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Efavirenz exposure, alone and in
combination with known drugs of
abuse, engenders addictive-like
bio-behavioural changes in rats
Marisa Möller , Jaco Fourie

& Brian H. Harvey

Efavirenz is abused in a cannabis-containing mixture known as Nyaope. The addictive-like effects of
efavirenz (5, 10 and 20 mg/kg) was explored using conditioned place preference (CPP) in rats following
sub-acute exposure vs. methamphetamine (MA; 1 mg/kg) and Δ9-tetrahydrocannabinol (THC; 0.75 mg/
kg). The most addictive dose of efavirenz was then compared to THC alone and THC plus efavirenz
following sub-chronic exposure using multiple behavioural measures, viz. CPP, sucrose preference test
(SPT) and locomotor activity. Peripheral superoxide dismutase (SOD), regional brain lipid peroxidation
and monoamines were also determined. Sub-acute efavirenz (5 mg/kg) had a significant rewarding
effect in the CPP comparable to MA and THC. Sub-chronic efavirenz (5 mg/kg) and THC + efavirenz
were equally rewarding using CPP, with increased cortico-striatal dopamine (DA), and increased lipid
peroxidation and SOD. Sub-chronic THC did not produce CPP but significantly increased SOD and
decreased hippocampal DA. Sub-chronic THC + efavirenz was hedonic in the SPT and superior to THC
alone regarding cortico-striatal lipid peroxidation and sucrose preference. THC + efavirenz increased
cortico-striatal DA and decreased serotonin (5-HT). Concluding, efavirenz has dose-dependent
rewarding effects, increases oxidative stress and alters regional brain monoamines. Efavirenz is hedonic
when combined with THC, highlighting its abuse potential when combined with THC.
More than 56% of people living with human immunodeficiency virus (HIV) receive antiretroviral therapy (ART),
which consists primarily of two nucleoside reverse transcriptase inhibitors (NRTI’s) such as zidovudine and lamivudine, and one non-nucleoside reverse transcriptase inhibitor (NNRTI) of which efavirenz ((4 S)-6-chloro4-(2-cyclopropylethynyl)-4-(trifluoromethyl)-2,4-dihydro-1H-3,1-benzoxazin-2-one) is the most popular1.
Efavirenz is associated with a range of neuropsychiatric side effects (see2 for review), with manic episodes, euphoria and dissociative effects particularly noteworthy1,3,4. Efavirenz is a lipophilic compound5, which may underlie
its penchant for mediating a diverse range of CNS manifestations2. Preclinical studies indicate that efavirenz acts
as a weak partial agonist at the serotonin 5-HT2A receptor6, while also presenting with actions at dopamine (DA)
and 5-HT transporters, thus in line with other drugs of abuse7,8.
Crushing and smoking of an efavirenz- cannabis mixture, commonly known as “Nyaope” or “Woonga”9, in
certain countries like South Africa, has seen the recreational use and abuse of efavirenz escalate to alarming proportions9. With other HIV drugs, like dolutegravir10, also noted for presenting with a similar neuropsychiatric
side-effect profile, there is an urgent need to identify possible mechanisms that might relate to the rewarding
effects and addictive-like/abuse potential of these drugs and as such to devise possible treatments.
Addictive disorders share a number of common neurobiological substrates critical in reward and reinforcement, in particular the mesocorticolimbic DA pathway11, as well as 5-HT and noradrenalin (NA) related processes12. In fact, all major classes of drugs of abuse increase the levels of these monoamines in the frontal cortex,
striatum and hippocampus, whereby they are purported to mediate euphoria, arousal, reward and relapse in
humans13,14. However, drugs such as cocaine and methamphetamine (MA) are pro-oxidants, thereby implicating
disordered redox pathways not only in the development of addiction15 but also mediating neuronal damage so
often engendered by the abuse of these drugs11.
Center of Excellence for Pharmaceutical Sciences, School of Pharmacy, North West University, Potchefstroom, South
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Exposure of rats to efavirenz (10 and 30 mg/kg) has been found to significantly decrease exploratory behaviour, although without evidence for addictive-like effects6, while another study described anxiogenic and
depressogenic effects following acute and sub-chronic doses of efavirenz (25 and 50 mg/kg, respectively)16. The
authors also found that acute doses of efavirenz (25 mg and 50 mg/kg) increased striatal DA, 5-HT and NA, with
sub-chronic exposure having the opposite effect16. Thus, dose related neurochemical and psychotropic effects are
evident with efavirenz, at least in animals. However, it’s addictive like properties with relation to dose and in comparison to known drugs of abuse, and its ability to bolster the actions of the latter drugs, requires further study.
The aim of this study was therefore to assess dose-dependent rewarding and addictive-like properties of efavirenz in a sub-acute study compared to MA and delta-9-tetrahydrocannabinol (THC), utilizing the conditioned
place preference (CPP) test. Using the most effective dose, efavirenz was then studied in a sub-chronic exposure
paradigm versus THC. The latter was chosen due to the often abused combination of efavirenz and cannabis9.
Alterations in addictive, hedonic and locomotor behaviour were assessed using the CPP test, sucrose preference
test (SPT) and open field test (OFT) respectively, together with assay of frontal cortical, striatal and hippocampal
monoamines. Additionally, changes in brain lipid peroxidation and peripheral redox status by assessing superoxide dismutase (SOD) activity. Lastly, combined sub-chronic efavirenz plus THC exposure was investigated to
establish any possible augmenting actions with regard to the above responses.

