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Abstract 

Background: Individuals with Fragile X syndrome (FXS) and autism spectrum disorder (ASD) exhibit an array of 
symptoms, including sociability deficits, increased anxiety, hyperactivity, and sensory hyperexcitability. It is unclear 
how endocannabinoid (eCB) modulation can be targeted to alleviate neurophysiological abnormalities in FXS as 
behavioral research reveals benefits to inhibiting cannabinoid (CB) receptor activation and increasing endocannabi-
noid ligand levels. Here, we hypothesize that enhancement of 2-arachidonoyl-sn-glycerol (2-AG) in Fragile X mental 
retardation 1 gene knock-out (Fmr1 KO) mice may reduce cortical hyperexcitability and behavioral abnormalities 
observed in FXS.

Methods: To test whether an increase in 2-AG levels normalized cortical responses in a mouse model of FXS, animals 
were subjected to electroencephalography (EEG) recording and behavioral assessment following treatment with JZL-
184, an irreversible inhibitor of monoacylglycerol lipase (MAGL). Assessment of 2-AG was performed using lipidomic 
analysis in conjunction with various doses and time points post-administration of JZL-184. Baseline electrocortical 
activity and evoked responses to sound stimuli were measured using a 30-channel multielectrode array (MEA) in adult 
male mice before, 4 h, and 1 day post-intraperitoneal injection of JZL-184 or vehicle. Behavior assessment was done 
using the open field and elevated plus maze 4 h post-treatment.

Results: Lipidomic analysis showed that 8 mg/kg JZL-184 significantly increased the levels of 2-AG in the auditory 
cortex of both Fmr1 KO and WT mice 4 h post-treatment compared to vehicle controls. EEG recordings revealed a 
reduction in the abnormally enhanced baseline gamma-band power in Fmr1 KO mice and significantly improved 
evoked synchronization to auditory stimuli in the gamma-band range post-JZL-184 treatment. JZL-184 treatment also 
ameliorated anxiety-like and hyperactivity phenotypes in Fmr1 KO mice.

Conclusions: Overall, these results indicate that increasing 2-AG levels may serve as a potential therapeutic approach 
to normalize cortical responses and improve behavioral outcomes in FXS and possibly other ASDs.
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Background
Fragile X syndrome (FXS) is a neurodevelopmental 
disorder caused by the transcriptional silencing of the 
Fragile X mental retardation 1 (Fmr1) gene [1], which 
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leads to the loss of the Fragile X Mental Retardation 
Protein (FMRP) [2]. The loss of FMRP induces a spec-
trum of molecular [3] and synaptic alterations in struc-
ture [4, 5] and function [6–8] that may underlie circuit 
dysfunction across brain regions [9–12]. Individuals 
with FXS are phenotypically heterogeneous, but com-
mon characteristics include intellectual disability [13], 
social and communication deficits [14], increased anxi-
ety [15, 16], repetitive behaviors [17], sensory hyper-
excitability [18–20], and in some cases, epilepsy [21] 
[reviewed in [22]].

Electroencephalographic (EEG) studies in human 
patients with FXS show baseline gamma-band abnormal-
ities and impaired synchronization to auditory stimuli, 
which are associated with heightened sensory sensitivi-
ties and social communication deficits [23, 24]. These 
biomarkers also correlate with reduced behavioral flex-
ibility, increased distractibility, and cognitive deficits 
[25]. Remarkably similar EEG findings are observed in 
rodent models of FXS, the Fmr1 knock-out (KO) rat [26] 
and mouse [27–30], where both developing [29, 30] and 
adult [27, 28] Fmr1 KO mice exhibit increased gamma-
band power in the auditory and frontal cortex compared 
to wild-type (WT) counterparts. The reproducibility of 
these neurophysiological measures in replicate studies 
and FXS rodent models provides a unique opportunity to 
assess the efficacy of pharmacological interventions. In 
this study, EEG assessment was used to test the efficacy 
of an endocannabinoid (eCB)-positive modulator, JZL-
184, which inhibits monoacylglycerol lipase (MAGL) [31, 
32], a hydrolase involved in 2-arachidonoyl-sn-glycerol 
(2-AG) degradation [33], as a potential therapeutic for 
FXS.

The use of cannabis and/or cannabis-related products 
has risen over the years for various disorders, including 
but not limited to epilepsy [34], multiple sclerosis [35], 
and autism spectrum disorders (ASDs) [36]. Evidence 
implicating beneficial effects of cannabinoid modulation 
in FXS phenotypes includes effects on cognition [37, 38], 
anxiety [36, 39], restlessness [36], nociception [40], and 
audiogenic seizure susceptibility [39]. Yet, it is unclear 
how eCB system modulation can be selectively targeted 
to achieve the multifaceted benefits of cannabinoids. 
One theory of eCB system dysfunction in FXS is attrib-
uted to alterations in metabotropic glutamate receptor 5 
(mGluR5) and diacylglycerol lipase-alpha (DAGL-alpha) 
coupling [41], specifically termed the “eCB signalo-
some” [42, 43]. The altered coupling leads to disruption 
of mGluR5-mediated production of 2-arachidonoyl-sn-
glycerol (2-AG) in the ventral striatum and prefrontal 
cortex of FXS mouse models [43]. Furthermore, enhance-
ment of 2-AG was shown to normalize synaptic deficits 
and behavioral abnormalities [43].

To test the hypothesis that increasing levels of 2-AG 
normalizes abnormal EEG patterns in Fmr1 KO mice, 
we employed a selective and irreversible MAGL inhibi-
tor to increase endogenous 2-AG levels. JZL-184 was 
chosen based on its ability to inhibit MAGL [31, 32] 
and use in previous FXS studies [43]. To validate the 
ability of JZL-184 to increase brain levels of 2-AG, we 
employed lipidomic analysis in conjunction with vari-
ous doses and time points post-administration of JZL-
184. This enabled the identification of a dose and time 
point that significantly increased 2-AG levels to test 
EEG outcomes. EEG recordings were performed at 
4 h and 1 day post-treatment using a 30-channel mul-
tielectrode array (MEA). Lipidomic analysis showed 
that JZL-184 treatment had dose- and time-depend-
ent effects on 2-AG brain levels in the auditory cor-
tex, and this correlated with salutary effects on EEG 
indices and behavior in Fmr1 KO mice. Overall, these 
results indicate that eCB system modulation, specifi-
cally increasing levels of 2-AG, may serve as a promis-
ing therapeutic to ameliorate cortical hyperexcitability 
and anxiety/hyperactivity phenotypes in FXS and ASD-
related disorders.

Methods
Ethics statement
All experiments and animal care/use protocols were 
approved by the Institutional Animal Care and Use Com-
mittee at the University of California, Riverside, and were 
carried out in accordance with NIH “Guide for the Care 
and Use of Laboratory Animals.”

Animals
Experimental animals were C57BL/6 wild type (WT, 
RRID:IMSR JAX:000,664) and Fragile X mental retar-
dation gene-1 (Fmr1) knock-out (KO) mice (RRID: 
IMSR_JAX:003,025, The Jackson Laboratory) obtained 
from Jackson Laboratories. Mice were maintained in an 
AAALAC accredited facility in 12-h light/dark cycles, 
and food and water were available ad  libitum. Age-
matched WT and Fmr1 KO male mice were used at post-
natal day (P) 60–90 for lipidomic analysis (N = 78). WT 
and Fmr1 KO male littermates were used at P70–85 for 
EEG recording (N = 61, excluded post-surgery N = 7) 
and P60–65 for behavior (N = 56). All genotypes were 
confirmed with the analysis of tail samples by Transne-
tyx (Cordova, TN, USA), using real-time PCR to probe 
for WT (fmr + / + forward: 5′-TGT GAT AGA ATA TGC 
AGC ATG TGA-3′) or KO (fmr-/-forward: 5′CAC GAG 
ACT AGT GAG ACG TG-3′) target sequence in each 
sample as described previously [30].
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Treatment
The MAGL inhibitor, JZL-184 (Tocris, Cat. 3836), in 
saline (85%) containing 7.5% DMSO, 7.5% Tween 80, or 
vehicle (7.5% DMSO, 7.5% Tween-80 in 85% saline) was 
administered intraperitoneally (i.p., 4, 8, and 16  mg/kg) 
to male WT and Fmr1 KO mice at P60–90. Animals 
were assigned treatment based on simple randomization. 
To ensure that the experimenter was blind to treatment 
for experimental procedures, one experimenter pre-
pared drugs and assigned a numerical identifier to each 
treatment/animal, and a second experimenter admin-
istered the treatment and was blinded to each assigned 
treatment. For lipidomic analysis, naive mice received a 
single treatment of JZL-184 (4, 8, and 16 mg/kg) or vehi-
cle injections at P60–90, and brains were removed 4  h 
or 24  h post-injection for lipidomic analysis. For EEG 
recordings, mice were recorded prior to treatment (PRE, 
non-injected animals) and then received a single treat-
ment of JZL-184 (8 mg/kg) or vehicle and were subjected 
to EEG recording at 4  h and 1  day post-treatment. For 
behavioral testing, naive mice received a single treatment 
of JZL-184 (8 mg/kg) or vehicle injections at P60–65 and 
were subjected to behavioral testing at 4 h post-injection.

