongated spine necks with 2 or more spine heads.

QUANTIFICATION AND STATISTICAL ANALYSIS

Normality and homoscedasticity were evaluated before the final analysis (Kolmogorov-Smirnov test and Bartlett’s test, respectively).
Statistical analysis was carried out using unpaired Student t-test (with Welch’s correction when heteroscedasticity), two-way
ANOVA, and two-way ANOVA of repeated measures followed by Bonferroni post hoc comparisons after significant interactions be-
tween factors. In case of missing values, a mixed-model ANOVA was performed. Nonparametric Mann-Whitney test was used when
data did not fit a normal distribution. To study correlations between two variables, the Pearson’s coefficient was employed. Outliers
were excluded if they were >2 standard deviations from the mean. All data are expressed as mean + SEM. A p value <0.05 was used
to determine statistical significance. The statistical analyses performed for each behavioral and molecular experiment are described
in Table S1. The statistical analysis was performed using STATISTICA (StatSoft) software and GraphPad Prism 9.
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