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Abstract

The cannabinoid receptor type 1 (CB1R) is a promising therapeutic target for various neuro-

degenerative diseases, including HIV-1-associated neurocognitive disorder (HAND). How-

ever, the therapeutic potential of CB1R by direct activation is limited due to its psychoactive

side effects. Therefore, research has focused on indirectly activating the CB1R by utilizing

positive allosteric modulators (PAMs). Studies have shown that CB1R PAMs (ZCZ011 and

GAT211) are effective in mouse models of Huntington’s disease and neuropathic pain, and

hence, we assess the therapeutic potential of ZCZ011 in a well-established mouse model of

neuroHIV. The current study investigates the effect of chronic ZCZ011 treatment (14 days)

on various behavioral paradigms and the endocannabinoid system in HIV-1 Tat transgenic

female and male mice. Chronic ZCZ011 treatment (10 mg/kg) did not alter body mass, loco-

motor activity, or anxiety-like behavior regardless of sex or genotype. However, differential

effects were noted in hot plate latency, motor coordination, and recognition memory in

female mice only, with ZCZ011 treatment increasing hot plate latency and improving motor

coordination and recognition memory. Only minor effects or no alterations were seen in the

endocannabinoid system and related lipids except in the cerebellum, where the effect of

ZCZ011 was more pronounced in female mice. Moreover, AEA and PEA levels in the cere-

bellum were positively correlated with improved motor coordination in female mice. In sum-

mary, these findings indicate that chronic ZCZ011 treatment has differential effects on

antinociception, motor coordination, and memory, based on sex and HIV-1 Tat expression,

making CB1R PAMs potential treatment options for HAND without the psychoactive side

effects.
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Introduction

According to the World Health Organization, in 2022, there were approximately 39 million peo-

ple infected with human immunodeficiency virus type-1 (HIV-1) globally [1]. The development

of combined antiretroviral therapies (cART) over the past four decades has significantly

increased the life expectancy of people living with HIV (PLWH) [2], and therefore, it is no longer

considered a death sentence but a chronic disease [3,4]. However, as cART does not eradicate

the virus, and due to low brain penetration of cART across the blood-brain barrier, low levels of

viral replication and chronic immune activation still linger [5]. As a consequence, PLWH on

cART display synaptodendritic damage underlying the neurocognitive impairments known as

HIV-associated neurocognitive deficits (HAND) [6,7]. Although the virus does not directly infect

neurons, neural damage and injury occurs indirectly through the toxic substances from infected

microglia, viral proteins, cytokines/chemokines, and free radicals [8–10]. The HIV-1 transactiva-

tor of transcription (Tat) protein is a neurotoxin that plays a major role in the pathogenesis of

HAND [11–15]. It is known that Tat directly dysregulates the α-amino-3-hydroxy-5-methyl-

4-isoxazolepropionic acid / N-methyl-d-aspartate (AMPA/NMDA) receptor causing increased

intracellular sodium and calcium leading to enhanced cellular excitation and loss of dendritic

structures [16–21]. Additionally, Tat promotes neuroinflammatory signaling [22–25], which is a

critical component of HAND pathogenesis [26]. The persistence of HAND in the cART era pro-

vokes questions about the potential treatment of HIV-1-related brain disorders and whether cog-

nitive deficits are reversible [7]. One avenue for treating HAND, that has recently received a lot

of attention, involves the modulation of the endocannabinoid system.

The cannabinoid receptor type-1 (CB1R) is the most abundant G-protein coupled receptor

in the central nervous system (CNS) that is mainly expressed in neurons and astrocytes

[27,28]. CB1Rs on neurons primarily modulate neurotransmission, whereas CB1Rs on astro-

cytes regulate intracellular calcium and facilitate neural communication [29,30]. Endogenous

cannabinoids [N-arachidonoylethanolamine (anandamide, AEA) and 2-arachidonoylglycerol

(2-AG)] are released on demand in response to various stimuli and exert their effects mainly

via CB1Rs [31]. Numerous studies have shown that CB1R activation offers neuroprotective

effects by inhibiting the synaptic release of glutamate [32–35] and downregulating NMDA

receptor activity [36–40]. Further, endocannabinoids have been reported to be upregulated in

neurodegenerative disorders such as Parkinson’s and Alzheimer’s diseases and reduce

unwanted effects or slow disease progression [41,42]. Additionally, CB1Rs have also been

reported to be upregulated in the CNS of PLWH [43] and in simian immunodeficiency virus

(SIV) encephalitis [44].

Although CB1R agonists are effective therapeutic targets in neurodegenerative and neuroin-

flammatory diseases [45,46], their cannabimimetic side-effects, including abuse liability and

dependence, limit their therapeutic use [47–49]. CB1R agonists such as Δ9-tetrahydrocannabi-

nol (THC) and CP55940 directly bind to the orthosteric binding pocket and initiate global

activation of the receptor; therefore, it is difficult to isolate the desired effects from the side-

effects by direct CB1R activation. One approach, to reduce the unwanted side-effects, is by

indirectly modulating the activity of CB1Rs using allosteric modulators. Allosteric modulators

bind to topographically distant sites from the orthosteric site on the receptor. They do not acti-

vate the receptor directly but induce a conformational change by binding to an allosteric site

that alters ligand potency and/or efficacy [50–53]. It is hypothesized that CB1R-positive alloste-

ric modulators (PAMs) would show neuroprotective effects in the context of HAND and

bypass the cannabimimetic side effects [53–56].

ZCZ011 belongs to the 2-phenylindole class of compounds and is one of the first CB1R pos-

itive allosteric modulators reported in the literature [55,57]. Studies have reported ZCZ011 as
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an ago-PAM, which defines a PAM with intrinsic efficacy in the absence of orthosteric ligand

[55]. In vitro data show that ZCZ011 increased the binding of CB1R agonist [3H]CP55940 and

potentiated AEA signaling [55]. Additionally, ZCZ011 alone was found to be an agonist in the

cAMP assay and a weak agonist in β-arresting recruitment assay [55]. On the contrary, a recent

study showed ZCZ011 to behave as an allosteric agonist with an in vitro signaling profile simi-

lar to THC [57]. In in vivo studies, ZCZ011 alone significantly reversed mechanical and cold

allodynia in neuropathic pain model without any cannabimimetic effects [55]. Although CB1R

PAMs show protective effects in various neuropathologies [55,56,58–60], their use as a poten-

tial therapeutic target for HAND is unknown.

In this study, we employed HIV-1 Tat transgenic mice to assess the chronic effects (over 14

days) of racemic ZCZ011 (at a dose of 10 mg/kg) on various behavioral aspects, such as pain

sensitivity, motor activity, motor coordination, anxiety, and object recognition memory. The

rationale for using the Tat transgenic mouse model is two-fold: first, it is a well-established

model for neuroHIV since their pathologies mirror those observed in PLWH under cART

with HAND [61,62] which affects the frontostriatal pathways [63–65]. Additionally, studies

have shown that Tat plays a critical role in the neurotoxicity and cognitive impairment evident

in neuroHIV [15,62]. Second, it is an inducible model compared to others where HIV proteins

are expressed at birth (e.g., gp120, HIV Tg26) which is more clinically relevant. Additionally,

we examined the impact of prolonged ZCZ011 treatment on the endocannabinoid system in

different regions of the CNS, including the prefrontal cortex, striatum, cerebellum, and spinal

cord. This was achieved by measuring the levels of endogenous cannabinoids and cannabi-

noid-like compounds using ultraperformance liquid chromatography/tandem mass spectrom-

etry (UPLC-MS/MS). Western blot analysis was conducted to quantify cannabinoid receptors,

and endocannabinoid degradative enzymes in various CNS regions (Fig 1). Here, we demon-

strate the first evidence for therapeutic potential of a CB1R PAM (ZCZ011) in the context of

neuroHIV.

Fig 1. Schematic representation of the experimental study design. Both Tat(–) and Tat(+) mice received DOX-containing chow for 2 months and

were trained on the rotarod for 3 days. Subsequently, a baseline (Day 0) recording for body weight, rotarod, tail flick, and hot plate was conducted. Next,

vehicle and ZCZ011 (10 mg/kg) were administered for 14 days, and body weight, tail flick, and hot plate were repeated on Day 1 and Day 14 to assess

acute and chronic effects, respectively. Rotarod trials were continued throughout drug treatment (Day 1 –Day 14). Animals were habituated to the

locomotor activity chamber on Day 14 and tested for locomotor activity and elevated plus maze 60 min after vehicle or ZCZ011 treatment on Day 15. On

day 16, animals underwent the training phase for the novel object recognition task. After the training phase, testing was conducted 60 minutes following

vehicle or ZCZ011 injection treatment. Finally, on day 17, the animals received their last vehicle or ZCZ011 treatment and were sacrificed after 60 min.

Brains were dissected and snap frozen, and stored at -80˚C. The right and left hemispheres of the brains were used for mass spectrometry and western

blot analysis, respectively. Figure created with BioRender.com.

https://doi.org/10.1371/journal.pone.0305868.g001
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Material and methods

All experiments were approved by the University of North Carolina at Chapel Hill and con-

ducted following the National Institutes of Health Guide for the Care and Use of Laboratory

Animals. The method section describes the experimental design used for this study.