Endocannabinoid lipid extract
Animals were euthanized with isoflurane at the time of 
collection. The brain was quickly removed and washed 
in ice-cold phosphate-buffered saline (PBS), on a glass 
petri dish on ice, and the auditory cortex removed as 
previously described [30]. Samples were snap-frozen in 
2-methylbutane followed by liquid nitrogen and then 
stored at − 80  °C pending analysis. Lipid extract pro-
cedures were done as previously described [44–46]. 
Frozen tissues were weighed and then homogenized in 
1  mL methanol solution containing the internal stand-
ards,  [2H5]-2-AG (500  pmol),  [2H4]-AEA (1  pmol), and 
 [2H4]-OEA (10  pmol) (Cayman Chemicals, Ann Arbor, 
MI). Lipids were extracted with chloroform (2  mL) and 
washed with water (1  mL). Organic phases were col-
lected and separated by open-bed silica gel column 
chromatography. Eluate was gently dried under nitro-
gen stream (99.998% pure) and resuspended in 0.2  mL 
methanol:chloroform (1:1), with 1 μL injection for analy-
sis by ultra-performance liquid chromatography coupled 
to tandem mass spectrometry (UPLC-MS/MS).

Measurement of FAEs/MAGs
Data were collected as described previously [44–46] 
using an Acquity I Class UPLC system coupled to a Xevo 
TQ-S Mass Spectrometer (Waters, Milford, MA, USA) 
with accompanying electrospray ionization (ESI) sam-
ple delivery. Lipids were separated on an Acquity UPLC 

BEH  C18 Column (2.1 × 50 mm i.d., 1.7 μm, Waters) with 
inline Acquity guard column (UPLC BEH  C18 VanGuard 
Pre-column; 2.1 × 5 mm i.d., 1.7 μm, Waters) and eluted 
by a gradient of methanol in water (0.25% acetic acid, 
5  mM ammonium acetate) according to the following 
gradient at a flow rate of 0.4 mL per min: 80% methanol 
0.0–0.5  min, 80 to 100% methanol 0.5–2.5  min, 100% 
methanol 2.5–3.0  min, 100–80% methanol 3.0–3.1  min, 
and 80% methanol 3.1–4.5  min. Column temperature 
was maintained at 40 °C and samples were maintained in 
the sample manager at 10 °C. Argon (99.998%) was used 
as a collision gas. MS detection was in positive ion mode 
and capillary voltage set at 0.1 kV. Cone voltage and col-
lision energy were as follows, respectively: 2-AG = 30v, 
12v;  [2H5]-2-AG = 25v, 44v; DHAG = 34v, 14v; 2-OG 
42v, 10v; 2-LG = 30v, 10v; anandamide (AEA) = 30v, 14v; 
 [2H4]-AEA = 26v, 16v; OEA = 28v, 16v;  [2H4]-OEA = 48v, 
14v; DHEA = 30v, 50v. Lipids were quantified using a 
stable isotope dilution method detecting protonated 
adducts of the molecular ions [M +  H]+ in the multiple 
reaction monitoring mode (MRM). Acyl migration from 
2-AG to 1-AG is known to occur; thus, all reported val-
ues for 2-AG represent the sum of 2-AG and 1-AG. 
Extracted ion chromatograms were used to quantify 
2-AG (m/z = 379.3 > 287.3), DHAG (m/z = 403.3 > 311.1), 
2-OG (m/z = 357.4 > 265.2), 2-LG (m/z = 355.3 > 263.3), 
AEA (m/z = 348.3 > 62.0), OEA (m/z = 326.4 > 62.1), 
and DHEA (m/z = 372.4 > 91.02) with  [2H5]-2-AG 
(m/z = 384.3 > 93.4),  [2H4]-AEA (m/z = 352.3 > 66.1), 
and  [2H4]-OEA (m/z = 330.3 > 66.05) used as internal 
standards. Analytes: 2-AG, 2-docosahexaenoylglycerol 
(DHAG), 2-lineolyeoylglycerol (2-LG), 2-oleoylglycerol 
(2-OG), AEA, docosahexaenoyl ethanolamide (DHEA), 
oleoylethanolamide (OEA).

Multielectrode array (MEA) implantation
Surgical procedures were performed as described in 
detail previously [27, 47]. Briefly, mice were anesthe-
tized with isoflurane inhalation (0.2–0.5%) and given 
an intraperitoneal (i.p.) injection of ketamine and xyla-
zine (K/X 100/20  mg/kg). Toe pinch reflex was used to 
measure anesthetic state every 10  min throughout the 
surgery, and supplemental doses, no more than half of 
the original dose of K/X, were administered as needed. 
Mice were aseptically prepared for surgery and placed 
in a stereotaxic frame (model 930; Kopf, CA). Artifi-
cial tear ointment (Henry Schein, 01,169,568,321) was 
applied to the eyes to prevent drying. Once the mouse 
was anesthetized, a midline sagittal incision was made 
along the scalp to expose the skull. A cotton-tip appli-
cator was used to remove the periosteum from the skull 
and to clean the skull with saline. A surgical marker was 
used to mark bregma. A Foredom dental drill was used to 
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drill three holes 1 mm in diameter in the skull overlying 
the left frontal cortex, left cerebellum, and right cerebel-
lum. One-millimeter stainless steel screws (PlasticsOne, 
00–96 X 1/16) were advanced into the drilled holes until 
secure. Special care was taken not to advance the screws 
beyond the point of contact with the dura. The probe 
grounding wire was placed in the nuchal musculature, 
and the 30-channel MEA probe was placed on the skull 
surface, carefully aligning the “ + ” in the center of the 
probe with bregma. Saline was added to the top of the 
probe to aid in adherence to the skull surface and allowed 
to dry. A 4–0 silk tie was used to secure the probe ribbon 
between the two cerebellum screws, and Teflon/plastic 
wrap was placed on top of the probe secured by the three 
screws. Dental cement was applied around the screws, on 
the base of the cotton-tip applicator post, and the Teflon/
plastic wrap covering the probe. A waterproof medical 
tape was used to secure the cotton-tip applicator to the 
probe connector.

Postoperative care included the topical application of 
a triple antibiotic ointment along the edges of the den-
tal cement followed by two subcutaneous injections of 
buprenorphine (0.1 mg/kg; Reckitt & Colman, 5,053,624), 
one immediately after surgery and one 8–12 h after sur-
gery. Mice were placed on a heating pad to aid recovery 
from anesthesia, and additional doses of buprenorphine 
were administered every 8  h for continuous analgesia 
during the first 48  h after surgery. Mice were individu-
ally housed with nesting material (Ancare, NES3600) for 
environmental enrichment and monitored daily until the 
day of EEG recordings, which allowed 3–5-day recovery 
post-surgery before recording.

Electrophysiology
Resting and auditory event-related potential recordings 
were obtained using the SmartBox (NeuroNexus) from 
awake and freely moving mice as previously described 
[27, 47]. Mice were habituated for 20 min in an anechoic 
foam-lined sound-attenuating chamber (Gretch-Ken 
Industries Inc., OR). A head-stage and tether were con-
nected to the probe post of the mouse skull under brief 
isoflurane anesthesia. The tether was connected to a 
commutator located directly above the cage. Mice were 
then allowed to habituate to being connected to the 
tether for an additional 20  min before EEG recordings 
were obtained.

