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Abstract

Introduction: Activation of cannabinoid 1 receptors (CB;Rs) by endocannabinoids (eCBs) is controlled by both
eCB production and eCB inactivation. Accordingly, inhibition of eCB hydrolyzing enzymes, monoacylglycerol li-
pase (MAGL) and a/f-hydrolase domain containing 6 (ABHD6), enhances eCB accumulation and CB4R activation.
It is known that inhibition of MAGL regulates select CB;R-dependent behaviors in mice, including locomotor be-
haviors and their modulation by psychostimulants, but much less is known about the effect of inhibiting ABHD6
activity on such behaviors.

Methods: We report a new mouse line that carries a genetic deletion of Abhd6 and evaluated its effect on spontane-
ous locomotion measured in a home cage monitoring system, motor coordination measured on a Rotarod, and
amphetamine-stimulated hyperlocomotion and amphetamine sensitization (AS) measured in an open-field chamber.
Results: ABHD6 knockout (KO) mice reached adulthood without exhibiting overt behavioral impairment, and we
measured only mild reduction in spontaneous locomotion and motor coordination in adult ABHD6 KO mice
compared to wild-type (WT) mice. Significantly, amphetamine-stimulated hyperlocomotion was enhanced by
twofold in ABHD6 KO mice compared to WT mice and yet ABHD6 KO mice expressed AS to the same extent
as WT mice. A twofold increase in amphetamine-stimulated hyperlocomotion was also measured in ABHD6
heterozygote mice and in WT mice treated with the ABHD6 inhibitor KT-182. It is known that amphetamine-
stimulated hyperlocomotion is not affected by the CB;R antagonist, SR141617, and we discovered that the en-
hanced amphetamine-stimulated hyperlocomotion resulting from ABHD6 inhibition is blocked by SR141617.
Conclusions: Our study suggests that ABHD6 controls amphetamine-stimulated hyperlocomotion by a mech-
anistic switch to a CB;R-dependent mechanism.
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Introduction mechanisms mediate amphetamine’s effect on neuro-

Amphetamine affects neurotransmission in limbic
brain areas involved in locomotor behaviors and moti-
vation."” Repetitive use of large doses of amphetamine
in humans contributes to subjective reward and positive
reinforcement and may lead to addiction, impaired cog-
nitive function, and psychosis.3’4 In rodents, acute treat-
ment with amphetamine triggers hyperlocomotion, and
repeated administration of amphetamine leads to pro-
gressive enhancement of its response, coined amphet-
amine sensitization (AS).>° Multiple molecular

transmission, including (1) an increase in dopamine sig-
naling through trace amine receptors and kinase
pathways, (2) reversal of dopamine transporter function
that depletes dopamine vesicles, and (3) a recently dis-
covered action potential-dependent mechanism.”® Few
studies have tested the involvement of endogenous sig-
naling lipids in the molecular mechanism that mediate
amphetamine’s effect of brain function.

The endocannabinoid (eCB) signaling lipids,
arachidonoylethanolamine (AEA, anandamide) and
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2-arachidonoylglycerol (2-AG), activate presynaptic
cannabinoid 1 receptor (CB;R) that regulates neuro-
transmitter release (including the release of glutamate
and gamma-aminobutyric acid [GABA]),”" metabo-
lism, and phenotype.'"'* Thus, activity-dependent in-
creases in eCB production and treatments with
cannabinoid agonists, such as A’-tetrahydrocannabinol,
activate CB;Rs expressed by different neuronal subpopu-
lations that mediate multiple behaviors, including
locomotor behaviors and their modulation by psychosti-
mulants. Specifically, blockade of eCB-CB,R signaling
affects spontaneous locomotion and motor coordina-
tion."> "> Conversely, enhanced eCB-CB,R signaling
achieved by inhibiting fatty acid amide hydrolase
(FAAH) and monoacylglycerol lipase (MAGL) that
increase AEA and 2-AG levels, respectively, affects loco-
motion and motor coordination.'®™'° Of note, a crosstalk
modulatory response exists between eCB-CB; R signaling
and dopamine signaling. Enhanced dopamine signaling
increases eCB levels in the striatum and cerebral cor-
tex.*?>*! ‘While CB,R blockade does not influence
amphetamine-stimulated hyperlocomotion, it does pre-
vent amphetamine self-administration and AS.**"**
Thus, while the involvement of CB;R, FAAH, and
MAGL in motor behaviors and their modulation by
amphetamine are known, the role of o/f-hydrolase
domain containing 6 (ABHDG6) in such behaviors re-
mains unknown.