Animals

Doxycycline (DOX)-inducible, brain-restricted HIV-1IIIB Tat1-86 transgenic mice were devel-

oped on a hybrid C57BL/6J background as described in detail previously [64,66]. Studies have

shown DOX-induced Tat induction in the brain in both, the DOX chow model [64,66] as well

as the DOX intraperitoneal injection model [62]. Tetracycline-responsive promoter controlled

by glial fibrillary acidic protein (GFAP) expression is responsible for Tat expression, which

was induced with a special formulated chow containing 6 mg/g DOX (product TD.09282;

Envigo, Indianapolis, IN).At four weeks of age, genotyping was performed to identify the Tat

(+) and Tat(−) mice. Inducible Tat(+) transgenic mice express both GFAP-rtTA and TRE-tat

genes, whereas control Tat(−) transgenic mice express only the GFAP-rtTA genes. Tat trans-

genic mice [n = 32, (16f); 10 months of age] were held on ad libitum DOX chow for 2 months

prior the behavioral experiments and were housed on a reversed 12 h light/dark cycle. Follow-

ing the behavioral experiments animals were deeply anesthetized with isoflurane. Using the

toe pinch-response method the depth of anesthesia was determined. When the animals were

unresponsive, they were then rapidly decapitated and the brain and the spinal cord were har-

vested for further analysis. The method of animal sacrifice is in compliance with and approved

by the Institutional Animal Care and Use Committee at the University of North Carolina at

Chapel Hill

Drug treatment

For behavioral experiments, animals were chronically injected subcutaneously (s.c.) for 14

days with either vehicle [1:1:18; ethanol, Kolliphor, 0.9% saline] or 10 mg/kg ZCZ011 dissolved

in vehicle. A previously published high-performance liquid chromatography tandem mass

spectrometry study has detected and quantified ZCZ011 in the brain tissue of mice [67], sug-

gesting that ZCZ011 has the ability to cross the blood brain barrier making it an ideal candi-

date for the present study. The dose of ZCZ011 was selected based on a previous study [68].

Administration of vehicle or ZCZ011 was done 1 h before behavioral tests via s.c. injections at

a volume of 10 mL/g of body mass.

Experimental design

The experimental design and timeline is outlined in Fig 1. All animals were trained on the

rotarod for three days (3 trials per day). Baseline performance was taken on day 0 for body

weight, hot-plate and tail-flick assays, and rotarod. Vehicle or ZCZ011 treatment were started

on Day 1 and 1 h following treatment animals underwent body weight, hot plate, tail flick, and

rotarod tests to assess acute effects of vehicle or ZCZ011. Mice were treated for 14 days with

appropriate treatment with continued rotarod assessment (1 trial per day). On day 14, mice

undertook another body weight, hot plate, tail flick, and rotarod test to assess chronic effects of

vehicle or ZCZ011 treatment. Additionally, mice were habituated to the open field for evaluat-

ing locomotor activity. After 24 h (day 15) mice were treated with vehicle or ZCZ011 and 1 h

later mice were evaluated in the locomotor activity and elevated plus maze (EPM) tasks. Addi-

tionally, the novel object recognition (NOR) task was conducted on Day 16 with either vehicle

or ZCZ011 injection administered after NOR training and 1 h prior NOR testing. Lastly, on
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Day 17, mice received their last treatment and were sacrificed 1 h after. Brains and spinal cord

were dissected and snap frozen for further evaluation. The right and left hemisphere of the

brain were used for mass spectrometry and western blot analysis, respectively.

Behavioral procedure

Spontaneous heat-evoked nociception. The hot-plate and tail-flick assays were used to

evaluate spontaneous heat-evoked nociception with an emphasis on supraspinal- and spinal-

related pathways, respectively [69].

For the tail-flick assay, the distal 1/3rd of the tail of each mouse was dipped in a water bath

(Thermo Scientific, Precision General-Purpose Water Bath, Model 181, MA, USA) maintained

at 56 ± 1˚C. A maximum cut-off latency of 10 s was used to prevent tissue damage. The

mouse’s latency to flick and remove the tail from the water bath was recorded as a measure of

nociception. Following the tail-flick assay, the hot-plate assay was conducted. Each mouse was

placed on the hot-plate surface (IITC Inc., MOD 39, CA, USA) within a Plexiglas™ cylinder (15

cm height, 10 cm diameter) to avoid escape. The hot plate was maintained as 55 ± 1˚C and a

15 s cut-off latency was used to prevent tissue damage. Mice were immediately removed after

displaying behaviors such as paw withdrawal, licking, or jumping, and the total time was

recorded as an indicator of nociception.

Motor coordination. A rotarod test was used to evaluate motor function and coordina-

tion as previously described [70]. The rotarod apparatus (Harvard Apparatus, #76–0770, MA,

USA) consists of a raised, rubber-covered rod (30 mm diameter, elevated 18 cm) divided into

five sections (50 mm wide each) to allow for simultaneous testing of multiple animals. Mice

were trained on the rotarod for three consecutive days (3 trials/day) prior testing. On test days,

mice were placed on the rod and allowed to habituate for 1 min before starting the test (1

trial). The accelerating rod is initially rotated at 2 rotations per minute (rpm) and the speed is

increased by 1 rpm every 7 s up to 60 rpm which was reached by 7 min. Animals’ performance

on the rotarod was continued to be assessed over the 14-day treatment period. The amount of

time (s) each animal remained on the rotating rod without falling was recorded for Days 0, 1,

and 14.

Locomotor activity. Spontaneous motor activity was evaluated using the open field activ-

ity chamber (SD Instruments, Photobeam Activity System–Open Field, CA, USA). Mice were

habituated to the chamber 24 h prior testing. The activity chamber consists of 16” x 16” cm

Plexiglas™ enclosure that is wired with 16 photo-beam cells (each x- and y-axis) connect to a

computer console. The photo-beams accurately record the ambulatory movements of the ani-

mal contained with the enclosure. On the test day, ambulatory movements (locomotor activ-

ity) were recorded for a 5 min period. The habituation and the locomotor activity testing was

conducted in a dark room.

Elevated plus maze. The elevated plus maze (EPM) task is a widely used measure of anxi-

ety-like behavior. In this task, increased anxiety in mice is indicated by a greater preference for

the darker, enclosed spaces [71]. Mice were placed in the center of an elevated, plus-shaped

maze consisting of two closed-arms with sheltered beige walls (15 cm tall) and two open-arms

(unsheltered). All arms were 30 cm long, 5 cm wide, and 38 cm elevated. The EPM was placed

under indirect lighting illuminating all four walls consistently between animals. Mice were free

to explore the apparatus for 10 min and their behavior was recorded with a video camera

(GoPro, Hero 6 Black, v2.10, CA, USA) mounted over the EPM maze. Numerical data were

generated from videos by a team of 3 trained experimenters blinded to treatment condition.

The time spent in the open arms was used as indices of open space-induced anxiety. Data are

presented as percent time spent in the open arms from total exploration time.

PLOS ONE CB1 allosteric modulator: A potential treatment for HAND

PLOS ONE | https://doi.org/10.1371/journal.pone.0305868 June 24, 2024 5 / 32

https://doi.org/10.1371/journal.pone.0305868


Novel object recognition task. The novel object recognition (NOR) task is a well-estab-

lished task to measure object recognition memory which relies upon the natural tendency of

mice to explore new objects or stimuli [72,73]. The NOR task was conducted in the open field

activity chamber (SD Instruments, Photobeam Activity System–Open Field, CA, USA) used

for the locomotor activity task. The task consisted of three phases: habituation, training, and

testing as previously described [73]. The locomotor activity test on Day 15 was used as the

habituation phase for NOR training and testing on Day 16. In the training phase, two identical

(familiar) objects were presented and mice were left to explore the arena for 10 min. Following

the training phase, mice were treated with vehicle or ZCZ011 and returned to the home cage.

Testing phase began 60 min after training and treatment. For the testing phase, one of the

familiar objects was replaced (randomized for each mouse) by a new (novel) object and mice

were allowed to explore the arena for 10 min to assess object recognition memory. Photo-

beam breaks were used to record the time that mice spent exploring the familiar and novel

object during the session. As mice show an innate preference for novelty, their preference for

the novel object was used to quantify successful object recognition memory [72]. The objects

used in the task were approximately of equal size but of different shape and color and no natu-

ral significance to mice. Total exploration time (s) of both familiar and novel objects were cal-

culated to assess object exploration time. Discrimination between the objects was measured

using a discrimination index (DI), calculated as [(time spent exploring the novel object)–(time

spent exploring the familiar object)] / total time spent exploring both objects. A discrimination

index of 0 indicated no preference, 1 indicates complete preference for the novel object, and –

1 indicates complete preference for the familiar object.

Analysis of endocannabinoids and related lipids

Endogenous cannabinoid ligands, including the two main endocannabinoids N-arachidonoy-

lethanolamine (AEA) and 2-arachidonoylglycerol (2-AG), and two minor endocannabinoids,

including N-oleoylethanolamide (OEA) and N-palmitoylethanolamide (PEA), and arachi-

donic acid (AA), were quantified via ultraperformance liquid chromatography-tandem mass

spectrometry (UPLC-MS/MS) from four CNS regions (prefrontal cortex, striatum, cerebellum,

and spinal cord) of female and male Tat transgenic mice after completion of behavioral experi-

ments. Following the behavior experiments, mice were returned to the home cage. On the next

day, all the animals received the last dose of their respective treatment and sacrificed by rapid

decapitation after isoflurane-induced anesthesia after 60 min. The seven CNS regions were dis-

sected from the right brain hemisphere and were snap-frozen in liquid nitrogen. Samples were

stored at –80˚C until they were processed, and substrates were extracted as previously

described [74,75]. Briefly, a seven-point calibration curve at 1–100 ng of AEA, PEA, OEA; 10–

1000 ng of 2-AG; 100–10,000 ng of AA were prepared in water along with negative and blank

controls. The internal standard containing 10 ng AEA-d8, PEA-d4, OEA-d4; 200 ng 2-AG-d5,

and 1000 ng AA-d8 was added to quality control samples. Samples were homogenized in

100 μL of ethanol and then 900 μL of water was added. Clean Up1 C18 solid phase extraction

columns were conditioned with methanol and water. The samples were added to the columns

and aspirated and were dried under vacuum for 5 min. All analytes were eluted using 1 mL of

78:20:2 dichloromethanne:isopropanol:ammonium hydroxide followed by 1 mL of ethyl ace-

tate. The elute was dried under nitrogen and reconstituted in 50 μL of 60:40 water:acetonitrile

and transferred to auto-sampler vials for UPLC-MS/MS. Chromatographic separation and

quantification methods of endocannabinoids and related lipids is as previously described

[75,76]. Briefly, a Shimadzu UPLC system (Kyoto, Japan) attached to a Sciex 6500 QTRAP sys-

tem with an IonDrive Turbo V source for TurbolonSpray1 (Sciex, Ontario, Canada). AEA,
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2-AG, PEA, OEA, and AA were chromatographically separated on a Discovery1HS C18 Col-

umn 15 cm c 2.1 mm, 3 μm maintained at 20˚C. The mobile phase used was A: acetonitrile

and B: water with 1 g/L ammonium acetate and 0.1% formic acid and the gradient used was

0.0–2.4 min at 40% A, 2.5–6.0 min at 40% A, hold for 2.1 min at 40% A, then 8.1–9 min 100%

A, hold at 100% A for 3.1 min and return to 40% A at 12.1 min with a flow rate of 1.0 mL/min.