The SmartBox acquisition system was connected to 
the commutator to which the animal was attached allow-
ing recordings from awake and freely moving mice. 
The acquisition hardware filters were set to pass signals 
between (0.5 and 500 Hz) and the data were sampled at 
a rate of 1250 Hz. Sound delivery was synchronized with 
EEG recording using a TTL pulse to mark the onset of 

each sound in a train. Resting EEGs were recorded for 
5  min (during this time, no auditory stimuli were pre-
sented), followed by recordings in response to auditory 
stimulation.

Acoustic stimulation
Acoustic stimulation paradigms were similar to those 
previously used in Fmr1 KO mice [27, 28, 30, 48], which is 
analogous to work in humans with FXS. All experiments 
were conducted in a sound-attenuated chamber lined 
with anechoic foam (Gretch-Ken Industries Inc., OR). 
Acoustic stimuli were generated using RPvdsEx soft-
ware and RZ6 hardware (Tucker-Davis Technologies, FL) 
and presented through a free-field speaker (MF1 Multi-
Field Magnetic Speaker; Tucker-Davis Technologies, FL) 
located 30  cm directly above the cage. Sound pressure 
level (SPL) was modified using programmable attenua-
tors in the RZ6 system. The speaker output was ~ 70 dB 
SPL at the floor of the recording chamber with fluctua-
tion of ± 3 dB for frequencies between 5 and 35 kHz as 
measured with a ¼ in Bruel and Kjaer microphone.

A chirp-modulated signal (henceforth “chirp”) to 
induce synchronized oscillations in EEG recordings was 
used to quantify the fidelity of responses to time-vary-
ing stimuli. The chirp is a 2-s broadband noise stimulus 
which is amplitude modulated (100% modulation depth) 
by a sinusoid whose frequencies increase (Up-chirp) or 
decrease (Down-chirp) linearly in the 1–100-Hz range 
[49–51]. The chirp facilitates a rapid measurement of 
transient oscillatory response (delta to gamma frequency 
range) to auditory stimuli of varying frequencies and can 
be used to compare the oscillatory response in different 
groups in clinical and pre-clinical settings. Inter-trial 
phase coherence (ITPC) analysis (phase-locking factor 
across trials) can then be used to determine the ability 
of the neural generator to synchronize oscillations to the 
frequencies present in the stimulus [52]. The chirp stimu-
lus may be preferable over the traditional steady-state 
stimulus in studies of children with neurodevelopmental 
disorders, as it can quickly and efficiently measure mul-
tiple modulation frequencies in a shorter period of time 
[25]. The chirp stimulus and ITPC measurements show 
similar deficits in temporal processing in both humans 
with FXS and the Fmr1 KO mice.

To avoid onset responses contaminating phase lock-
ing to the amplitude modulation of the chirp, the stimu-
lus was ramped in sound level from 0 to 100% over 1  s 
(rise time), which then smoothly transitioned into chirp 
modulation of the noise. Chirp trains were presented 300 
times with an interval between each train randomly var-
ied between 1 and 1.5 s. The total duration of the chirp 
stimulation EEG recording was 25 min.
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Data analysis
All EEG data analysis was performed as described previ-
ously [27]. Briefly, data analyses were done using a com-
bination of Analyzer 2.1 software (Brain Vision Inc.), 
MATLAB, and SPSS. Data were extracted from the 
SmartBox files and saved in a file format compatible with 
Analyzer 2.1 software. Data were first down-sampled 
to 625 Hz, and a 60-Hz notch filter was used to remove 
residual line noise from recordings. EEG artifact rejec-
tion was performed using a semi-automatic protocol 
in Analyzer 2.1 software. Several criteria were used to 
search for artifacts, including amplitude, gradient, and 
max–min. Less than 30% of data were rejected due to 
artifacts from any single mouse. If more than 30% of the 
data was rejected, the animal was excluded from analy-
sis (resting baseline/chirp: WT PRE, N = 3; Fmr1 KO 
PRE, N = 5; JZL-treated Fmr1 KO, N = 2 (4 h) and N = 7 
(1  day); JZL-treated WT, N = 0 (4  h) and N = 2 (1  day); 
vehicle-treated Fmr1 KO, N = 3 (4 h) and N = 7 (1 day); 
vehicle-treated WT, N = 4 (4  h) and N = 3 (1  day)). An 
outlier test was also performed using the Prism Outlier 
Calculator for resting power ratio calculations. If an ani-
mal was a significant outlier, it was removed from the 
analysis (N = 1).

Resting EEG and sound‑evoked response analyses
Five minutes of EEG data (no auditory stimulus) was 
divided into 1-s segments, and fast Fourier transform 
(FFT) was calculated on each segment using 0.5-Hz 
bins, using a Hanning window, with no overlap, and then 
average power density (μV2/Hz) was calculated for each 
mouse from 1 to 100  Hz as previously described [27]. 
Power was then further binned into standard frequency 
bands: delta (1–4 Hz), theta (4–8 Hz), alpha (8–13 Hz), 
beta (13–30  Hz), low gamma (30–55  Hz), and high 
gamma (65–100  Hz). We compared genotype or treat-
ment group mean differences on six bands per region: 
left frontal (LF), right frontal (RF), left medial (LM), 
right medial (RM), left temporal (LT), and right tempo-
ral (RT). The spectral bands used are based on a num-
ber of previous studies on FXS in both mice [53] and 
humans [20, 23, 24].

Responses to chirp trains were analyzed using Morlet 
wavelet analysis as previously described [27]. Chirp trains 
were segmented into windows of 500  ms before chirp 
onset to 500 ms after the end of the chirp sound (a total 
of 3 s because each chirp was 2 s in duration). EEG traces 
were processed with Morlet wavelets from 1 to 100  Hz 
using complex number output (voltage density, μV/Hz) 
for inter-trial phase coherence (ITPC) calculations and 
baseline corrected non-phase-locked single-trial power 
(induced power). Wavelets were run with a Morlet 

parameter of 10 as this gave the best frequency/power 
discrimination. This parameter was chosen since stud-
ies in humans found the most robust difference around 
40 Hz, where this parameter is centered [23].

To measure phase synchronization at each frequency 
across trials, ITPC was calculated. The equation used to 
calculate ITPC is:

where f is the frequency, t is the time point, and ĸ is the 
trial number. Thus, Fk (f,t) refers to the complex wave-
let coefficient at a given frequency and time for the ĸth 
trial. There were no less than 215 trials (out of 300) for 
any given mouse after segments containing artifacts were 
rejected.

Statistical analysis
All statistical analyses were performed as described pre-
viously [27, 28, 48]. The term “resting” is used to indicate 
EEGs recorded without any specific auditory stimuli. The 
data were analyzed using a mixed model with multivari-
ate analysis of frequency for each separate region (left/
right frontal, left/right medial, left/right temporal). Data 
was analyzed using a two-way ANOVA. Data are often 
expressed and plotted as a ratio of control group values 
to gauge relative differences in various factors using the 
same scale. Prism 9 software (GraphPad Software, San 
Diego, USA) was used for statistical analysis.

Statistical group comparisons of chirp responses 
(ITPC) were quantified by wavelet analysis using MAT-
LAB (MATLAB, RRID:SCR_001622). The analysis was 
conducted by binning time into 625 parts and frequency 
into 100 parts, resulting in a 100 × 625 matrix. Non-par-
ametric cluster analysis was used to determine contigu-
ous regions in the matrix that were significantly different 
from a distribution of 1000 randomized Monte Carlo 
permutations based on previously published methods 
[54]. Briefly, if the cluster size of the real genotype assign-
ments (both positive and negative direction, resulting in 
a two-tailed alpha of p = 0.025) was larger than 97.25% 
of the random group assignments, those clusters were 
considered significantly different between groups. This 
method avoids statistical assumptions about the data and 
corrects for multiple comparisons.