ABHDG6 hydrolyzes monoacylglycerol lipids with a
preference for 2-AG and is expressed at the postsynaptic
terminals, close to 2-AG synthesis, and in opposition to
presynaptic CB;R and MAGL.*>"*® ABHD6 controls 2-
AG accumulation, ensuing activation of CB;R when
neurons are excited by neurotransmitters, suggesting
that ABHDG6 controls 2-AG-CB, R signaling predomi-
nantly when neurons are highly active and firing.*
Thus, evidence indicates that MAGL and ABHDG6
may play different roles in eCB signaling. In this
study, we report a new mouse line that lacks Abhd6 ex-
pression and tested whether this genetic deletion affects
spontaneous locomotion, motor coordination, and
amphetamine-stimulated hyperlocomotion and AS.

Methods and Materials

Subjects

We studied Abhd6 ' ~, Abhd6™'~, and WT littermates of
both sexes and on a C57BL/6] background, weighing 18—
29 g and between 10 and 14 weeks of age. Abhd6 ’~ mice
were backcrossed every 6 months with C57BL/6] mice
from the Jackson Laboratory (Massachusetts) to main-
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tain genetic background. Animals were group-housed
in a temperature-controlled facility (73 +2°F, 45% hu-
midity, and regular 12-h light/12-h dark cycle, lights on
at 7 AM), with food and water ad libitum. All experimen-
tal procedures were approved by the Institutional Animal
Care and Use Committee of University of Washington
and follow guidelines of National Institutes of Health.

Drugs and chemicals

Amphetamine, ethanol, and dimethyl sulfoxide from
Sigma-Aldrich (Missouri). Alkamuls EL-620 was
from Rhodia (New Jersey). Saline was from Aqualite
System (Illinois). SR141716 was provided by National
Institute on Drug Abuse Drug Supply Program (Mary-
land) and was dissolved in vehicle (1:1:1:17 ratio of di-
methyl sulfoxide/alkamuls EL-620/ethanol/saline) and
was administered i.p.

Membrane proteome

Brain tissues from WT and ABHD6 KO mice (8 weeks
of age) were extracted immediately following decapita-
tion and cortical and striatal regions were dissected,
flash frozen in liquid nitrogen, and stored at —80°C.
Tissues were thawed on ice, Dounce homogenized in
ice-cold lysis buffer (20mM 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid [HEPES] pH 7.2, 1 mM
MgCl,, 2mM dithiothreitol [DTT], and 10 U/mL ben-
zonase), incubated on ice for 15min, and centrifuged
(2500 g, 3 min, and 4°C) to pellet debris. Superna-
tants were centrifuged (100,000xg, 45min, 4°C;
Beckman Coulter TLA-55 rotor) to pellet the mem-
brane fraction. Pellets were resuspended in ice-cold
buffer containing 20 mM HEPES, pH 7.2, and 2mM
DTT; total protein was determined using the DC protein
assay (Bio-Rad, California), and samples flash frozen
and stored at —80°C until use.