The source temperature and ionspray voltage was 600˚C and 5,000 V, respectively. The curtain

gas and source gases 1 and 2 had flow rates of 30, 60, and 50 mL/min, respectively. The flow

rates for the curtain gas and source gases 1 and 2 were set at 30, 60, and 50 mL/min, respec-

tively. The mass spectrometer was operated in multiple reaction monitoring (MRM) mode,

using positive ionization for AEA, 2-AG, OEA, and PEA, and negative ionization for AA. The

following transition ions (m/z) and corresponding collision energies (eV) were measured:

AEA: 348>62 (13) and 348>91 (60); AEA-d8: 356>63 (13); 2-AG: 379>287 (26) and 379>296

(28); 2-AG-d8: 384>287 (26); OEA: 326>62 (40) and 326>283 (40); OEA-d4: 330>66 (40);

PEA: 300>62 (31) and 300>283 (31); PEA-d4: 304>62 (31); AA: 303>259 (-25) and 303>59

(-60); AA-d8: 311>267 (-25). The total run time for the analytical method was 14 minutes. Cal-

ibration curves were constructed for each analyte with each analytical batch. A linear regres-

sion of the ratio of the peak area counts of analyte to its corresponding deuterated internal

standard versus concentration was used to develop the calibration curves.

Western blot analysis

CNS regions, including prefrontal cortex, striatum, hippocampus, cortex, cerebellum, brain

stem from the left hemisphere, and spinal cord samples of female and male Tat transgenic

mice were quantified for cannabinoid receptor protein expression, including cannabinoid type

1 and 2 receptors (CB1 and CB2R), and endocannabinoid degradative enzymes, including fatty

acid amide hydrolase (FAAH) and monoacylglycerol lipase (MAGL). Samples were homoge-

nized on ice in an appropriate volume of ice-cold Pierce™ RIPA lysis and extraction buffer

(Thermo Scientific, Cat# 89900, USA) with Halt™ phosphatase (Thermo Scientific, Cat# 78420,

USA) and protease inhibitor cocktail (Thermo Scientific, Cat# 87786, USA) followed by centri-

fugation at 10,000 g for 10 min at 4˚C. Protein concentration in the tissue lysates were deter-

mined by Pierce™ BCA protein assay kit (Thermo Scientific, Cat# 23227, USA). Protein lysates

were suspended in sample buffer containing NuPAGE™ LDS Sample Buffer (Invitrogen™, Cat#

NP0007, USA) and XT Reducing Agent (BioRad, Cat# 1610792, USA) in 1:2.5 ratio and dena-

tured at 85˚C for 10 min. Equal amounts of protein (20 μg/lane) were resolved in 10% Bis-Tris

Criterion™ XT Precast Gels and XT MOPS running buffer (BioRad, Cat# 1610799, USA) at 120

volts for 1.5 h using Criterion™ vertical electrophoresis cell (BioRad, Cat# 1656001, USA). The

resolved proteins were transferred from the gel to Immobilon1-P PVDF membranes (Milli-

pore Sigma, Cat# IPVH00010, USA) in 10x Tris/Glycine buffer (BioRad, Cat# 1610734) at

1–4˚C and 100 volts for 1 h using Criterion™ blotter with wire electrodes (BioRad,

Cat#1704071, USA). Blots were rinsed with phosphate-buffered saline (PBS), incubated with

Intercept1 blocking buffer (LI-COR Biosciences, Cat# 727–70001) at room temperature for 1

h followed by overnight incubation with primary antibodies overnight at 4˚C in Intercept1

blocking buffer with 0.2% Tween-20. Primary antibodies used in this study were, anti-CB1R

(rabbit polyclonal; Proteintech, Cat# 17978-1-AP, 1:1000 dilution), anti-CB2R (rabbit poly-

clonal; AbClonal, Cat# A1762, 1:1000 dilution), anti-FAAH (mouse monoclonal; Abcam, Cat#

ab54615, 1:1000 dilution), and anti-MAGL (rabbit polyclonal; Abcam, Cat# ab24701, 1:1000

dilution). Anti-GAPDH antibody (mouse monoclonal; Abcam, Cat# ab125247, 1:15,000 dilu-

tion) was used as a loading control. Following primary antibody incubation, the blots were

washed 3x with PBST (PBS with 0.1% Tween-20) and incubated with IRDye1 680RD Donkey

PLOS ONE CB1 allosteric modulator: A potential treatment for HAND

PLOS ONE | https://doi.org/10.1371/journal.pone.0305868 June 24, 2024 7 / 32

https://doi.org/10.1371/journal.pone.0305868


anti-Mouse IgG (LI-COR Biosciences, Cat# 926–68072, 1:15,000 dilution) and IRDye1

800CW Donkey anti-Rabbit IgG (LI-COR Biosciences, Cat# 925–32213, 1:15,000 dilution) sec-

ondary antibodies at room temperature for 1 h in Intercept1 blocking buffer with 0.2%

Tween-20 and 0.01% SDS. The blots were washed 3x with PBST and bands were detected

using Odyssey1 CLx infrared imaging system (LI-COR Biosciences, USA) and analyzed in

Empiria studio1 software version 2.3.0 (LI-COR Biosciences, USA). Data presented are nor-

malized to the housekeeping gene GAPDH.

Statistical analysis

All data are presented as mean ± the standard error of the mean (SEM). Baseline data for

behavioral measures (body weight, motor coordination, tail flick, hot plate, and rotarod) were

analyzed using a two-way analysis of variances (ANOVAs) with sex (2 levels: females, males)

and genotype [2 levels: Tat(–), Tat(+)] as between-subjects factors. Main or interaction effects,

were followed by Tukey’s post hoc tests when appropriate. Four-way mixed ANOVAs were

conducted on acute and chronic drug treatments with time (2 levels: Day 1, Day 14) as a

within-subjects factor, and sex (2 levels: females, males), genotype [2 levels: Tat(–), Tat(+)],

and treatment (2 levels: vehicle, ZCZ011) as between-subjects factors. Main or interaction

effects for sex were followed up by separate three-way ANOVAs for females and males. Fol-

low-up Tukey’s post hoc tests were conducted when appropriate. Additionally, one-sample t-
tests were conducted for acute and chronic drug treatments and compared to the baseline (set

at 100%). Group comparisons were corrected for multiple comparisons with Tukey’s-adjusted

p values reported. Behavioral experiments (locomotor activity, elevated plus maze, novel object

recognition) and protein quantification data (UPLC-MA/MS and western blot) were analyzed

by three-way ANOVAs with sex (2 levels: females, males), genotype [2 levels: Tat(–),Tat(+)],

and treatment (2 levels: vehicle, ZCZ011) as between-subjects factors. Main or interaction

effects were followed up by separate two-way ANOVAs for females and males. Note, that for

rotarod and the novel object recognition task, non-significant interaction trends were also fol-

lowed up by separate two-way ANOVAs for females and males. Follow-up Tukey’s post hoc

tests were conducted when appropriate. An alpha level of p� 0.05 was considered significant

for all statistical tests. SPSS Statistics 25 (IBM, Chicago, IL) and Prism GraphPad 8.0 (San

Diego, CA) was used for data analysis and data graphing, respectively.

Results

Body mass

Body mass (g) of all animals was taken to ensure the experimental design did not affect ani-

mal’s health. Animals were weighed at baseline (Day 0, Fig 2A) and after acute (Day 1) and

chronic (Day 14) vehicle or ZCZ011 (10 mg/kg) treatment (Fig 2B). A two-way ANOVA for

baseline and a four-way mixed ANOVA for acute and chronic treatment did not show any sig-

nificant effects or interactions.

Motor coordination

The rotarod test was conducted to investigate effects of ZCZ011 treatment (60 min following

injection) on motor coordination and function. Baseline assessment revealed no significant

effects for rotarod latency (Fig 2C). For acute and chronic treatment (Fig 2D), a four-way

mixed ANOVA revealed a significant main effect of time, F(1, 24) = 6.6, p = 0.01, with latency

to stay on the rotarod increasing over time (Day 1 vs. Day 14). A non-significant trend for

time x drug interaction was noted, F(1,24) = 3.1, p = 0.08, with drug treatment trending to
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show differential effects on rotarod latency based on acute (Day 1) compared to chronic (Day

14) treatment. Separate ANOVAs for sex, demonstrated for females, a main effect of time, F
(1,24) = 6.6, p = 0.01, with an increase in rotarod latency over time, that was significantly

altered by drug, drug x time interaction, F(1,12) = 4.5, p = 0.05. Follow-up Tukey’s post hoc

tests demonstrated that chronic ZCZ011 treatment significantly increased rotarod latency

compared to acute ZCZ011 treatment (p = 0.002). This increase in rotarod latency for females

was true for both genotypes, Tat(–) females (p = 0.01) and Tat(+) females (p = 0.02). No signif-

icant effects were seen for male mice. One sample t-tests did not reveal any significant differ-

ences from baseline for females or males.