In all cases, p < 0.05 was considered significant for 
ANOVA and Student’s t-tests. Where t-tests were per-
formed, r was calculated as an effect size. When multiple 
comparisons for ANOVA were made, data were analyzed 
on each factor for simple effects and corrected using 
Bonferroni adjustments. In all cases, means are reported, 

ITPC(f , t) =
1

n

n∑

k=1

Fk(f , t)

|Fk(f , t)|

Content courtesy of Springer Nature, terms of use apply. Rights reserved.



Page 6 of 19Pirbhoy et al. J Neurodevelop Disord           (2021) 13:47 

and the standard error of the mean (SEM) was used. For 
all analyses, “N” = the number of animals.

Power analysis was performed to calculate sample size 
for each experiment, and for EEG, power analysis esti-
mated an N of 10 mice per group. The variance in the 
power analysis estimate was determined using previ-
ously published studies using similar techniques [EEG 
[27–29]].

Behavior
Open‑field (OF) test
Behavioral tests were performed as described previously 
[30, 48, 55]. Briefly, anxiety-like behavior was tested 
(N = 9–12 mice per group) by quantifying their tendency 
to travel to the center of an open field and time spent in 
thigmotaxis [56, 57]. A 43  cm × 43  cm open-field arena 
with 43-cm-high walls was constructed from clear acrylic 
sheets. The open-field arena was placed in a brightly lit 
room, and one mouse at a time was placed in a corner 
of the open field and allowed to explore for 10 min while 
being recorded with digital video from above. The floor 
was cleaned with 3% acetic acid, 70% ethanol, and water 
between tests to eliminate odor trails. Mice were tested 
between 8:00 AM and 5:00 PM, and this test was always 
performed prior to the elevated plus maze by the same 
experimenter. The arena was subdivided into a 4 × 4 grid 
of squares, with the middle of the grid defined as the 
center. A line 4  cm from each wall was added to meas-
ure thigmotaxis. Locomotor activity was scored by the 
analysis of total line crosses and speed as described pre-
viously with some modifications [56] using TopScan Lite 
Software (Clever Sys., Inc., Reston, VA 201,090, USA). A 
tendency to travel to the center (total number of entries 
into large and small center squares) and the time in thig-
motaxis were used as an indicator of anxiety-like behav-
iors using TopScan Lite software (CleverSys Inc). The 
analysis was performed on the first 5-min interval of the 
total 10-min exploration duration. Assessments of the 
digital recordings were performed by an experimenter 
blind to the treatment groups using TopScan Lite Soft-
ware or manual quantification of rearing, stretch-attend 
posture, defecation, and grooming bouts. Statistical anal-
ysis was performed with an unpaired two-way ANOVA 
using GraphPad Prism 9 software. Data represent the 
mean ± standard error of the mean (SEM). An outlier 
test was also performed using the Prism Outlier Calcula-
tor for behavioral measures. If an animal was a significant 
outlier, it was removed from the analysis (vehicle-treated 
Fmr1 KO, N = 1; JZL-184-treated Fmr1 KO, N = 1).

Elevated plus maze (EPM)
Behavioral tests on the EPM were performed as described 
previously [30, 48, 55]. The EPM consisted of four arms 

in a plus configuration. Two opposing arms had 15-cm 
tall walls (closed arms), and two arms were without walls 
(open arms). The entire maze sat on a stand 1  m above 
the floor. Each arm measured 30  cm long and 10  cm 
wide. Mice were allowed to explore the maze for 10 min 
while being recorded by digital video from above. The 
maze was wiped with 3% acetic acid, 70% ethanol, and 
water between each test to eliminate odor trails. Top-
Scan Lite software was used to measure the percent of 
time spent in open arms and speed. The time spent in the 
open arm was used to evaluate anxiety-like behavior. The 
velocity and total arm entries were measured to evaluate 
overall locomotor activity. The analysis was performed 
on the first 5-min interval of the total 10-min exploration 
duration. Video assessment and statistical analysis were 
performed as described above for the OF test. An outlier 
test was also performed using the Prism Outlier Calcula-
tor for behavioral measures. The outlier test resulted in 
the removal of one JZL-184-treated WT mouse and one 
JZL-184-treated Fmr1 KO mouse.

Results
In the current study, we examined whether increasing the 
levels of the eCB receptor ligand, 2-AG, normalizes neu-
ral correlates of auditory hypersensitivity and behavioral 
deficits in Fmr1 KO mice. To do this, mice were treated 
with the MAGL inhibitor, JZL-184, and control animals 
were treated with vehicle. To confirm increased levels of 
2-AG following JZL-184 treatment, Fmr1 KO and WT 
mice were treated with 4, 8, or 16 mg/kg JZL-184 or vehi-
cle, and the auditory cortex was dissected and processed 
for lipidomic analysis. A second group of mice was 
subjected to 30-channel MEA EEG recording to quan-
tify resting baseline power spectral density and sound-
evoked responses prior to treatment (PRE, non-injected 
animals), 4 h and 1 day post-treatment with 8 mg/kg JZL-
184 or vehicle. A third group of mice was used to assess 
hyperactivity and anxiety-like behaviors using the open 
field and the elevated plus-maze tests. Only adult (P60–
90) male mice were used in this study.

JZL‑184 treatment increases levels of 2‑AG in the cortex 
of Fmr1 KO and WT mice
In the current study, we examined whether increasing 
the levels of the eCB receptor ligand, 2-AG, normal-
izes neural correlates of auditory hypersensitivity in 
Fmr1 KO mice. To confirm that MAGL inhibition with 
JZL-184 results in increased levels of 2-AG in the audi-
tory cortex, animals were injected with 4, 8, or 16  mg/
kg JZL-184 or vehicle and brains were collected either 
4 h or 1 day post-injection for lipidomic analysis. Lipids 
were extracted from cortical tissue and analyzed using 
ultra-performance liquid chromatography coupled to 
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tandem mass spectrometry (UPLC-MS/MS). Assess-
ment of 2-AG levels 4  h post-treatment using the 
two-way ANOVA revealed a significant main effect of 
treatment (F(3,53) = 62.38, p < 0.0001), but no significant 
interaction (F(3,53) = 0.64, p = 0.59) or genotype effect 
(F(1,53) = 1.79, p = 0.19). Post hoc comparisons showed 
a significant increase in 2-AG levels with 8–16  mg/kg 
JZL-184 in WT (4  mg/kg, p = 0.34; 8  mg/kg, p < 0.0001; 
16  mg/kg, p < 0.0001) and Fmr1 KO (4  mg/kg, p = 0.88; 
8  mg/kg, p = 0.0006, 16  mg/kg, p < 0.0001) mice com-
pared to vehicle controls (Fig. 1A).

Treatment with JZL-184 also increased lev-
els of docosahexaenoylglycerol (DHAG) in the 
cortex of JZL-184-treated Fmr1 KO (4  mg/kg 
JZL-184, N = 9, 10.6 ± 0.53  nmol/g; 8  mg/kg JZL-
184, N = 9, 12.4 ± 0.96  nmol/g; 16  mg/kg JZL-184, 
N = 5, 15.0 ± 0.62  nmol/g) and WT mice (4  mg/
kg JZL-184, N = 7, 10.6 ± 0.51  nmol/g; 8  mg/kg 
JZL-184, N = 7, 12.8 ± 0.51  nmol/g; 16  mg/kg JZL-
184, N = 5, 12.7 ± 0.73  nmol/g) 4  h post-treatment 

compared to vehicle-treated Fmr1 KO (vehicle, N = 10, 
8.3 ± 0.31  nmol/g) and WT mice (vehicle, N = 8, 
8.7 ± 0.36  nmol/g; Fig.  1B). Statistical analysis using the 
two-way ANOVA revealed a significant main effect of 
treatment (F(3,52) = 28.21, p < 0.0001), but no significant 
interaction (F(3,52) = 1.64, p = 0.19) or genotype effect 
(F(1,52) = 0.65, p = 0.42). Post hoc comparisons showed 
a significant increase in DHAG levels specifically with 
8  mg/kg and 16  mg/kg JZL-184 for WT mice (4  mg/
kg, p = 0.96; 8  mg/kg, p = 0.0006; 16  mg/kg, p = 0.003) 
and Fmr1 KO (4  mg/kg, p = 0.12; 8  mg/kg, p < 0.0001, 
16  mg/kg, p < 0.0001) mice compared to vehicle con-
trols. Statistical analysis of 2-oleoylglycerol (2-OG) or 
2-linoleoyl glycerol (2-LG) using the two-way ANOVA 
revealed a significant main effect of treatment for both 
2-OG and 2-LG (2-OG, F(3,53) = 4.08, p = 0.01; 2-LG, 
F(3,53) = 3.26, p = 0.03), but no significant interaction 
(2-OG, F(3,53) = 1.25, p = 0.30; 2-LG, F(3,53) = 1.09, 
p = 0.36) or genotype effect (2-OG, F(1,53) = 0.80, 
p = 0.38; 2-LG, F(1,53) = 0.23, p = 0.63). Post hoc 