Gel based ABPP

Membrane proteome was thawed on ice, treated with
250nM MBO064 for 15min at 37°C, and quenched
with 4xLaemmli sample buffer (Bio-Rad). Sample
(10 ug protein) was resolved using sodium dodecyl
sulphate-polyacrylamide gel electrophoresis by run-
ning on a 10% polyacrylamide gel (Bio-Rad). In-gel
fluorescence was detected using the Cy3 (602/50 filter)
and Cy5 (700/50) channels on a CemiDoc MP imaging
system (Bio-Rad) and subsequently stained with Coo-
massie for total protein quantification. Images were
quantified using Image] software.
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Spontaneous locomotion measured

with the PhenoTyper system

Mice were placed in Noldus PhenoTyper instrumented
cages (Wageningen, Netherlands; 45 x 45 cm area sup-
plied with food and water) and their spontaneous loco-
motion tracked for 48h. using 12-h light and dark
phases.””*° Data were analyzed using the Noldus soft-
ware and results presented as total distance traveled in
meters using 2-h interval bins.

Motor coordination and learning measured

with the rotarod

Motor coordination and learning were assessed using
an accelerating rotarod (4-40 rpm for a cutoff time of
300 sec) as previously described.’’** In this paradigm,
mice were tested for seven testing trails (with 20 min inter-
vals) each day for two consecutive days so that the learn-
ing on motor skills will be evaluated. All mice were naive
on the first testing day. Motor learning was analyzed over
a total of 14 trials of the latency (sec) to fall off the rotarod.

Amphetamine-stimulated locomotion measure

in an open field

Mice were first habituated by placing them in the open-
field area for 2 days (90 min on each day), which in-
cluded a saline injection. On day 3, mice were placed
in the open field, monitored for 90 min, injected with
amphetamine (2 mg/kg i.p.), and monitored for an ad-
ditional 90 min. Mice underwent the same procedure
on day 10 to study AS.

Statistical analyses

Animals were randomly assigned to experimental
groups and experimenters were blinded to experimen-
tal conditions. ANOVA for repeated measures was
used to determine the effects of time course, including
PhenoTyper and AS. Two-way ANOVA was used to
determine the effects of drug treatment and genotype
on acute or AS. The Sphericity-Assumed correction
was applied to all repeated factors; degrees of freedom
for significant interactions are reported as uncorrected
values. One-way ANOVA was used to identify the
source of significant interactions and comparisons be-
tween genotype or drug treatment, followed by Bonfer-
roni post hoc tests or two-tailed t-tests, as appropriate.
No gender differences were detected in all the behavior
tests (p>0.15 for all comparisons), and therefore
results from both genders were pooled for statistical
analyses. Statistical analyses were performed using
IBM-SPSS Statistics version 25.0 (SPSS Inc., Illinois).
p-Value <0.05 was considered significant.
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Results

Targeted disruption of Abhd6 and loss in ABHD6
expression and activity

The Abhd6 gene is on chromosome 3pl4.3 and its
sequence encodes for a 38 kDa integral membrane en-
zyme that has its active domain facing the intracellular
space and includes a canonical catalytic triad (S148-
D278-H306) necessary for 2-AG hydrolysis.>>*%>?
Mice lacking Abhd6 were generated in collaboration
with the TSRI Mouse Genetics Core by using a target-
ing construct to delete exon 5 of the Abhd6 gene that
encodes S148. LoxP sites were introduced to flox
exon 5 to enable tissue- and cell-specific deletion of
Abhdé6 exon 5 with Cre/LoxP recombination technol-
ogy (Fig. 1A). This construct was used to generate tar-
geted clone #8 in C57Bl/6]-derived murine embryonic
stem cells as confirmed by Southern blot analysis
(Fig. 1B), and the resulting chimera mouse had germ-
line transmission of the targeted mutation as confirmed
by Southern blotting analysis (Fig. 1C) and PCR geno-
typing (data not shown).

To generate mice that lack Abhd6 expression in all
tissues, we bred mice carrying the floxed Abhd6 allele
with Rose26 Cre transgenic mice (Cre deleter; Taconic
Farms). The resulting ABHD6 knockout (KO) mice
were viable and born with the expected Mendelian fre-
quency and lacked whole brain ABHD6 activity as de-
termined by gel-based activity-based protein profiling
(ABPP) using fluorophosphonate-rhodamine (Fig. 1D).
Of note, ABHD6 KO mice were largely indistin-
guishable from wild-type (WT; Abhd6™’") and
heterozygous (Abdh6™’") littermates throughout
adulthood and exhibited overall normal behaviors
when observed in their home cage, and gain weight
similar to WT mice. These results show that genetic
deletion of Abhd6 does not result in either overt de-
velopmental defects or overall abnormal behavior in
adult mice.