Fig 2. Effect of acute and chronic ZCZ011 treatment (10 mg/kg) on body weight and motor coordination. (A) Baseline body weight (g) of female and

male mice was taken before starting drug treatment. No significant differences were found in body weight for mice based on sex or genotype. (B) Body

weight is represented as percent change from baseline, set at 100%, after acute (Day 1) and chronic (Day 14) treatment. No significant differences were

noted for either females and males. (C) No significant differences were found in the rotarod latency (s) at baseline for females and males. (D) Significant

effects were noted for rotarod latency, represented as percent change from baseline, set at 100%, after acute and chronic vehicle or ZCZ011 treatment. All

data are expressed as mean ± the standard error of the mean (SEM). Statistical significance was assessed by overall ANOVAs; κp = 0.01 main effect of

time; non-significant trend, #p = 0.08 main time x drug interaction. Separate ANOVAs for females and males; ωp = 0.01 main effect of time for females;
υp = 0.05 main drug x time interaction for females. Follow-up Tukey’s post hoc tests; ap< 0.05 ZCZ011-treated Tat(–) and Tat(+) female mice on Day 1

vs. Day 14. ZCZ011 dose = 10 mg/kg. N = 32(16f).

https://doi.org/10.1371/journal.pone.0305868.g002
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Spontaneous heat-evoked nociception

The tail-flick and hot-plate assays were conducted for baseline, acute, and chronic ZCZ011

treatment after rotarod performance, to evaluate heat-evoked pain-like behaviors. For the spi-

nal-related tail-flick assay, a two-way ANOVA demonstrated no significant effect at baseline

(Fig 3A). For acute and chronic treatment, a four-way mixed ANOVA revealed a significant

main effect of time, F(1, 24) = 6.7, p = 0.01, where tail-flick latency was increased following

chronic treatment (Day 14) compared to acute treatment (Day 1). Interestingly, one sample t-

Fig 3. Effect of acute and chronic ZCZ011 treatment (10 mg/kg) on spontaneous evoked nociception. (A) Baseline tail flick latency (s) for female and

male mice before starting drug treatment. No significant differences were found in the tail flick latency for mice based on sex or genotype. (B) Tail flick

latency is represented as percent change from baseline, set at 100%, after acute and chronic vehicle or ZCZ011 treatment. A main effect of time was noted

after chronic ZCZ011 treatment. (C) For baseline hot plate latency (s) females showed higher latency to withdraw paws as compared to males. (D)

Significant effects were noted for hot plate latency, represented as percent change from baseline, set at 100%, after acute and chronic vehicle or ZCZ011

treatment. All data are expressed as mean ± the standard error of the mean (SEM). Statistical significance was assessed by overall ANOVAs; κp = 0.01 main

effect of time; λp<0.001 main effect of sex; σp = 0.008 main time x drug interaction. Separate ANOVAs for females and males; υp = 0.006 time x drug

interaction for females; ωp = 0.005 main time effect for males; Cp = 0.04 time x genotype interaction for males. Follow-up Tukey’s post hoc tests; bp = 0.04

baseline Tat(–) males vs baseline Tat(–) females; cp< 0.05 baseline Tat(+) females vs baseline Tat(–) and Tat(+) males; dp = 0.02 acute vs. chronic vehicle-

treated females on day 14; ep< 0.05 vehicle and ZCZ011-treated Tat(–) males on Day 1 vs. Day 14. One-sample t-test; ‡p<0.05 ZCZ011-treated Tat(+)

males vs. baseline (100%), †p<0.05 vehicle-treated Tat(–) and Tat(+) females vs. baseline (100%). ZCZ011 dose = 10 mg/kg. N = 32(16f).

https://doi.org/10.1371/journal.pone.0305868.g003
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tests revealed that acute ZCZ011-treated Tat(+) males demonstrated hypersensitivity com-

pared to baseline, t(3) = -9.5, p = 0.008 (Fig 3B).

The hot-plate assay was used to assess supraspinal-related spontaneous nociception. A two-

way ANOVA for the baseline hot-plate latency revealed a significant main effect of sex, F(1,

28) = 6.7, p< 0.001, with female mice showing higher latencies to withdrawal or lick their

paws (Fig 3C). A follow up Tukey’s post hoc test revealed significant differences in hot-plate

latency based on sex and genotype with Tat(–) females showing higher latency as compared to

Tat(–) males (p = 0.04), and Tat(+) females displaying higher hot-plate latency as compared to

both Tat(–) (p = 0.004) and Tat(+) (p = 0.03) males. For acute and chronic treatment, a four-

way mixed ANOVA indicated a significant time x drug interaction, F(1,24) = 8.3, p = 0.008,

with treatment decreasing hot plate latency over time (Fig 3D). Separate three-way mixed

ANOVAs for each sex demonstrated for females a significant time x drug interaction, F(1,12)

= 10.9, p = 0.006. Follow-up Tukey’s post hoc tests indicated significant differences between

acute and chronic vehicle-treated female mice, specifically found in Tat(–) female mice

(p = 0.02), with significantly increased hypersensitivity in the hot-plate assay on Day 14. More-

over, the latency for chronically vehicle-treated Tat(–) and Tat(+) females significantly

reduced as compared to baseline, t(3) = -13.0, p = 0.002, and, t(3) = -5.4, p = 0.048, respectively.

For males, we found a main effect of time, F(1,12) = 12.1, p = 0.005, and a time x genotype

interaction, F(1,12) = 5.1, p = 0.04, with hot plate latency decreasing at Day 14. Tukey’s post

hoc test revealed that Tat(–) males showed a significant difference between acute and chronic

treatment, for both vehicle (p = 0.02) and ZCZ011 (p = 0.008) treatments. A significant reduc-

tion in hot-plate latency was noted in Tat(–) male mice after chronic treatment with either

vehicle or ZCZ011. This effect was not seen in Tat(+) male mice. One sample t-tests did not

reveal any significant differences from baseline for males.

Locomotor activity

To evaluate the effects of chronic ZCZ011 exposure on overall activity in Tat transgenic mice,

we assessed locomotor activity 60 min after injection. A three-way ANOVA demonstrated no

significant effects for locomotor activity after chronic ZCZ011 treatment (Fig 4A).

Anxiety-like behavior

Following the locomotor activity assessment, Tat transgenic mice were tested in elevated plus

maze task for anxiety-like behavior. Dependent measures included the percentage of time

spent in open arms and the number of pokes into open arms. For percent time spent in open

arms (Fig 4B), a three-way ANOVA did not show any significant sex, genotype or treatment

effect. Similarly, for number of pokes (Fig 4C), no significant effects were noted.

Novel object recognition

A novel object recognition (NOR) task was performed to access recognition memory in Tat

transgenic mice following chronic ZCZ011 treatment. Discrimination index was used to mea-

sure the animal’s preference between a familiar and novel object, with 1 indicating a complete

preference for the novel object, 0 equals no preference, and -1 indicating a complete preference

for the familiar object. The three-way ANOVA, revealed a non-significant trend for drug x

genotype interaction, F(1,24) = 2.9, p = 0.09, with ZCZ011 trending to differentially affect rec-

ognition memory in Tat(–) and Tat(+) mice. Based on the trend and previously published data

[76], a separate three-way ANOVA for sex was conducted. For females, a significant drug x

genotype interaction was observed, F(1,12) = 6.9, p = 0.02, with ZCZ011 treatment differen-

tially affecting recognition memory based on genotype (Fig 4D). Follow-up Tukey’s post hoc
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tests showed that ZCZ011 significantly improved recognition memory in Tat(+) female mice

compared to Tat(–) females (p = 0.01). No significant effects were observed for male mice.

CNS levels of endocannabinoids and related lipids

To assess the impact of chronic ZCZ011 (10 mg/kg) exposure on the endocannabinoid system,

alterations in levels of AEA, 2-AG, PEA, OEA, and AA were assessed following behavioral

experiments in CNS regions, including prefrontal cortex, striatum, cerebellum, and spinal

cord of Tat transgenic female and male mice. Fig 5 shows data from prefrontal cortex, stria-

tum, and cerebellum only, all other data can be found in S1 Table. One-way repeated ANO-

VAs for each lipid revealed that lipid molecule concentration (nmol/g) differed significantly

between CNS regions; AEA, F(3,93) = 29.3, p<0.001, demonstrated differences in expression

levels between prefrontal cortex, cerebellum, and spinal cord (p’s <0.001), with highest levels

of AEA being found in the prefrontal cortex followed by striatum and cerebellum, and the low-

est found in the spinal cord. 2-AG, F(3,93) = 54.3, p<0.001, was found to be highest in the spi-

nal cord followed by cerebellum, striatum and prefrontal cortex (p’s<0.001). PEA, F(3,93) =

23.5, p<0.001, was found to be higher in the spinal cord as compared to cerebellum and spinal

Fig 4. Effect of chronic ZCZ011 treatment on locomotor activity, elevated plus maze, and novel object recognition tasks. (A) No significant effects or

interactions were noted for total exploration following chronic vehicle or ZCZ011 treatment. (B) Percent time spent in open arm during the elevated plus

maze was not altered by sex, genotype, or treatment. (C) No significant effects were noted for the number of pokes into the open arm. (D) Novel object

recognition memory is indicated by the discrimination index (0 = no preference, 1 = complete preference for the novel object, -1 = complete preference

for the familiar object). A significant improvement in recognition memory was seen in Tat(+) females following ZCZ011 treatment. No changes in

recognition memory was observed in male mice. All data are expressed as mean ± the standard error of the mean (SEM). Statistical significance was

assessed by overall ANOVAs; non-significant trend, #p = 0.09 main drug x genotype interaction. Separate ANOVAs for females and males; ηp = 0.02 drug

x genotype interaction for females. Follow-up Tukey’s post hoc tests; *p = 0.01 ZCZ011-treated Tat(–) vs. Tat(+) females. ZCZ011 dose = 10 mg/kg. N = 32

(16f).

https://doi.org/10.1371/journal.pone.0305868.g004
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cord (p’s <0.001). OEA, F(3,93) = 10.8, p<0.001, was highest in the striatum, followed by spi-

nal cord, cerebellum, and prefrontal cortex (p’s<0.001). Lastly, AA, F(3,93) = 8.2, p<0.001,

showed highest levels in cerebellum, followed by striatum, prefrontal cortex, and spinal cord

(p’s<0.001).