Fig. 1 Effects of JZL-184 treatment on mouse cortical lipidomic profile. Mouse brain levels of 2-arachidonoyl-sn-glycerol (2-AG, A), 
docosahexaenoylglycerol (DHAG, B), 2-oleoylglycerol (2-OG, C), 2-linoleoyl glycerol (2-LG, D), anandamide (AEA, E), oleoylethanolamide (OEA, F), 
and docosahexaenoyl ethanolamide (DHEA, G) 4 h post-treatment in Fmr1 KO and WT mice treated with 4, 8, or 16 mg/kg JZL-184 or vehicle. Values 
represent means per group and error bars indicate the standard error of the mean (SEM). Statistical analysis was performed using the two-way 
ANOVA for all comparisons. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. Vehicle WT, N = 8–9; 4 mg/kg JZL-184 WT, N = 6–7; 8 mg/kg JZL-184 
WT, N = 7; 16 mg/kg JZL-184 WT, N = 4–5; vehicle Fmr1 KO, N = 9–10; 4 mg/kg JZL-184 Fmr1 KO, N = 9; 8 mg/kg JZL-184 Fmr1 KO, N = 9; 16 mg/kg 
JZL-184 Fmr1 KO, N = 5. Excluded: AEA, 4 mg/kg JZL-184 WT, N = 1; vehicle Fmr1 KO, N = 1. OEA, 16 mg/kg JZL-184 WT, N = 1. DHAG, vehicle WT, 
N = 1
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comparisons revealed no significant pairwise compari-
sons (Fig. 1C and D, respectively).

JZL-184 is a selective MAGL inhibitor and it is not 
expected to alter levels of AEA, which is hydrolyzed by 
the fatty acid amid hydrolase (FAAH). Interestingly, lipid-
omic analysis of fatty acid ethanolamides (FAEs) revealed 
significant changes in Fmr1 KO mice (Fig.  1E–G). Sta-
tistical analysis with a two-way ANOVA of AEA lev-
els 4 h post-treatment revealed a significant main effect 
of treatment (F (3,51) = 7.66, p = 0.0003) and genotype 
(F(1,51) = 7.18, p = 0.009) and a significant interaction 
(F(3,51) = 4.41, p = 0.008). Post hoc comparisons showed 
a significant increase in AEA levels in 8 mg/kg JZL-184-
treated Fmr1 KO mice compared to vehicle-treated Fmr1 
KO mice (p = 0.004) and a significant decrease in 16 mg/
kg JZL-184-treated Fmr1 KO mice compared to 8  mg/
kg JZL-184-treated Fmr1 KO mice (Fig.  1E, p = 0.006). 
Statistical analysis of oleoylethanolamide (OEA) and 
docosahexaenoyl ethanolamide (DHEA) levels 4  h post-
JZl-184 treatment with a two-way ANOVA revealed a sig-
nificant main effect of treatment (OEA, F(3,52) = 10.07, 
p < 0.0001; DHEA, F(3,53) = 5.79, p = 0.002), a signifi-
cant genotype effect for OEA (F(1,52) = 11.01, p = 0.002) 
but not DHEA (F(1,53) = 3.40, p = 0.07) and no sig-
nificant interaction for both OEA and DHEA (OEA, 
F(3,52) = 1.42, p = 0.25; DHEA, F(3,53) = 1.01, p = 0.40). 
Post hoc comparisons revealed a significant increase 
in OEA levels in 8  mg/kg Fmr1 KO mice compared to 
vehicle-treated Fmr1 KO mice and a significant decrease 
in 16  mg/kg JZL-184-treated Fmr1 KO mice compared 
to 8  mg/kg JZL-184-treated Fmr1 KO mice (Fig.  1F, 
p = 0.009). Post hoc comparisons also revealed a signifi-
cant genotype difference in OEA levels between 8 mg/kg 
JZL-184-treated Fmr1 KO and 8 mg/kg JZL-184-treated 
WT mice (p = 0.02). Post hoc comparisons of DHEA lev-
els revealed a significant increase in 8  mg/kg JZL-184-
treated Fmr1 KO compared to vehicle-treated Fmr1 KO 
mice (Fig. 1G, p = 0.03; see Supplementary Table S1 for a 
summary of statistical results, Additional file 1).

Assessment of 2-AG, DHAG, 2-OG, AEA, OEA, and 
DHEA 1  day post-treatment revealed no significant 
changes in lipid levels between vehicle and 8 mg/kg JZL-
184-treated Fmr1 KO or WT mice (see Supplementary 
Figure S1 and Supplementary Table  S2 for statistical 
comparisons, Additional file 1).

Overall, lipidomic results confirm an increase in 2-AG 
levels along with an increase in DHAG, AEA, OEA, and 
DHEA in Fmr1 KO mice treated with 8 mg/kg JZL-184 
compared to vehicle-treated Fmr1 KO mice. In WT mice, 
there was a significant increase selectively in 2-AG and 
DHAG levels in 8  mg/kg JZL-184-treated mice com-
pared to vehicle-treated WT mice. Given these results, 

experimental procedures were done using an 8  mg/kg 
JZL-184 dose at 4 h post-treatment.

Effects of JZL‑184 treatment on enhanced resting‑state 
EEG gamma power in Fmr1 KO mice
Previously, we have shown that adult and developing 
Fmr1 KO mice exhibit increased resting-state baseline 
gamma power using a 2-channel EEG electrode [28–30] 
and more recently using a 30-channel MEA probe [27], a 
phenotype that is also observed in humans with FXS [23, 
24]. In this study, we use this EEG biomarker to assess 
the efficacy of the eCB system modulator, JZL-184, as 
a potential therapeutic for FXS. To do this, adult male 
mice were implanted with a 30-channel MEA probe [47]. 
Mice recovered for 3–5  days, and baseline EEG activity 
was recorded prior to treatment (PRE). Baseline EEG 
data (in the absence of auditory stimulation) were col-
lected for 5  min and was divided into 1-s segments for 
spectral analysis. Resting EEG raw power (μV2/Hz) was 
calculated in six regions (left/right frontal (LF/RF), left/
right medial (LM/RM), and left/right temporal (LT/RT)) 
by analyzing all frequency bands during the entire 5-min 
resting period. The average power spectral densities for 
the six regions were also calculated and normalized to 
a control group to determine relative changes in power 
across frequency bands. A comparison of power spec-
tral densities of Fmr1 KO as a ratio of WT mice prior 
to treatment (non-injected animals) is shown in Fig.  2. 
Results show a significant increase in gamma-band fre-
quencies in medial and temporal regions. Following the 
PRE EEG recording, mice received a single intraperito-
neal injection of the MAGL inhibitor at 8 mg/kg JZL-184 
or vehicle. Post-treatment EEG recordings were collected 
in the same manner as PRE baseline EEG activity in the 
same animals 4 h and 1 day post-treatment to assess the 
efficacy of JZL-184 to normalize resting EEG oscillation 
patterns observed in Fmr1 KO mice. Figure 3 shows the 
average spectral power of 8 mg/kg JZL-184-treated Fmr1 
KO (4 h, N = 13; 1 day, N = 8) mice 4 h and 1 day post-
treatment as a ratio of Fmr1 KO mice prior to treatment 
(PRE, N = 22). Supplementary Figure  S2.1 (Additional 
file 1) shows the average spectral power of 8 mg/kg JZL-
184-treated Fmr1 KO compared to WT controls.