Locomotor behaviors and their modulation by psy-
chostimulants involve changes in neuronal activity in
the cerebral cortex and basal ganglia.’**> Reported mea-
sures of mouse brain ABHD6 activity by gel-based
ABPP suggest similar ABHDG6 activity in cerebral cortex
and striatum.>® In this study, we sought to extend these
results by measuring ABHD6 activity using gel-based
ABPP with the f-lactone (MB064) probe that reliably
measures ABHDG6 activity, as confirmed by the absence
in the corresponding tissue harvested from ABHD6 KO
mice (Fig. 1E). We found comparable levels of ABHD6
activity in the membrane proteome from mice cortical
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progeny with germline transmission and absence of ABHD6 activity. (A) Schematic of Abhdé targeting
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strategy. (B) Positive ES clone #8 was identified by Southern analysis with 5" and 3’ probes. (C) Germline
transmission of the targeted mutation was confirmed in genomic tail DNA by Southern analysis with a 3’
probe. (D) Activity-based protein profiling analysis with the FP-rhodamine probe confirmed the loss of

type. Color images are available online.

ABHD®6 activity in whole brain tissue from ABHD6 KO mice compared with WT mice (8 weeks of age).
(E) Activity-based protein profiling analysis of ABHD6 activity with the MB064 probe shows similar
ABHD®6 activity in WT mouse cerebral cortex and striatal tissues and loss of activity in corresponding
ABHD6 KO tissues (8 weeks of age). ABHD®, «/f-hydrolase domain containing 6; KO, knockout; WT, wild

and striatal tissues (15 weeks of age; 0.14£0.01 and
0.12+0.01, arbitrary units, n=3 per sample, Student’s
t-test=0.12; Supplementary Fig. S1). Thus, comparable
ABHDES activities are present in mouse cortex and stria-
tum, brain areas involved in locomotor behaviors and
their modulation by amphetamine.

Mild impairment of spontaneous locomotion

in ABHD6 KO mice

To determine if the genetic deletion of Abhd6 affects
spontaneous locomotion, we used the Noldus Pheno-
Typer® system, an instrumented observation cage that
tracks mice over multiple days.””*' This monitoring
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device detects subtle differences in daily patterns of spon-
taneous locomotion and time spent in defined areas of
the chamber (e.g., close to the edges, in the center and
in hidden areas, and in drinking and eating areas).*>*°
ABHD6 KO mice and WT littermates (7-10 weeks of
age) were transferred from their home cage to individual
Noldus PhenoTyper cages at 8 AM (i.e., start of the 12-h
light phase), and their spontaneous locomotion moni-
tored for 48h. We found no significant difference in
the overall distance travelled by ABHD6 KO and WT lit-
termates when analyzing the entire cage during 3 time
periods: the initial 2h of being placed into the chamber
(an index of novel environment exploration, p=0.57),
the dark phase (when mice are more active, p=0.78),
and the light phase (when mice are less active,
p=0.13)"® (Fig. 2A). Analysis of the time spent in defined
areas of the chamber during these three periods also
showed no significant difference between ABHD6 KO
and WT littermate mice, including the time spent close
to the edges of the chamber (thigmotaxis, p>0.32), in
the shelter (hidden area, p>0.13), and in the drinking
(p>0.07) and eating (p>0.27) areas (Supplementary
Fig. S2; Supplementary Table S1). An analysis of sponta-
neous locomotion in 2 h bins revealed small, but signifi-
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cant decrease in spontaneous locomotion of ABHD6 KO
mice compared to WT littermate mice at select time
points (Fy3 500=3.09, p<0.001; Fig. 2B), in particular,
during periods of transitions from light to dark phase
(e.g., from less to more active; p<0.05 and p<0.01 for
the first and second transitions, respectively; Fig. 2C).
Thus, ABHD6 KO mice do not exhibit overt changes
in spontaneous locomotion and exhibit only mild im-
pairments of spontaneous locomotion during transition
periods from low activity to higher activity (light to
dark phase transition).