Fig 5. Effect of chronic ZCZ011 treatment on endocannabinoids and related lipids in various CNS regions. Concentration (nmol/g) of (A) AEA, (B)

2-AG, (C) PEA, (D) OEA, and (E) AA were assessed in the prefrontal cortex, striatum, and cerebellum for vehicle and ZCZ011 treated Tat(–) and Tat(+)

mice using LC/MS/MS. In the prefrontal cortex, none of the endocannabinoids and related lipids displayed any main or interaction effects. In the striatum,

a main effect of sex was noted, with males showing higher levels of AEA, PEA, OEA, and AA as compared to females. In the cerebellum, chronic ZCZ011

treatment differentially affected the levels of endocannabinoids and related lipids based on sex and/or genotype. All data are expressed as mean ± the

standard error of the mean (SEM). Statistical significance was assessed by overall ANOVAs; λp� 0.05 main effect of sex; εp� 0.005 main effect of drug;
φp� 0.05 main drug x genotype interaction; γp� 0.05 main drug x sex interaction. Separate ANOVAs for females and males; θp� 0.05 drug effect for

males; ιp� 0.05 genotype effect for females; ηp� 0.05 drug x genotype interaction for females. Follow-up Tukey’s post hoc tests; *p� 0.05. ZCZ011

dose = 10 mg/kg. N = 32(16f).

https://doi.org/10.1371/journal.pone.0305868.g005
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For AEA (Fig 5A), no significant effects were noted in the prefrontal cortex. In the striatum,

a three-way ANOVA revealed a main effect of sex, F(1,24) = 9.9, p = 0.004, with male mice dis-

playing higher levels of AEA as compared to females. No other interactions were observed in

the striatum. Additionally, a separate two-way ANOVA for each sex did not show any signifi-

cant effects in AEA levels for female or male mice. In the cerebellum, a main effect of drug, F
(1,24) = 6.0, p = 0.02, was noted with ZCZ011 treatment increasing AEA levels as compared to

vehicle. Further, a drug x genotype interaction, F(1,24) = 6.9, p = 0.01, was noted, with

ZCZ011 treatment differentially affecting AEA levels in Tat(–) and Tat(+) mice. A separate

two-way ANOVA for each sex did not show any significant effects in AEA levels for female

mice; however, for males a significant effect of drug, F(1,12) = 11.0, p = 0.006, was noted, with

ZCZ011 treatment increasing AEA levels in male mice. A follow-up Tukey’s post hoc test

revealed that AEA levels were increased in ZCZ011-treated Tat(–) males as compared to vehi-

cle-treated Tat(–) males (p = 0.003).

For 2-AG (Fig 5B), both prefrontal cortex and striatum, did not show any significant

effects. In the cerebellum, a drug x genotype interaction, F(1,24) = 4.9, p = 0.03, and a genotype

x sex interaction, F(1,24) = 6.6, p = 0.01, were noted, with Tat expression differentially affecting

2-AG levels based on treatment and sex. A separate two-way ANOVA for each sex revealed a

drug x genotype interaction in female mice, F(1,12) = 7.7, p = 0.01, with ZCZ011 treatment

decreasing 2-AG levels as compared to vehicle. A follow-up Tukey’s post hoc test indicated

that ZCZ011 treatment decreased 2-AG levels in Tat(+) females as compared to vehicle-treated

Tat(+) females (p = 0.05) and ZCZ011-treated Tat(–) females (p = 0.009). Male mice did not

show any main or interaction effects.

For PEA (Fig 5C), no significant effects were noted in the prefrontal cortex. In the striatum,

a main effect of sex was noted, F(1,24) = 16.0, p<0.001, with male mice displaying higher lev-

els of PEA as compared to females. A separate two-way ANOVA for each sex did not show any

significant effects for female or male mice. In the cerebellum, a drug x genotype interaction

was observed, F(1,24) = 4.8, p = 0.03, with ZCZ011 treatment differentially affecting PEA levels

in Tat(–) and Tat(+) mice. A two-way ANOVA for each sex indicated a drug x genotype inter-

action for females, F(1,12) = 4.6, p = 0.05, with ZCZ011 treatment increasing PEA levels in Tat

(–) females and decreasing levels in Tat(+) females. However, follow-up Tukey’s post hoc test

did not show any significant differences. Additionally, no significant effects were observed for

male mice.

For OEA (Fig 5D), no significant changes were seen in the prefrontal cortex. In the stria-

tum, a main effect of sex was noted, F(1,24) = 9.5, p<0.001, with male mice displaying higher

levels of PEA as compared to females. A separate two-way ANOVA for each sex did not show

any significant effects in OEA levels for female and male mice. In the cerebellum, a main effect

of drug, F(1,24) = 5.0, p = 0.03, and drug x genotype interaction, F(1,24) = 8.0, p = 0.009, were

noted, with ZCZ011 treatment differentially affecting OEA levels for Tat(–) and Tat(+) mice.

A separate two-way ANOVA for each sex showed a significant drug x genotype interaction F
(1,12) = 5.3, p = 0.04 in female mice. A follow-up Tukey’s post hoc test indicated that ZCZ011

treatment increased OEA levels in Tat(–) females as compared to vehicle-treated Tat(–)

females (p = 0.01) and decreased OEA levels in Tat(+) females as compared to ZCZ011-treated

Tat(–) females (p = 0.02). In males, a significant drug effect was seen, F(1,12) = 4.6, p = 0.05,

with ZCZ011 treatment increasing OEA levels as compared to vehicle. Follow-up Tukey’s post

hoc test showed that chronic ZCZ011 treatment increased OEA levels in Tat(–) males as com-

pared to vehicle-treated Tat(–) males (p = 0.01), but not in Tat(+) males.

For AA (Fig 5E), no significant effects were observed in the prefrontal cortex. In the stria-

tum, a main effect of sex was noted, F(1,24) = 4.3, p<0.001, with male mice exhibiting higher

levels of AA as compared to females. A separate two-way ANOVA for each sex did not show
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any significant effects in PEA levels for female and male mice. In the cerebellum, a main effect

of sex was observed, F(1,24) = 7.7, p = 0.01, with females showing higher levels of AA as com-

pared to males. Moreover, a drug x genotype interaction, F(1,24) = 7.3, p = 0.01 and a genotype

x sex interaction, F(1,24) = 6.0, p = 0.02, were also seen, with Tat expression differentially

affecting AA levels based on treatment and sex. A separate two-way ANOVA for each sex indi-

cated, a genotype effect, F(1,12) = 7.3, p = 0.01, and a drug x genotype interaction, F(1,12) =

5.7, p = 0.03 for females. A follow-up Tukey’s post hoc tests demonstrated that ZCZ011 treat-

ment increased AA levels in Tat(–) females as compared to vehicle-treated Tat(–) females

(p = 0.03) and decreased AA levels in Tat(+) females as compared to ZCZ011-treated Tat(–)

females (p = 0.003). No significant effects were seen in male mice.

Overall, chronic ZCZ011 treatment did not change the levels of endocannabinoids and

related lipids in the prefrontal cortex. In the striatum, except for 2-AG, males displayed higher

levels of AEA, PEA, OEA, and AA levels as compared to females. Lastly, ZCZ011 had differen-

tial effects in the cerebellum where the levels of endocannabinoids and related lipids were

dependent on sex and genotype.

CNS expression levels of cannabinoid receptors, CB1R and CB2R

To evaluate the effect of chronic ZCZ011 (10 mg/kg) exposure on the endocannabinoid sys-

tem, alterations in levels of cannabinoid receptors, CB1R and CB2R, were assessed in CNS

regions, including prefrontal cortex, striatum, hippocampus, cortex, cerebellum, brainstem,

and spinal cord of Tat transgenic female and male mice. Fig 6 shows data from the prefrontal

cortex, striatum and cerebellum only, due to their relevance to the behavioral studies, the data

for other CNS regions can be found in S2 Table. Representative bands from each group is

shown in Fig 6A and raw and unedited blots can be found in Supporting information. One-

way repeated ANOVAs for CB1R, F(6,186) = 9.1, p< 0.001, and CB2R, F(6,186) = 3.4,

p = 0.003, demonstrated significant differences between various CNS regions. The order of

CB1R expression from highest to lowest is as follows, prefrontal cortex> brainstem > spinal

cord> hippocampus > striatum > cerebellum > cortex. Similarly, the order of CB2R expres-

sion from highest to lowest is, cortex > prefrontal cortex > brainstem >

cerebellum > striatum > hippocampus > spinal cord.

For CB1R (Fig 6B), no significant effects were observed in the prefrontal cortex. In the stria-

tum, a three-way ANOVA displayed a main effect of sex, F(1,24) = 183.0, p< 0.001, with

females exhibiting higher levels of CB1R as compared to males. Additionally, a drug x genotype

interaction was seen, F(1,24) = 10.9, p = 0.003, with ZCZ011 treatment differentially affecting

CB1R levels based on genotype. A separate two-way ANOVA for each sex did not show any

significant effects in CB1R expression for female or male mice. In the cerebellum, a main effect

of sex was observed, F(1,12) = 54.5, p<0.001, with females showing higher CB1R expression as

compared to males. Moreover, a drug x sex interaction, F(1,12) = 4.5, p = 0.04, and a genotype

x sex interaction, F(1,12) = 5.4, p = 0.02, were noted, with ZCZ011 treatment and Tat expres-

sion differentially affecting CB1R expression based on sex. A separate two-way ANOVA for

each sex, demonstrated a genotype effect for females, F(1,12) = 7.8, p = 0.01, with lower CB1R

expression in Tat(+) females as compared to Tat(–) females. A follow-up Tukey’s post hoc test

displayed that CB1R expression was reduced in vehicle-treated Tat(+) females (p = 0.007) as

compared to Tat(–) female mice. No significant changes were observed in CB1R expression in

male mice.

For CB2R (Fig 6C), a three-way ANOVA exhibited a main effect of sex, F(1,24) = 4.7,

p = 0.04, with male mice displaying higher levels of CB2R as compared to females, and a main

effect of genotype, F(1,24) = 4.73, p = 0.04, with Tat(+) mice showing higher levels of CB2R
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compared to Tat(–) mice. A separate three-way ANOVAs for each sex did not indicate any sig-

nificant effects for either females or males. For the striatum, a main effect of sex was observed,

F(1,12) = 44.8, p<0.001, with females displaying significantly higher levels of CB2R as com-

pared to males. A separate two-way ANOVA for each sex did not indicate any significant

effects. In the cerebellum, CB2R expression was not significantly altered.