Statistical analysis for spectral power 4  h and 1  day 
post-treatment using a two-way ANOVA for each of the 
six regions separately revealed a significant main effect 
of treatment for all regions (LF: treatment, p = 0.03; RF: 
treatment, p = 0.0014; RM: treatment, p = 0.0005; RT: 
treatment, p < 0.0001) except LM and LT (LM: treat-
ment, p = 0.39, LT: treatment, p = 0.05). There was no 
significant main effect of frequency or interaction for all 
regions (see Supplementary Table S3 for summary of sta-
tistical results, Additional file 1). Results show a decrease 
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in low gamma power in the regions of the right hemi-
sphere for the 8  mg/kg JZL-184-treated Fmr1 KO mice 
(N = 13) 4 h post-treatment compared to Fmr1 KO mice 
(PRE, N = 22) prior to treatment ([RF]: KO PRE, 1 ± 0.11 
(mean ± SEM); JZL-184-treated Fmr1 KO, 0.61 ± 0.09, 
p = 0.32; [RM]: KO PRE, 1 ± 0.11; JZL-184-treated Fmr1 
KO, 0.59 ± 0.10, p = 0.27; [RT]: KO PRE, 1 ± 0.15; JZL-
184-treated Fmr1 KO, 0.50 ± 0.08, p = 0.17), but post 
hoc comparisons reveal the reduction was not significant 
(Fig. 3). Statistical analysis for spectral power 1 day post-
treatment revealed no significant changes in baseline 
spectral power between 8  mg/kg JZL-184-treated Fmr1 
KO and Fmr1 KO mice prior to treatment (Fig. 3).

In WT mice, statistical analysis for spectral power 
4  h and 1  day post-JZL-184 treatment using a two-way 

ANOVA for each of the six regions separately revealed a 
significant main effect of treatment for all regions (Sup-
plementary Figure S2.2, LF: treatment, p = 0.003; RF: 
treatment, p < 0.0001; LM: treatment, p < 0.0001; RM: 
treatment, p < 0.0001; LT: treatment, p < 0.0001; RT: treat-
ment, p < 0.0001). There was no significant main effect 
of frequency (LF: p = 0.71 (F); RF: p = 0.71; LM: p = 0.98; 
RM: p = 0.98; LT: p = 0.73; RT: p = 0.78) or interaction (all 
regions, p = 0.99) for all regions. Post hoc comparisons 
show that treatment with 8 mg/kg JZL-184 (4 h, N = 11) 
significantly reduced delta power in the LT (p = 0.01) 
region at 4 h post-treatment compared to WT PRE mice 
(N = 24, Supplementary Figure  S2.2, Additional File 1). 
Post hoc comparisons of vehicle-treated Fmr1 KO mice 
or vehicle-treated WT compared to controls at 4  h or 

Fig. 2 Effects of JZL-184 treatment on resting EEG baseline in non-injected WT and Fmr1 KO mice. Graphs show average spectral power for EEG 
resting baseline in left/right frontal, medial, and temporal regions of WT (N = 24) and Fmr1 KO (N = 22) mice prior to treatment (PRE). Statistical 
analysis was performed using the two-way ANOVA for all comparisons. Values represent means per group and error bars represent the standard 
error of the mean (SEM). *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. Abbreviations: D, delta; T, theta; A, alpha; B, beta; LG, low gamma; HG, high 
gamma
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1 day post-treatment revealed no significant power spec-
tral density changes (Supplementary Figures  S2.3-S2.4, 
respectively; Additional file 1).

Overall, assessment of resting baseline shows that 4 h 
post-JZL-184 administration there is a slight reduction in 
gamma power in the right hemisphere of Fmr1 KO mice 
but not 1  day post-treatment. Furthermore, there is a 
significant reduction in delta power in the left temporal 
region of WT mice at 4 h but not 1 day post-treatment.

JZL‑184 treatment improves synchronization to auditory 
stimuli in Fmr1 KO mice
To test whether increasing levels of 2-AG would ame-
liorate the inter-trial phase coherence (ITPC) deficit 
to auditory chirp stimuli seen in previous studies with 

adult Fmr1 KO mice [28], and humans with FXS [23], 
MEA responses to repeated chirp stimuli (300 trials) 
were recorded prior to treatment (PRE), 4  h and 1  day 
post-treatment. ITPC was calculated across trials in the 
time × frequency domain using Morlet wavelet analysis 
[28]. After grand average ITPC was calculated for each 
group, we found EEG oscillations that matched the fre-
quency of the chirp and were seen as increased ITPC 
along a diagonal, from 0 to 2 s and 1–100 Hz (ITPC def-
icits observed in Fmr1 KO as a ratio of WT mice prior 
to treatment is shown in Supplementary Figure S4.1, 
Additional file 1). The means for Fmr1 KO PRE (N = 22) 
were subtracted from 8 mg/kg JZL-184-treated Fmr1 KO 
(N = 13) mice 4 h and 1 day post-treatment to show the 
ITPC difference between the treatment groups (Figs.  4 

Fig. 3 Effects of JZL-184 treatment on resting EEG baseline in Fmr1 KO mice. Graphs show average spectral power for EEG resting baseline in left/
right frontal, medial, and temporal regions of Fmr1 KO mice treated with 8 mg/kg JZL-184 (N = 13) 4 h and 1 day (N = 8) post-treatment as a ratio 
of Fmr1 KO mice prior to treatment (PRE, N = 22). Statistical analysis was performed using the two-way ANOVA for all comparisons. Values represent 
means per group and error bars represent the standard error of the mean (SEM). *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. Abbreviations: D, 
delta; T, theta; A, alpha; B, beta; LG, low gamma; HG, high gamma
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and 5, respectively) in each of the six regions. Supple-
mentary Figure  S4.2 (Additional file  1) shows the ITPC 
difference of 8  mg/kg JZL-184-treated Fmr1 KO com-
pared to WT controls. For statistical analysis, clusters 
of p-values were calculated, and significant differences 
(p < 0.025) were overlaid on the chirp response to demon-
strate quantitative differences between each group after 
correction for multiple comparisons [48]. Monte Carlo 
statistical method on cluster analysis revealed a signifi-
cant increase in average ITPC values in JZL-184-treated 
Fmr1 KO mice in the gamma-band range (~ 30–100 Hz) 
in all regions (Fig. 4). One day post-treatment, statistical 
analysis revealed a significant increase in ITPC to chirp 

in the gamma-band range in LF, RM, LT, and RT regions 
(Fig. 5).

Interestingly, statistical analysis of average ITPC 
values in JZL-184-treated WT mice compared to WT 
PRE mice revealed no significant changes in ITPC 
to auditory chirp stimuli at 4  h or 1  day post-treat-
ment (Supplementary Figure  S4.3, Additional file  1). 
Vehicle-treated Fmr1 KO and vehicle-treated WT 
mice compared to PRE controls revealed a significant 
reduction in ITPC in the low gamma-band range in the 
LT region (Fmr1 KO vehicle vs. KO PRE) and RT (WT 
vehicle vs. WT PRE) region 4  h post-treatment (Sup-
plementary Figures  S4.4-S4.5, respectively). All other 

Fig. 4 JZL-184 treatment improves inter-trial phase coherence to auditory chirp in Fmr1 KO mice 4 h post-treatment. Graphs show group mean 
differences between JZL-184-treated Fmr1 KO mice (N = 13) 4 h post-treatment compared with Fmr1 KO mice prior to treatment (N = 22) in left/
right frontal, medial, and temporal regions of the mouse cortex. Monte Carlo statistical method on cluster analysis revealed a significant increase 
(p < 0.025) in average ITPC values in JZL-184-treated Fmr1 KO mice (yellow and red regions with dotted black outline) in the gamma-band range 
(~ 30–100 Hz) in all regions. Abbreviations: LF, left frontal; RF, right frontal; LM, left medial; RM, right medial; LT, left temporal; RT, right temporal
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regions showed no significant differences in ITPC to 
auditory chirp stimuli at 4 h or 1 day post-treatment.