Mild impairment of motor coordination

in ABHD6 KO mice

Motor coordination and the acquisition of such motor
skills can be studied in mice using a Rotarod apparatus
by comparing their latency to fall off the Rotarod over
seven trials per day for multiple days.*”***° While
ABHD6 KO and WT littermate mice performed simi-
larly on the Rotarod when averaging their performance
during the 1st and 2nd day (F;;9=1.15, p=0.30;
Fig. 3A), an analysis of individual Rotarod trials during
each day indicated a significant reduction in perfor-
mance by ABHD6 KO mice compared to WT
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FIG. 2. Mild impairment of spontaneous locomotion in ABHD6 KO mice. Spontaneous locomotion of WT
and ABHD6 KO mice was measured over 2 days in an instrumented observation home cage (12-h light and
dark cycles). (A) ABHD6 KO and WT mice exhibited similar overall spontaneous locomotion during the initial
2 h of being placed in the instrumented observation home cage (novel environmental exploration) and
during light and dark phases (total 24 h each). (B) Analyses of the daily patterns of locomotor activity over
48 h in 2-h bins suggested the reduction of spontaneous locomotion of ABHD6 KO mice during the
transition period from light to dark phases. (C) Significant reduction in the spontaneous locomotion of
ABHD6 KO mice compared to WT mice measured during the transition from light to dark phases (i.e.,
distance travelled during the last 4 h of the light cycle vs. the first 4 h of the dark cycle). Data are expressed
as mean+S.E.M. (n=12-13 mice per group). *p <0.05 versus WT, repeated measures ANOVA followed by
Bonferroni post hoc test. ANOVA, analysis of variance; S.E.M., standard error of mean.
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FIG. 3. Mild initial impairment of motor coordination and enhanced motor learning in ABHD6 KO mice.
Motor coordination and the acquisition of such motor skills were studied in WT and ABHD6 KO mice by
measuring their latency to fall off a Rotarod using a 2-day paradigm (each day, 7 trials of 300 sec). (A) ABHD6-
KO mice and WT littermates do not exhibit significant difference in their rotarod performance when analyzing
the average latency to fall off the rotarod across all trials on days 1 and 2. (B) ABHD6-KO mice exhibit a
significant reduction in the latency to fall off the Rotarod on the first trial of the 1st day of testing (*p <0.05
vs. WT, ANOVA followed by Tuckey). (C) ABDH6 KO mice (total =152 sec) enhanced slow motor learning
compared to WT mice (total =120 sec) as determined by the improvement in performance between trials
across all trials (A sec between trials). Data are expressed as mean+S.E.M. (n=10-11 mice per group).

littermates during the first trial of the 1st day of testing
(analysis of variance [ANOVA] followed by Tuckey,
p<0.05; Fig. 3B). These results suggest that genetic de-
letion of Abhd6 has no overt effect on motor coordina-
tion, but might influence motor learning.

To determine if ABHD6 KO mice exhibit impaired
motor learning, we adopted a method developed by
Costa et al,”” in which fast motor learning is deter-
mined by measuring improvement in motor perfor-
mance on the rotarod within the first training
sessions (average % improvement between initial four
trials of each day) and slow motor learning is determined
by measuring improvement across all trials of each day.
Fast motor learning was slightly lower in ABHD6 KO
mice (8%) compared to WT littermates (20%). By con-
trast, slow motor learning was slightly greater in ABHD6
KO mice compared to WT littermates (i.e., totaling
152sec in ABHD6 KO mice compared to 127 sec in
WT mice; Fig. 3C). Together, these results suggest a
mild impairment of motor coordination in ABHD6
KO mice compared to WT littermates, which is more
pronounced during the initial Rotarod trials. These re-
sults also suggest enhanced learning of new motor coor-
dination skills ABHD6 KO mice compared to WT
littermates, a conclusion that agrees with the fact that
ABHD6 KO mice perform similar to WT littermates
by the 2nd day of Rotarod testing.