In summary, CB1R and CB2R expression was not altered in the prefrontal cortex and cere-

bellum, respectively. Further, CB1R (in the striatum and cerebellum) and CB2R (in the pre-

frontal cortex) expression was altered based on sex, genotype, and treatment.

CNS expression levels of endocannabinoid degradative enzymes, FAAH

and MAGL

To assess the effect of chronic ZCZ011 (10 mg/kg) exposure on the endocannabinoid system,

changes in levels of endocannabinoid degradative enzymes, FAAH and MAGL, were evaluated

in CNS regions, including prefrontal cortex, striatum, hippocampus, cortex, cerebellum,

Fig 6. Effect of chronic ZCZ011 treatment on CB1R and CB2R expression in various CNS regions. CB1R and CB2R expression levels were assessed in the

prefrontal cortex, striatum, and cerebellum for vehicle- and ZCZ011-treated Tat(–) and Tat(+) mice via Western blot analysis. Data were normalized to the

housekeeping protein GAPDH. (A) Representative immunoblots for CB1R, CB2R, and GAPDH for all groups used in the study. (B) In the prefrontal

cortex, no changes were observed in CB1R expression. In striatum and cerebellum, a main effect of sex was seen with females displaying higher levels of

CB1R as compared to males. Additionally, ZCZ011 differentially affected CB1R expression based on genotype in the striatum and cerebellum. (C) In the

prefrontal cortex and striatum, a main effect of sex was seen with males displaying higher level of CB2R in the prefrontal cortex and females displaying

higher level of CB2R in the striatum. Further, Tat expression increased CB2R in the prefrontal cortex. In the cerebellum, no changes were observed in CB2R

expression. All data are expressed as mean ± the standard error of the mean (SEM). Statistical significance was assessed by ANOVAs; λp� 0.05 main effect

of sex; αp� 0.005 main effect of genotype; φp� 0.05 main drug x genotype interaction; δp� 0.05 main genotype x sex interaction. Separate ANOVAs for

females and males; ιp� 0.05 genotype effect for females. Follow-up Tukey’s post hoc tests; *p� 0.05. ZCZ011 dose = 10 mg/kg. N = 32(16f); AU, arbitrary

unit.

https://doi.org/10.1371/journal.pone.0305868.g006
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brainstem, and spinal cord of Tat transgenic female and male mice. Fig 7 shows data from the

prefrontal cortex, striatum and cerebellum only, due to their relevance to the behavioral stud-

ies. Data for other CNS regions can be found in S2 Table. Representative bands from each

group is shown in Fig 7A and raw and unedited blots can be found in Supporting informa-

tion. One-way repeated ANOVAs for FAAH, F(6,186) = 14.1, p< 0.001, and MAGL, F(6,186)

= 11.3, p< 0.001, demonstrated significant differences between various CNS regions. The

order of FAAH and MAGL expression from highest to lowest is as follows: FAAH: prefrontal

cortex > cortex > hippocampus > cerebellum > spinal cord > striatum > brainstem, and

MAGL: cortex> hippocampus > spinal cord> prefrontal cortex > brainstem >

cerebellum > striatum.

For FAAH (Fig 7B), a three-way ANOVA demonstrated a main effect of sex in the prefron-

tal cortex, F(1,24) = 5.0, p = 0.03, with males displaying higher levels as compared to females,

and a genotype x sex interaction, F(1,24) = 7.4, p = 0.01, with FAAH levels being altered based

on sex and genotype. A separate two-way ANOVA for each sex indicated a drug effect for

females, F(1,24) = 5.8, p = 0.03, with ZCZ011 treatment decreasing FAAH expression in

Fig 7. Effect of chronic ZCZ011 treatment on FAAH and MAGL expression in various CNS regions. FAAH and MAGL expression levels were assessed

in the prefrontal cortex, striatum, and cerebellum for vehicle- and ZCZ011-treated Tat(–) and Tat(+) mice via Western blot analysis. Data were normalized

to the housekeeping protein GAPDH. (A) Representative immunoblots for FAAH, MAGL, and GAPDH for all groups used in the study. (B and C) A

main effect of sex was noted in prefrontal cortex, striatum and cerebellum with males displaying higher levels of FAAH and MAGL as compared to

females. Additionally, the levels of FAAH and MAGL expression were differentially affected in all the regions based on sex, genotype, and drug treatment.

All data are expressed as mean ± the standard error of the mean (SEM). Statistical significance was assessed by ANOVAs; γp� 0.05 main effect of sex;
αp� 0.005 main effect of genotype; εp� 0.05 main drug effect; φp� 0.05 main drug x genotype interaction; γp� 0.05 main drug x sex interaction;
δp� 0.05 main genotype x sex interaction. Separate ANOVAs for females and males; θp� 0.05 drug effect for females; ιp� 0.05 genotype effect for females

or males; ηp� 0.05 drug x genotype interaction males. Follow-up Tukey’s post hoc tests; *p =� 0.05. ZCZ011 dose = 10 mg/kg. N = 32(16f); AU, arbitrary

unit.

https://doi.org/10.1371/journal.pone.0305868.g007
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females as compared to vehicle, and a genotype effect, F(1,12) = 6.3, p = 0.02, with FAAH

expression being lower in Tat(+) females as compared to Tat(–) females. Follow-up Tukey’s

post hoc tests demonstrated that FAAH expression was significantly reduced in

ZCZ011-treated Tat(–) females (p = 0.01) and vehicle-treated Tat(+) females (p = 0.009) as

compared to vehicle-treated Tat(–) females. No significant effects were noted in males. In the

striatum, a main effect of sex was seen, F(1,24) = 43.5, p<0.001, with males showing higher

levels of FAAH expression as compared to females. Moreover, a drug x genotype interaction, F
(1,24) = 30.39, p<0.001, and a genotype x sex interaction, F(1,24) = 4.93, p = 0.03, was

observed, suggesting that Tat expression has differential effects based on ZCZ011 treatment

and sex. A separate two-way ANOVA for each sex did not show any significant effects in

female mice; however, for male mice, a drug x genotype interaction, F(1,12) = 54.07, p<0.001,

was noted, with ZCZ011 treatment showing differential effects in Tat(–) and Tat(+) males. Fol-

low-up Tukey’s post hoc tests indicated that ZCZ011 treatment reduced FAAH expression in

Tat(–) males as compared to vehicle-treated Tat(–) males (p<0.001), but increased FAAH

expression in Tat(+) males as compared to vehicle-treated Tat(+) males (p<0.001). In the cer-

ebellum, a main effect of sex, F(1,24) = 37.7, p<0.001, and a main effect of genotype, F(1,24) =

7.5, p = 0.01, were observed, with males and Tat(–) mice displaying higher levels of FAAH

expression as compared to females and Tat(+) mice, respectively. Additionally, a drug x geno-

type interaction was seen, F(1,24) = 5.1, p = 0.03, with ZCZ011 treatment differentially affect-

ing FAAH expression in Tat(–) and Tat(+) mice. A separate two-way ANOVA for each sex

showed a genotype effect in females, F(1,12) = 30.8, p<0.001, and a drug effect, F(1,12) = 16.7,

p = 0.001, with decreased FAAH expression found in Tat(+) females and upon ZCZ011 treat-

ment, respectively. Follow-up Tukey’s post hoc tests demonstrated that FAAH expression was

reduced in both vehicle- (p<0.001) and ZCZ011-treated (p = 0.02) Tat(+) females as com-

pared to vehicle- and ZCZ011-treated Tat(–) females, respectively. Additionally,

ZCZ011-treated Tat(–) mice had significantly lower expression of FAAH (p<0.001) as com-

pared to vehicle-treated Tat(–) female mice. Male mice did not show any significant effects.

For MAGL (Fig 7C), in the prefrontal cortex a main effect of sex, F(1,24) = 23.3, p<0.001,

and a main effect of drug, F(1,24) = 4.1, p = 0.05, were observed, with males and vehicle-treated

mice showing higher expression of MAGL. Additionally, interactions including drug x geno-

type, F(1,24) = 4.30, p = 0.04, drug x sex, F(1,24) = 4.23, p = 0.05, and genotype x sex, F(1,24) =

4.14, p = 0.05, were also found. A separate two-way ANOVA for each sex did not indicate any

significant effects in either male or female mice. In the striatum, a main effect of sex, F(1,24) =

49.9, p<0.001, with males showing higher levels of MAGL as compared to females, and a drug

x genotype interaction, F(1,24) = 5.8, p = 0.03, were seen, with ZCZ011 treatment differentially

affecting MAGL expression in Tat(–) and Tat(+) mice. A separate two-way ANOVA for each

sex indicated a genotype effect in female mice, F(1,12) = 9.71, p = 0.009, with Tat(+) females

demonstrating higher MAGL levels as compared to Tat(–) females. Follow-up Tukey’s post

hoc tests indicated that MAGL level were increased in vehicle-treated Tat(+) females as com-

pared to vehicle-treated Tat(–) females (p = 0.03). For males, a drug x genotype interaction

was observed, F(1,12) = 5.91, p = 0.03, with ZCZ011 treatment differentially affecting MAGL

expression based on genotype. Follow-up Tukey’s post hoc tests indicated that MAGL expres-

sion was reduced in vehicle-treated Tat(+) males as compared to vehicle-treated Tat(–) males

(p = 0.05), and as compared to ZCZ011-treated Tat(+) males (p = 0.05). Finally, in the cerebel-

lum, a two-way ANOVA demonstrated a main effect of sex, F(1,24) = 54.3, p<0.001, and a

main effect of genotype, F(1,24) = 6.6, p = 0.01, with males and Tat(–) expressing significantly

higher levels of MAGL as compared to females and Tat(+) mice, respectively. A separate two-

way ANOVA for each sex indicated a main genotype effect for both females, F(1,12) = 12.6,

p = 0.003, and males, F(1,12) = 4.8, p = 0.04 with decreased MAGL expression in Tat(+) mice
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as compared to Tat(–) mice. Follow-up Tukey’s post hoc tests demonstrated MAGL expression

was reduced in vehicle-treated Tat(+) females (p = 0.006) and vehicle-treated Tat(+) males

(p = 0.01) as compared to their respective vehicle-treated Tat(–) counterparts.