These results indicate that acute treatment of the 
MAGL inhibitor, JZL-184, improves the fidelity of 
temporal responses to auditory stimuli, specifically in 
Fmr1 KO mice during the time window that 2-AG lev-
els are increased (4 h post-treatment) and when 2-AG 
levels have returned to baseline levels (1  day post-
treatment) by increasing gamma-band (~ 30–100  Hz) 
ITPC in the Fmr1 KO mouse cortex.

JZL‑184 treatment ameliorates anxiety and hyperactivity 
in Fmr1 KO mice
Next, we assessed whether JZL-184 treatment reduces 
anxiety-like behaviors and hyperactivity in Fmr1 KO 
mice. Mice received injections of 8  mg/kg JZL-184 or 
vehicle, and anxiety-like behaviors and hyperactivity 
were assessed with the open field (OF) and elevated plus 
maze (EPM) 4 h post-treatment. Statistical analysis using 
a two-way ANOVA revealed significant main effects of 
treatment in OF measures assessed, including defecation 

Fig. 5 JZL-184 treatment improves inter-trial phase coherence to auditory chirp in Fmr1 KO mice 1 day post-treatment. Graphs show group mean 
differences between JZL-184-treated Fmr1 KO (N = 8) mice 1 day post-treatment compared to Fmr1 KO mice prior to treatment (N = 22) in left/
right frontal, medial, and temporal regions of the mouse cortex. Monte Carlo statistical method on cluster analysis revealed a significant increase 
(p < 0.025) in ITPC to chirp 1 day post-treatment in the gamma-band range in LF, RM, LT, and RT regions. Abbreviations: LF, left frontal; RF, right 
frontal; LM, left medial; RM, right medial; LT, left temporal; RT, right temporal
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(p = 0.02), speed (p = 0.001), number of stretch-attend 
postures (p = 0.0008), time in center per entry (p = 0.04), 
total distance (p = 0.001), and total entries (p = 0.002; 
see Supplementary Table  S5 for a summary of statis-
tical results, Additional file  1). Post hoc comparisons 
showed that vehicle-treated Fmr1 KO mice (N = 17) had 
increased defecation (# of fecal droppings) compared to 
vehicle-treated WT mice (Fig.  6A, N = 17, p = 0.005). 
Treatment with JZL-184 significantly reduced defeca-
tion in Fmr1 KO mice compared to vehicle-treated Fmr1 
KO mice (p = 0.02). Post hoc comparisons also showed 
that JZL-184-treated Fmr1 KO (N = 9) mice had reduced 
speed (Fig.  6B, p = 0.04), decreased number of stretch-
attend postures (Fig.  6C, p = 0.01), increased time in 
the center per entry (Fig.  6D, p = 0.03), decreased total 
distance (Fig.  6E, p = 0.04), and decreased total entries 
(Fig. 6F, p = 0.04) compared to vehicle-treated Fmr1 KO 
mice (N = 17; see Supplementary Table S6 for a summary 
of results, Additional file 1).

In the EPM, statistical analysis using a two-way 
ANOVA revealed a significant effect of treatment for the 
number of stretch-attend postures (Fig.  6G, p < 0.0001) 
and percent time spent in the open arms (Fig.  6i, 
p = 0.03), but not for the number of grooming bouts 
(Fig.  6h, p = 0.20). Post hoc comparisons showed that 
treatment with JZL-184 significantly reduced the number 
of stretch-attend postures in both WT (N = 9, p = 0.0003) 
and Fmr1 KO (N = 9, p = 0.0013) mice compared to vehi-
cle-treated control mice (Fig.  6G; WT vehicle, N = 17; 
Fmr1 KO vehicle, N = 17).

Overall, these results indicate that JZL-184 treatment 
reduced anxiety-like behaviors and hyperactivity in Fmr1 
KO-treated mice 4 h post-treatment.

Discussion
EEG biomarkers observed in the mouse model of FXS, 
the Fmr1 KO mouse, are used to assess the efficacy of 
eCB system modulation as a potential therapeutic for 
cortical hyperexcitability in FXS. We tested whether 
JZL-184 treatment would increase 2-AG levels and nor-
malize abnormal EEG phenotypes. The lipidomic analy-
sis confirmed that treatment with JZL-184 significantly 
increased 2-AG levels in the mouse cortex 4 h post-treat-
ment. Furthermore, statistical analysis of spectral power 
following JZL-184 treatment revealed a significant main 
effect of treatment in all regions except the LM/LT and 
a tendency to reduce abnormal resting EEG gamma-
band power in Fmr1 KO mice. Treatment with JZL-184 
also led to increased fidelity of gamma frequency phase 
locking to time-varying auditory stimuli in JZL-184-
treated Fmr1 KO mice compared to non-treated Fmr1 
KO mice. Behavioral assessment of anxiety-like behavior 
and hyperactivity also showed improvements in these 

measures in Fmr1 KO mice. Overall, these results indi-
cate that JZL-184 treatment significantly increases 2-AG 
levels and that enhanced levels of 2-AG may function 
to improve cortical responses to auditory stimuli and 
reduce auditory hypersensitivity in FXS.

Endocannabinoid system dysfunction in FXS
Endocannabinoid system dysfunction is implicated in 
anxiety-like behavior and hyperactivity [58], social avoid-
ance [59], and cognitive impairments [37, 60] observed 
in FXS. Yet, the underlying neural and molecular mecha-
nisms remain unclear due to the effects of the eCB sys-
tem on a broad spectrum of neurotransmitters [61] and 
neuronal cell types [62]. The eCB system comprises 
endogenous ligands, including 2-AG and AEA, the 
enzymes regulating their biosynthesis and degradation, 
and the G protein-coupled receptors, the cannabinoid 
subtype 1 receptor (CB1R) and CB2R [63]. 2-AG and 
AEA are synthesized and released postsynaptically by 
neurons in an activity-dependent manner and degraded 
by selective lipases [62, 64]. Monoacylglycerol lipase 
(MAGL) and alpha/beta hydrolase domain 6 (ABHD6) 
degrade 2-AG [33, 65, 66], and fatty acid amide hydrolase 
(FAAH) degrades AEA [67]. These endogenous ligands 
of presynaptically located CB1Rs act as retrograde sig-
nals to inhibit neurotransmitter release, including gluta-
mate and gamma-aminobutyric acid (GABA) release [64, 
68, 69]. Regulation of inhibitory and excitatory neuro-
transmitters allows the eCB system to modulate synapse 
homeostasis and maintain a proper balance of excitatory 
and inhibitory activity in neuronal circuits [62]. Notably, 
evidence suggests that eCB system function varies based 
on neuroanatomical locations. Thus, region-specific dys-
regulation of the eCB system may contribute to pathol-
ogy in specific disorders [38, 62, 70].

Currently, both disruption of mGluR5-mediated pro-
duction of 2-AG [38, 41–43] and enhanced CB1R acti-
vation [68], which are downstream of overactivated 
mGluR5 [8], are suggested to underlie phenotypic traits 
observed in FXS [39]. Thus, we tested whether enhancing 
2-AG levels would normalize abnormal EEG biomarkers 
observed in the FXS mouse model following acute treat-
ment with the MAGL inhibitor JZL-184. Our lipidomic 
analysis indicates that JZL-184 treatment increases 2-AG 
levels in both WT and Fmr1 KO mice as expected, given 
previous studies using JZL-184 [31, 43].