Blocking ABHD6 enhances

amphetamine-stimulated hyperlocomotion

without affecting AS: CB,R dependence

We first determined whether genetic deletion of
Abhd6 affects amphetamine-stimulated hyperloco-
motion by treating ABHD6 KO and WT littermate
mice with amphetamine (2mg/kg) and recording
their locomotion in an open-field chamber before
and after treatment. Figure 4A shows that
amphetamine-stimulated hyperlocomotion was two-
fold greater in ABHD6 KO mice compared to WT
littermates (F;735,=3.437, p<0.001). Enhanced
amphetamine-stimulated hyperlocomotion was also ev-
ident in ABHD6 heterozygote (HET) mice (2.4-fold)
and when treating WT mice with the brain-penetrant
ABHDG6 inhibitor KT-182 (2 mg/kg, intraperitoneal
[i.p.]; 2.2-fold; Fig. 4B). Together, our genetic and
pharmacological results strongly suggest that block-
ing ABHD6 increases amphetamine-stimulated
hyperlocomotion.

As previously shown, amphetamine-stimulated hyper-
locomotion in WT mice was not affected by the CB;R
antagonist SR141617 (2 mg/kg; Fig. 4C).**"** By sharp
contrast, the enhanced amphetamine-stimulated hyper-
locomotion measured in ABHD6 KO mice was reduced
by SR141617 to a WT response (F; 44=38.966, p<0.01;
Fig. 4C). This result suggests that reduced ABHD6
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FIG. 4. (B;R-dependent increases in amphetamine triggered hyperlocomotion and maintained
amphetamine sensitization in ABHD6 KO mice. Amphetamine-stimulated hyperlocomotion and AS was
measured by treating ABHD6 KO and WT littermate mice with amphetamine (2 mg/kg) and recording their
locomotion in an open-field chamber before and after treatment. (A) Amphetamine-stimulated
hyperactivity (distance travelled per 5 min) was greater in ABHD6 KO compared to WT mice.

(B) Amphetamine-stimulated hyperactivity (distance travelled during 90 min following treatment, AUC) was
enhanced by 2- and 2.2-fold in ABHD6 KO and HET mice, respectively, and by 2.4-fold in WT mice treated
with KT-182 (2 mg/kg). *p < 0.05 versus WT group, ANOVA followed by Dunnett’s post hoc test. (C) The CB;R
antagonist SR141617 (2 mg/kg, subcutaneous) does not affect amphetamine-stimulated hyperlocomotion in
WT mice and reduced the amphetamine-stimulated hyperlocomotion in ABHD6 KO mice to levels
comparable to the WT response. (D) ABHD6 KO and WT littermates express AS. *p <0.05 versus WT vehicle
group, *p<0.05 vs. ABHD6 KO vehicle group, repeated measures ANOVA followed by Tuckey post hoc test.
*p <0.05 versus WT vehicle group, *p <0.05 versus ABHD6 KO vehicle group, repeated measures ANOVA
followed by Tuckey post hoc test. Data are expressed as mean=+S.E.M. (n=10-11 mice per group). AS,
amphetamine sensitization; AUC, area under the curve; CB4R, cannabinoid 1 receptor; HET, heterozygote.
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activity causes a mechanistic switch from a CB;R-
independent amphetamine-stimulated hyperlocomotion
to an enhanced, CB;R-dependant, amphetamine-
stimulated hyperlocomotion.