Overall, males displayed higher levels of FAAH and MAGL in the prefrontal cortex, stria-

tum, and cerebellum as compared to females. Additionally, ZC011 treatment differentially

affected FAAH and MAGL expression based on sex and genotype.

Relationship between endocannabinoid and related lipids and motor

coordination

As the most prominent findings were noted in the cerebellum, we assessed the relationship

between FAAH expression and AA levels, in the cerebellum. As no effects were noted in

males, correlation studies were only done in females. Pearson correlation were conducted spe-

cifically in the cerebellum. Data indicated that in the cerebellum, no correlations were

observed in the vehicle-treated females. Moreover, in ZCZ011-treated females a significant

positive relationship was noted with higher levels of FAAH expression being associated with

higher levels of AA in the cerebellum (Fig 8A). Significant correlations were further evaluated

by simple regression analysis. Results indicate predictability of AA levels by FAAH expression,

F(1,6) = 23.6, p = 0.002, accounting for 80% in the cerebellum of ZCZ011-treated female mice.

Next, we were interested in exploring the relationship between the endocannabinoid and

related lipids expression in the cerebellum and the rotarod performance on Day 14 in females.

Person correlation did not reveal any correlation in vehicle-treated females; however, in

ZCZ011-treated females, a significant positive relationship was observed with higher levels of

AEA (Fig 8B) and PEA (Fig 8C) in the cerebellum being associated with improved rotarod

performance. A simple linear regression demonstrated predictability of rotarod performance

by AEA and OEA levels. Specifically, in the cerebellum of ZCZ011-treated females, AEA pre-

dicted 59% of total variance in rotarod performance data, F(1,6) = 8.7, p = 0.02 and PEA pre-

dicted 49% of total variance in rotarod performance, F(1,6) = 5.7, p = 0.05.

Fig 8. Relationship between endocannabinoid system and motor coordination in female Tat transgenic mice following chronic ZCZ011 treatment.

Pearson correlation analysis were followed by simple regression analysis in female Tat(–) and Tat(+) mice to explore the relationship between AA and

FAAH expression and between endocannabinoids and related lipids and rotarod performance. (A) A significant positive correlation was noted for female

with higher AA levels being associated with higher FAAH expression. A significant positive correlation was also seen with higher levels of (B) AEA and (C)

PEA levels being associated with improved rotarod performance on Day 14 in both Tat(–) and Tat(+) female mice. *p< 0.05.

https://doi.org/10.1371/journal.pone.0305868.g008
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Discussion

This is the first study to explore the effects of a CB1R PAM in the context of neuroHIV. The

unwanted side effects of CB1R limit its potential to be targeted for its neuroprotective effects;

however, PAMs can bypass these adverse effects and harness the neuroprotective effects of the

CB1R, making it possible to explore the CB1R indirectly. Here, we report the effects of chronic

ZCZ011, a CB1R PAM, on various behavioral measures and the endocannabinoid system in

HIV-1 Tat transgenic mice. Behavioral assessments demonstrated that chronic ZCZ011 treat-

ment enhanced motor coordination and decreased hot plate latency in female mice. Differen-

tial effects of chronic ZCZ011 were found for the novel object recognition task upon Tat

induction in female mice, with no effects in male mice. Moreover, ZCZ011 treatment altered

the endocannabinoid system, dependent on sex, genotype, treatment, and CNS region.

Since PAMs increase the signaling of the endogenous ligand at a receptor, it is essential to

evaluate its effect on locomotor activity. A study evaluating GAT211 has shown that, unlike

WIN55212, a potent cannabinoid receptor agonist, GAT211 did not alter motor performance,

induce immobility, or CB1R-dependent withdrawal symptoms in MAGL knockout and FAAH

knockout mice [77]. Another study indicated that GAT229 did not produce changes in loco-

motor activity [78]. Similarly, in the present study, ZCZ011 treatment for over two weeks did

not produce any changes in locomotor activity. In the diseased R6/2 mouse model of Hunting-

ton’s disease, which shows hypolocomotion, GAT211, GAT228, and GAT229 increased the

total distance traveled [79]. Another study has demonstrated that the NMDA antagonist,

MK801, produces hyperlocomotion in rats, which was significantly decreased by GAT211

treatment [80]. A potential mechanism by which GAT211 reduced the MK801-induced hyper-

locomotion is by inhibiting CB1Rs on dysregulated glutamatergic and GABAergic neurons

that are involved with modulating motor activity in the cortico-striatal-limbic circuitry

responsible for hyperarousal [81,82]. These data suggest that CB1R PAMs can potentially nor-

malize locomotor activity in diseased states, making them an attractive target for treating loco-

motor activity-related deficits, even though several studies have shown Tat-induced

hypolocomotion [83–85]. The lack of Tat effects on locomotor activity may be related to

immune tolerance seen with prolonged Tat exposure [86].

High prevalence of depressive and anxiety disorders in PLWH is supported by past studies

[87–89], in the current study, there was no effect of sex or Tat induction on anxiety-like behav-

ior. However other studies have shown increased anxiety-like behavior in Tat transgenic

mouse model [90–92], which may be due to longer duration of Tat induction (up to 6 months

as compared to 2 months in the present study) [90] and at higher doses (via DOX injections as

compared to DOX food) [90,91,93]. Previous studies from our lab have shown that in the Tat

transgenic mouse model, female mice displayed more anxiety than male mice [76]. With

regards to CB1R PAMs, a previous study in Huntington’s disease mouse model has shown that

GAT211, GAT228, and GAT229 increased amount of time mice spent in the central quadrant

of the open field test, modeling an anxiolytic effect [79]. On the other hand, GAT211 failed to

reduce startle reactivity and prepulse inhibition, a measure of anxiety [94] in MK0801-treated

rats [80]. In the present study, no significant differences were seen for the time spent in open

arms, and the number of pokes in the open arms, which may be due different neuropathology

(Hungtington’s disease vs. HIV-1 Tat) or simply due to different efficacy of CB1R PAMs

(GAT211 vs ZCZ011). Furthermore, approximately 30–50% of PLWH display memory and

learning-related deficits [4,95,96]. Tasks related to the prefrontal cortex, such as the novel

object recognition task, typically reveal impairments in recognition memory in mice exposed

to Tat. [62,97]. In the present study, these effects are only supported in female mice. No effects

were seen for males, which may be due to the lack of alterations in the endocannabinoid
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system or similarities of chosen objects [98,99]. Additionally chronic ZCZ011 treatment

showed differential effects with improving recognition memory only in Tat(+) female mice.

ZCZ011 treatment reversed the memory deficits seen in female Tat(+) mice which may be

mediated by the endocannabinoid system; however, in the present study no alterations were

noted in the endocannabinoids and related lipids in the prefrontal cortex; therefore, additional

studies are necessary to decipher the mechanism of action that least to memory related neuro-

protective effects.

Alterations in the endocannabinoid system have been reported in the brain of PLWH

[43,100]. Changes in the CB1R and CB2R expression in the frontal cortex have been reported

in postmortem tissue samples of PLWH [43,100] and FAAH upregulation in cortical postmor-

tem tissue samples of rhesus macaques [44]. Additionally, preclinical studies have also shown

Tat-induced changes in endocannabinoid levels and related lipids [65,101,102], CB1R, CB2R,

and FAAH expression [76,103]. However, in the present study we did not see Tat-induced

changes in endocannabinoids and related lipids in CNS regions which is similar to a recent

study [104] and maybe due to the immune tolerance caused by prolonged Tat exposure [86].

Moreover, not much is known about sex-dependent effects on the endocannabinoid system

and its relationship to neuroinflammation and HAND. However, it is known that women

show more pronounced HAND symptoms [105–108] and higher immune activation

[109,110]. In the present study, sex-dpendent alterations were noted for AEA, PEA, OEA, and

AA levels in the striatum. Similar to previous study [111], the current study displayed higher

AA levels in males compared to females in the prefrontal cortex and striatum, which is not sur-

prising as males also displayed higher levels of AEA, OEA, and PEA, which are metabolized

into AA. Moreover, even though CB1R and CB2R expression was not affected by Tat, females

demonstrated higher levels of cannabinoid receptors (CB1R and CB2R) in prefrontal cortex,

striatum, and cerebellum whereas males displayed higher levels of degradative enzymes

(FAAH and MAGL). Studies have reported that the endocannabinoid system exhibit sexual

dimorphism with females reaching peak CB1R levels earlier than males [112,113], also females

showing higher levels of CB1 and CB2R mRNA levels in all brain regions [114]. Additionally,

the levels of estradiol strongly influence the endocannabinoid tone with the receptor numbers

and mRNA levels fluctuating across the estrous cycle in females [115–117]. All these studies

suggest that sex differences in the endocannabinoid system develop early and are dependent

on circulating hormone levels which may be responsible for the differential effects seen in

studies.

Little is known about the effect of CB1R PAMs on the endocannabinoid system. A study

evaluating mRNA levels of the cannabinoid receptors in Huntington’s disease R6/2 mouse

model found that in the diseased model, CB1R and CB2R mRNA levels were normalized to the

wildtype levels in the striatum and cortex of GAT211-treated mice [79]. This suggests that

CB1R PAMs have the ability to normalize the hyperactivation of the endocannabinoid system

in a diseased state. In the present study ZCZ011 treatment displayed a differential effect in the

levels of endocannabinoids and related lipids, cannabinoid receptors, and degradative

enzymes. Chronic ZCZ011 treatment did not alter CB1R or CB2R levels in either females or

males. Interestingly, ZCZ011 altered the AA levels in the cerebellum of female mice which was

positively correlated with FAAH levels in the cerebellum. AEA is metabolized by FAAH into

AA and ethanolamine [118], therefore higher levels of FAAH would indicate increased levels

of AA which is in line with our findings. Additionally, AEA and PEA levels in females were

positively correlated with the rotarod performance suggesting that the improved rotarod per-

formance seen in females may be due to increased levels of AEA in the cerebellum. Studies

have suggested that females produce overall higher levels of CB1 and CB2R mRNA levels as

compared to males [114], including cerebellum [119]. Similarly, the present study also
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indicated that females had higher levels of CB1R in the cerebellum as compared to the males

and although literature shows that CB1R is not expressed in the Purkinje cells in rodents [120],

the presence of CB1R surrounding area may play a role in regulating the function of the Pur-

kinje cells in the cerebellar cortex [121,122]. Although we did not see a direct correlation

between CB1R and the rotarod performance, there is a possibility that the higher levels of

CB1R causes increase in AEA expression responsible for improving motor coordination which

is only observed in females.