Interestingly, treatment with JZL-184 induced 
changes in AEA and other lipids like OEA, which is 
structurally related to AEA. Unlike AEA, OEA lacks 
affinity for CB1R/CB2Rs. But similarly to AEA, it 
binds to the peroxisome proliferator-activated recep-
tor alpha (PPAR-α) and the G protein-coupled recep-
tor 119 (GPR119) [71]. Our lipidomic results show that 
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Fig. 6 JZL-184 treatment improves anxiety/hyperactivity phenotype associated with Fmr1 KO mice. Graphs show behavioral measures assessed for 
anxiety-like behaviors and hyperactivity in the open field and elevated plus maze 4 h post-treatment in Fmr1 KO and WT mice. Behavioral measures 
assessed in the open field included the amount of defecation (A), speed (mm/s) (B), number of stretch-attend (SA) postures (C), time in the center 
per entry (D), total distance (E), and total entries. G–I Graphs show EPM behaviors assessed, including the number of stretch-attend postures (G), 
grooming bouts (H), and percent time spent in open arms (I). Statistical analysis was performed using the two-way ANOVA for all comparisons. 
Values represent means per group, and error bars represent the standard error of the mean (SEM). *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. 
WT vehicle, N = 17; Fmr1 KO vehicle, N = 17–18; WT 8 mg/kg JZL-184, N = 9–10; Fmr1 KO 8 mg/kg JZL-184, N = 9. Excluded: WT vehicle, N = 1 (D), 
Fmr1 KO vehicle, N = 1 (OF); WT 8 mg/kg JZL-184, N = 1 (EPM)
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8 mg/kg JZL-184 significantly enhanced levels of AEA, 
OEA, and DHEA in Fmr1 KO mice. JZL-184-induced 
increases in eCB ligands may serve as a promising 
therapeutic for other neurodevelopmental disorders. 
For example, studies in children with ASD report 
lower serum levels of AEA, OEA, and N-palmitoyleth-
anolamine (PEA) suggesting possible hypo-function of 
the endocannabinoid system [72, 73]. This study also 
reported no difference in 2-AG levels [72]. Thus, the 
EEG improvements observed in our study may also be 
attributed to increased levels of AEA and other lipids. 
This is supported by other studies targeting AEA mod-
ulation and showing significant behavioral improve-
ments in Fmr1 KO mice [59, 74].

The role of the endocannabinoid system in behaviors
An increasing number of studies explore the use of 
exogenous cannabinoids, namely, tetrahydrocannabi-
nol (THC) and cannabidiol (CBD), in various disorders 
[62, 75–81], including FXS and ASD [36, 58, 82–85]. 
Cannabis and targeted eCB system modulation amelio-
rate symptoms associated with FXS and ASD, including 
cognitive deficits [37, 38], anxiety and hyperactivity [36, 
39, 82], sociability [59, 74], restlessness [36], nocicep-
tion [40, 86], and audiogenic seizure susceptibility [39]. 
However, there is limited knowledge on the neurophysi-
ological effects induced by cannabinoids and the specific 
mechanisms of how cannabinoids ameliorate FXS symp-
tomatology. Targeted modulation of the eCB system has 
emerged as an attractive therapeutic approach for its 
ability to avoid the deleterious effects of cannabinoids 
and to help dissect out the key players contributing to 
specific symptomatology. In our study, we found that 
JZL-184 treatment significantly reduced anxiety-like 
behavior and hyperactivity in Fmr1 KO mice (Fig. 6). It 
is important to highlight the large variability that exists 
in reported behavioral results for the Fmr1 KO mice. In 
fact, contrasting findings have been observed in vari-
ous tasks including but not limited to locomotor activity 
and social behavior [58, 87, 88]. In our results, we only 
observed a significant genotype effect for defecation, 
but we did see significant improvements in hyperactivity 
and anxiety-like measures in Fmr1 KO mice compared 
to vehicle-treated Fmr1 KO controls. This is in line with 
previous studies also showing that JZL-184 reduces 
anxiety and hyperactivity [43]. One potential limitation 
of MAGL inhibition is CB1R desensitization and down-
regulation which occurs following chronic (six consecu-
tive days) treatment of JZL-184 in specific brain regions 
[89]. These effects are not observed with FAAH inhibi-
tion [89], and studies suggest that repeated AEA admin-
istration is less likely to produce adaptive changes at 
CB1Rs [90]. Thus, ligand diversification may be critical 

for targeted eCB system modulation of function [89]. 
As a result, a systematic comparison of a dual combina-
tion treatment targeting 2-AG and AEA, like JZL-195 
[91] or the use of ABHD6 inhibitors, which also degrade 
2-AG [66] may be worthwhile to explore to understand 
the contribution of eCB system signaling in FXS pheno-
types. Overall, studies support a beneficial role for eCB 
system modulation, but additional research will need 
to clarify optimal treatment parameters and potential 
treatment combinations.

Endocannabinoid system modulation effects on cortical 
responses
Loss of FMRP results in altered synaptic function and 
plasticity of both interneurons and pyramidal cells, 
leading to an imbalance of excitatory and inhibitory 
neurotransmission [92–95]. Altered function of fast-
spiking parvalbumin (PV) interneurons, which are 
significantly reduced and exhibit delayed development 
in the auditory cortex [96, 97] of Fmr1 KO mice, may 
contribute to abnormal network synchrony and altera-
tions in gamma oscillations [98, 99]. Increased gamma-
band power but reduced temporally synchronous and 
spatially focused neural activity may underlie sensory 
processing deficits in FXS [23]. Cholecystokinin (CCK) 
interneurons may also be involved in regulating net-
work activity patterns by regulating the spike timing 
of subgroups of cell ensembles [100, 101]. Further-
more, a large percentage of CCK interneurons express 
CB1Rs [102]. Thus, modulation of inhibitory cell popu-
lations mediated by eCB system modulation may yield 
improvements in neural synchronization deficits.

Notably, cannabinoids and CB1R agonists disrupt 
gamma-band oscillations in humans [103] and in ani-
mal studies [104–106]. Specifically, evidence suggests 
that they decrease the power of neural oscillations, 
particularly in the gamma and theta bands [107]. It has 
been suggested that one of the mechanisms by which 
cannabinoids induce psychosis is by disrupting synchro-
nized neural oscillations [107]. In our study, assessment 
of spectral power following JZL-184 treatment in Fmr1 
KO mice revealed a significant main effect of treatment 
in all regions except the LM/LT and a reduction in low 
gamma-band power in the right hemisphere (Fig. 3). Fur-
ther assessment of the resting baseline period revealed 
alterations in power coupling between theta-low gamma 
and alpha-low gamma using a Pearson’s correlation to 
assess the relationship between power across different 
frequencies and/or regions [30, 108]. JZL-184 treatment 
significantly altered theta-low gamma coupling in JZL-
184-treated mice 4  h post-treatment (Supplementary 
Table S4A, Additional file 1) and alpha-low gamma cou-
pling 1  day post-treatment (Supplementary Table  S4B, 
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Additional file  1) compared to non-treated Fmr1 KO 
mice. Interestingly, the effects of JZL-184 treatment on 
spectral power and power coupling in the Fmr1 KO mice 
were associated with improvements in cortical responses 
to auditory stimuli and behavior.

Chirp ITPC has been shown to be a key EEG bio-
marker of FXS in both humans [25] and mice [27]. 
Therefore, it is interesting that treatment with JZL-
184 selectively improved chirp ITPC in Fmr1 KO mice 
and that these effects lasted up to 1 day post-treatment 
(Figs.  4 and 5). This suggests that the effects of JZL-
184 treatment may persist beyond the time window of 
increased 2-AG levels (Fig. 1). It also suggests that JZL-
184 treatment may selectively modulate neural circuits 
in Fmr1 KO mice to improve cortical responses to audi-
tory stimuli. A similar effect was observed in a study 
conducted by Lysenko et al., where treatment with JZL-
184 selectively attenuated spontaneous locomotor activ-
ity and improved long-term potentiation and long-term 
memory deficits in a genetic mouse model of Down syn-
drome [109].

Conclusions
In conclusion, results show that treatment with JZL-184 
significantly increases 2-AG levels in the mouse cortex 
and improves synchronized cortical responses to audi-
tory chirp stimuli (chirp ITPC). Thus, JZL-184 may serve 
as a potential therapeutic for FXS by potentially modulat-
ing cortical circuits that underlie neural oscillatory pat-
terns and cortical responses to auditory stimuli. JZL-184 
treatment also improves hyperactivity and anxiety-like 
behaviors associated with FXS. Furthermore, our study 
provides proof-of-principle for concurrent use of brain 
eCB lipidomic measurements to interpret the effects of 
eCB modulatory drugs at specific doses and time points. 
Together, these findings implicate the eCB system as an 
emerging candidate to normalize neurophysiological 
features in FXS and suggest that targeted modulation of 
eCB system signaling may serve a promising treatment 
approach.
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