AS is expressed as a progressive enhancement of
amphetamine-stimulated hyperlocomotion with re-
peated amphetamine injections, and this behavioral
sensitization is known to involve CB,;Rs.>®'>?*%* To
determine if ABHDG6 is involved in AS, we treated
mice twice with amphetamine (2 mg/kg, i.p., first on
day 3 and then on day 10), and measured locomotion
as above. Remarkably, ABHD6 KO and WT littermate
mice exhibited a similar AS (2.2-fold in WT and 2.1-
fold in ABHD6-KO; F, »,=24.308, p<0.001; Fig. 4D).
Importantly, pretreatment with SR141516 blocked the
enhanced AS measured in ABHD6-KO mice showing
that AS remained CB;R dependent (data not shown)
Thus, while ABHD6 controls acute amphetamine-
stimulated hyperlocomotion, it does not control the es-
tablishment of AS.

Discussion
We report a new genetically modified mouse line,
ABHD6 KO, which appears to undergo normal develop-
ment into adulthood and only exhibits a mild reduction
in spontaneous locomotion and motor coordination, in-
dicating that adult mice lacking ABHD6 from birth do
not exhibit an overt abnormal phenotype. Our results ex-
tend a previous report showing that ABHD6 KO mice
generated using a different genetic approach do not ex-
hibit an overt abnormal phenotype in adulthood.**
Well-balanced spontaneous locomotion and explo-
ration are controlled by CB;Rs, represent essential be-
haviors for survival, and are often dysfunctional in
psychiatric disorders.**"** We report a mild reduction
in spontaneous locomotion in ABHD6 KO mice com-
pared to WT littermates, which was apparent during
the transition between periods of low activity to
higher activity (light to dark phase transition), sug-
gesting the involvement of ABHD6 in arousal-
dependent changes in locomotion. Furthermore,
ABHDG6 does not appear to play a role in exploratory
behavior as indicated by the similar spontaneous loco-
motion of ABHD6 KO mice and WT littermate mice
measured during the initial period in PhenoTyper
cage. These results contrast with the pronounced im-
pairment of spontaneous locomotion measured when
blocking MAGL activity in mice.'®** Thus, compared
to MAGL inhibition, ABHD6 inhibition only mildly
affects spontaneous locomotion.
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Blockade of MAGL activity in mice does not influ-
ence their average performance on the Rotarod.*® We
show that ABHD6 KO mice exhibit a mild impair-
ment of motor coordination detected during the
first trial of Rotarod testing and yet perform similar
to WT littermate mice during the following Rotarod
trials. Considering that motor coordination and
learning of motor skills involve corticostriatal neuro-
nal circuits,”” our results suggest that ABHDG6
expressed by these neuronal circuits might contribute
to the molecular mechanism involved in improving
motor coordination skills.

Amphetamine increases neurotransmission in limbic
brain areas involved in locomotion and motivation by
several mechanisms that increase dopamine signaling,"*
Amphetamine enhances dopamine signaling in the nu-
cleus accumbens (NAc) in a CB;R-dependent manner.®
We show that loss of ABHD6 activity enhances
amphetamine-stimulated hyperlocomotion through a
mechanistic switch to a CB;R-dependent amphetamine
response. The enhanced amphetamine-stimulated
hyperlocomotion was measured in both WT mice trea-
ted with an ABHD6 inhibitor and in ABHD6 HET mice,
suggesting that the enhanced amphetamine response is
not due to neurodevelopmental compensation occurring
in ABHD6 KO mice, and that ABHD6 activity repre-
sents an enzymatic limiting factor in this response, re-
spectively. There are several brain areas and neuronal
circuits where a mechanistic interaction between
ABHDS6, CB;R, and dopamine signaling might occur.
CB)Rs are expressed by prefrontal cortex-NAc projec-
tion terminals that modulate cholinergic interneurons
controlling dopamine release in the NAc.** Thus,
ABHDG6 inhibition could enhance CB;R activation
on PFC-NACc terminals and decrease glutamate release
onto cholinergic interneurons that control dopamine
release in the NAc. Another mechanistic interaction
could occur in the ventral tegmental area (VTA)
where CB;Rs are expressed on afferent GABAergic ter-
minals that control the activation of dopamine neu-
rons.**® Thus, ABHD6 inhibition could enhance
CB,R activation on GABAergic neurons in the VTA
and increase dopamine release in the striatum. Our re-
sults provide an initial mechanistic framework for
studying the molecular mechanism by which blockade
of ABHD6 might enhance amphetamine-stimulated
hyperlocomotion and render it dependent of CB;Rs.