The findings for body mass indicated that chronic ZCZ011 treatment did not affect body

mass for either female or male Tat transgenic mice. Studies have shown that ZCZ011 has a

CB1R-mediated effect in attenuating naloxone-related weight loss [123]. It was observed that

in ZCZ011-treated mice, rimonabant (CB1R antagonist), but not SR14428 (CB2R antagonist),

blocked the protective effect of ZCZ011 on naloxone-induced body mass loss. Further, it was

also observed that the protective effects of ZCZ011 in attenuating naloxone-related weight loss

were lost entirely in CB1R knockout mice, which again solidifies that the mechanism of action

of ZCZ011 is CB1R mediated [123]. Another study showed that in a mouse model for Hun-

tington’s disease CB1R PAMs, GAT211, and GAT229 promoted normal weight gain and

increased body fat content in R8/2 mice, which is critical, as patients suffering from Hunting-

ton’s disease experience a failure to gain weight and body fat content [79]. The current study

also found that chronic ZCZ011 treatment improved motor coordination only in female mice.

Although no other studies have evaluated CB1R PAMs in wildtype mice for motor coordina-

tion, in Fisher 344 x Brown Norway F1 rats, a rat model to study age related cognitive deficits,

the latency to fall for female mice or rats is higher than that of males [124]. Another study dem-

onstrated that in MAGL knockout and FAAH knockout mice, GAT211 increased immobility

time; however, it did not affect motor performance [77]. The increase in rotarod latency for

females in the present study may also be due to alterations in the endocannabinoid levels seen

in the cerebellum of female mice.

Finally, the spontaneous evoked nociception experiments, including tail-flick and hot-plate

assays, were interesting as we saw that repeated ZCZ011 treatment increased the tail flick

latency in Tat transgenic female and male mice, whereas, for the hot plate, the latency to with-

draw or lick their paws was increased only in female mice. It was also observed that the hot-

plate latency was reduced in males and vehicle-treated females, possibly due to behavioral tol-

erance. Behavior tolerance is a learned behavior response that leads to diminished reaction

times with repeated measures [125]. Numerous studies in the past have reported a decrease in

hot plate latency upon repeated testing [126–128]; however, it has also been proven that this

decrease does not influence the antinociceptive potency of an analgesic compound [129]. Only

a handful of studies have evaluated the effects of CB1R PAMs with regard to pain. One study

has shown that ZCZ011 effectively blocked neuropathic pain and produced anti-allodynic

effects in a chronic constriction injury model of neuropathic pain [55]. Additionally, studies

using another CB1R PAM, GAT211, have been proven to be a very effective and safe analgesic

strategy without any dependence and abuse liability [77]. GAT211 exhibited dose-dependent

CB1R-mediated antinociceptive effects in inflammatory and neuropathic pain models [77].

The current study also demonstrated that the therapeutic efficacy for ZCZ011 was maintained

after 14 days of repeated treatment, similar to other CB1R PAM studies [55,77]. Tolerance rap-

idly develops against CB1R agonists [130] and MAGL inhibitors at high doses [131,132], and

the lack of tolerance for CB1R PAMs makes them superior targets for antinociceptive proper-

ties over traditional targets.

There are several limitations to this study which should be taken into consideration when

applying these findings to the therapeutic potential of CB1R allosteric modulators in the con-

text of HIV. First, is the use of HIV Tat transgenic mouse model. Even though Tat transgenic
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mouse model is a well-established neuroHIV model, it only expresses one of the many HIV

proteins. Therefore, this should be considered when generalizing findings to HIV-1 infection,

as different viral proteins may interact and target various signaling pathways in the CNS and

behavior in different ways as compared to a single viral protein. Moreover, ZCZ011’s efficacy

and safety should be tested in other neuroHIV models including EcoHIV and HIV Tg26 trans-

genic mice in the future to better understand the global effects of the virus on HAND. Second,

using doxycycline to induce Tat expression in our Tat transgenic mouse model is a limitation,

as doxycycline has been shown to have neuroprotective effects [133]. In order to control for

this confound and minimize bias, both Tat(–) and Tat(+) groups were fed the same doxycy-

cline chow throughout the study. Third, in the present study ZCZ011 was administered alone

and subcutaneously as compared to previous studies [55,123] where intraperitoneal route was

used and ZCZ011 was administered along with a CB1R orthosteric ligand [55]. These differ-

ences in the methodologies may have led to only subtle changes in behavior and the endocan-

nabinoid system following chronic ZCZ011 treatment.

Conclusion

In conclusion, the present study demonstrated differential effects of chronic ZCZ011 on

selected behaviors in a neuroHIV mouse model, which were mediated by sex and HIV Tat

expression. Specifically, chronic ZCZ011 treatment improved motor coordination and recog-

nition memory in female mice only. Additionally, chronic Tat expression had some effect on

the endocannabinoid system with downregulating CB1R, FAAH, and MAGL expression in the

cerebellum of female mice. Future studies should be directed towards investigating the role of

the estrous cycle and sex hormones that may be responsible for these sex-based effects in the

context of HIV. Lastly, as the current study used a racemic mixture, it would be interesting to

evaluate the two enantiomers of ZCZ011 to assess if they behave like true PAM and allosteric-

agonists similar to GAT211 enantiomers.

Supporting information

S1 Fig. Original and unedited blots of CB1R and CB2R expression levels in the prefrontal

cortex. Images show original (A) CB1R, CB2R, and GAPDH and (B) FAAH, MAGL, and

GAPDH for females and males. Tat(–) vehicle- and ZCZ011-treated mice are represented by

lanes 1–4 and 5–8 respectively. Tat(+) vehicle- and ZCZ011-treated mice are represented by

lanes 9–12 and 13–16 respectively. M: molecular weights of marker protein (kDa).

(TIF)

S2 Fig. Original and unedited blots of CB1R and CB2R expression levels in the striatum.

Images show original (A) CB1R, CB2R, and GAPDH and (B) FAAH, MAGL, and GAPDH for

females and males. Tat(–) vehicle- and ZCZ011-treated mice are represented by lanes 1–4 and

5–8 respectively. Tat(+) vehicle- and ZCZ011-treated mice are represented by lanes 9–12 and

13–16 respectively. M: molecular weights of marker protein (kDa).

(TIF)

S3 Fig. Original and unedited blots of CB1R and CB2R expression levels in the hippocam-

pus. Images show original (A) CB1R, CB2R, and GAPDH and (B) FAAH, MAGL, and

GAPDH for females and males. Tat(–) vehicle- and ZCZ011-treated mice are represented by

lanes 1–4 and 5–8 respectively. Tat(+) vehicle- and ZCZ011-treated mice are represented by

lanes 9–12 and 13–16 respectively. M: molecular weights of marker protein (kDa).

(TIF)
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S4 Fig. Original and unedited blots of CB1R and CB2R expression levels in the cortex.

Images show original (A) CB1R, CB2R, and GAPDH and (B) FAAH, MAGL, and GAPDH for

females and males. Tat(–) vehicle- and ZCZ011-treated mice are represented by lanes 1–4 and

5–8 respectively. Tat(+) vehicle- and ZCZ011-treated mice are represented by lanes 9–12 and

13–16 respectively. M: molecular weights of marker protein (kDa).

(TIF)

S5 Fig. Original and unedited blots of CB1R and CB2R expression levels in the cerebellum.

Images show original (A) CB1R, CB2R, and GAPDH and (B) FAAH, MAGL, and GAPDH for

females and males. Tat(–) vehicle- and ZCZ011-treated mice are represented by lanes 1–4 and

5–8 respectively. Tat(+) vehicle- and ZCZ011-treated mice are represented by lanes 9–12 and

13–16 respectively. M: molecular weights of marker protein (kDa). Note: The specks seen in

(B) was only seen in the green channel and therefore did not interfere with the quantification

of FAAH or GAPDH.

(TIF)

S6 Fig. Original and unedited blots of CB1R and CB2R expression levels in the brainstem.

Images show original (A) CB1R, CB2R, and GAPDH and (B) FAAH, MAGL, and GAPDH for

females and males. Tat(–) vehicle- and ZCZ011-treated mice are represented by lanes 1–4 and

5–8 respectively. Tat(+) vehicle- and ZCZ011-treated mice are represented by lanes 9–12 and

respectively. M: molecular weights of marker protein (kDa). Note: The specks seen in (B) was

only seen in the green channel and therefore did not interfere with the quantification of

FAAH or GAPDH.

(TIF)

S7 Fig. Original and unedited blots of CB1R and CB2R expression levels in the spinal cord.

Images show original (A) CB1R, CB2R, and GAPDH and (B) FAAH, MAGL, and GAPDH for

females and males. Tat(–) vehicle- and ZCZ011-treated mice are represented by lanes 1–4 and

5–8 respectively. Tat(+) vehicle- and ZCZ011-treated mice are represented by lanes 9–12 and

13–16 respectively. M: molecular weights of marker protein (kDa).

(TIF)

S1 Table. Effect of drug, genotype, and sex on the levels of endocannabinoids and related

lipids in nmol/g in four CNS regions.

(PDF)

S2 Table. Effect of drug, genotype, and sex on the levels of cannabinoid receptors and deg-

radative enzymes in seven CNS regions.

(PDF)
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