Blocking ABHD6 activity does not affect AS, a re-
sult that is in sharp contrast with the known involve-
ment of CB;R, MAGL, and FAAH in this behavioral
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sensitization.* AS has been proposed to model the de-
velopment of aberrant dopamine signaling and dysre-
gulation of incentive motivational processes that are
involved in the development of addiction, stimulant-
induced psychosis, and a number of psychiatric ill-
nesses.”' >* Accordingly, CB;R signaling plays a
role in reinstatement and relapse of amphetamine-
type stimulant use disorders, addiction, and ensuing
psychiatric symptoms.”*>> Our results suggest that
ABHDG6 does not play a significant role in the expres-
sion of AS.

What is the signaling mechanism that links block-
ade of ABHDG6 to activation of CB;R and enhance-
ment of amphetamine-stimulated hyperlocomotion?
This literature suggests that the most likely candidate
is 2-AG. Biochemical measures of ABHD6 activity in
tissue homogenates show that ABHD6 preferentially
hydrolyses 2-AG over other monoacylglycerol lipids
and hydrolyses various lysophospholipids and diacyl-
glycerol (DAG) substrates.”***>” However, the in-
volvement of lysophospholipids and DAGs in our
response is unlikely since these lipids do not activate
CB;R, whereas 2-AG activates CB;R as a full ago-
nist.>®**® Our understanding of 2-AG dynamics
in vivo has been limited by the low spatiotemporal res-
olution of common analytical chemistry approaches
(rapid freezing of tissue follow by liquid chromatogra-
phy mass spectrometry quantification). While well
suited for measuring changes in 2-AG tone, quantifi-
cation of bulk brain 2-AG does not resolve 2-AG fluc-
tuations occurring in seconds to minutes triggered by
transient increase in brain activity. For example, AS
reduces 2-AG levels in the ventral striatum, but not
in the dorsal striatum, responses that could be linked
to changes in overall 2-AG tone rather than rapid and
transient changes in localized 2-AG levels.>® To over-
come this limitation, novel genetically encoded eCB
sensors, for example, GRABeCB2.0, are paving the
way to study localized changes in low micromolar
eCB concentrations within seconds.®™®*> Of note,
ABHD6 has been shown to control the number of
AMPA receptors trafficking to the plasma membrane;
however, this molecular mechanism of ABHDS6 is not
involved in the ABHD6-dependent enhanced
amphetamine-stimulated hyperlocomotion because
(1) ABHD6-AMPA receptor interactions do not in-
volve the catalytic triad®> and (2) we report the en-
hancing response also occurs when treating mice
with KT-182, a carbamate-based inhibitor that blocks
the 2-AG hydrolyzing activity by ABHD6 by covalent

DENG ET AL.

modification of the catalytic Ser148.>%*~%¢ Thus, the
most likely signaling mechanism that links blockade
of ABHD6 to activation of CB;R and enhancement
of amphetamine-stimulated hyperlocomotion is en-
hancement of 2-AG levels.

In conclusion, we provide the first evidence for a
role of ABHDG6 in the modulation of amphetamine-
stimulated hyperlocomotion and suggest a molecular
interaction between ABHD6 and CB,R signaling in
highly active neuronal circuits that control locomo-
tor behaviors influenced by psychostimulants. The
ABHDG6-dependent mechanistic switch to a CB;R
dependence of amphetamine responses adds to our
understanding of the molecular mechanisms in-
volved in the behavioral effects of psychostimulants.
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NAc = nucleus accumbens
SR141716 = N-(piperidin-1-yl)-5-(4-chlorophenyl)-1-(2,4-dichlorophenyl)-
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