Material and Methods
Statement on ethics.

The study and article were conducted and presented according to the Animal
Research: Reporting of In Vivo Experiments (ARRIVE) guidelines, as previously described17. The animals were
handled according to the code of ethics in research, training and testing of drugs in South Africa with appropriate
ethical approval (NWU - 00267- 16- S5; North-West University animal research ethics committee (AnimCare);
NHREC reg. number AREC-130913-015).

Animals. Male adult Sprague-Dawley (SD) rats, weighing 200g – 250g at the beginning of drug exposure
(Vivarium, North West University), were randomized into 12 rats per exposure group with a total of 12 groups
(n = 84 for the sub-acute study and n = 60 for the sub-chronic study). The rats were housed under identical conditions in the vivarium (SAVC reg. no. FR15/13458; SANAS GLP compliance no. G0019): cages (230(h) × 380(w)
× 380(1) mm)) with corncob, temperature (21 ± 2 °C), humidity (50 ± 10%), white light (350–400 lux), 12 h light/
dark cycle and free access to food and water18.
Study design. This study comprises a sub-acute and sub-chronic cohort. The former is a dose-finding behav-

ioural study for later application to evaluate the possible enduring changes in the behavioural and neurobiological
response of long-term exposure to efavirenz alone and in combination with THC. The sub-acute study consisted
of 7 exposure groups receiving either MA (1 mg/kg)19, THC (0.75 mg/kg)20, efavirenz (at 5, 10 and 20 mg/kg),
vehicle for MA (saline) and vehicle for THC and efavirenz (pharmaceutical grade olive oil), as illustrated in
Fig. 1A. The sub-chronic study consisted of 5 groups receiving either efavirenz (at the most rewarding dosage as
determined in the sub-acute study), THC (0.75 mg/kg), THC + efavirenz or vehicle (saline and olive oil respectively), as indicated in Fig. 1B. A saline control was also introduced in the sub-chronic study in order to rule
out any potential antioxidant effects of olive oil as a vehicle for THC and efavirenz. All animals were randomly
assigned to a specific drug exposure group, making use of a block randomization method21. Drug exposure lasted
for 6 days in the sub-acute study and 14 days in the sub-chronic study (with alternate day dosing) for the CPP
paradigm6,20. The sub-chronic study also included the following behavioural analyses: the OFT (day 13 of exposure) and the SPT (day 4 and 14 of exposure). All animals were euthanized (via decapitation) 24 hrs after the last
behavioural test (CPP post-conditioning test) in the sub-chronic study, whereupon regional brain tissue as well as
trunk blood were collected for later assay.

Drugs and drug exposure protocol.

All drugs and vehicles were injected intra-peritoneally (i.p) at 9:00
am6,19,20. Vehicle, consisting of saline and pharmaceutical grade olive oil and adjusted to an average physiological
pH, was administered on the days of vehicle exposure. Olive oil was used as a vehicle for both THC and efavirenz,
which are lipophilic drugs22,23. Efavirenz (5, 10 or 20 mg/kg/day), THC (0.75 mg/kg) and MA (methamphetamine
hydrochloride (1 mg/kg)) administered on days of drug exposure. The MA and THC dosages were based on previous studies indicating CPP19,20. In the sub-acute study animals were exposed to drug (MA, THC or efavirenz)
on the mornings of day 1, 3 and 5 and vehicle on days 2, 4 and 6 of drug exposure. Two control groups of animals
only received vehicle (saline or olive oil respectively) throughout the 6 days of exposure. These specific vehicles
do not induce a place preference in the CPP test19,24.
The sub-chronic exposure procedure also alternated between an illicit drug and efavirenz on one day followed
by a vehicle exposure on the next day, lasting for 14 days. Thus, the sub-chronic groups received efavirenz, THC
or THC + efavirenz on days 1, 3, 5, 7, 9, 11 and 13 and vehicle on days 2, 4, 6, 8, 10, 12, 14, following previous
protocols6,25. The two vehicle control groups received the respective vehicle exposure throughout the 14 days of
exposure.

Body weight. The body weight of all animals was determined on post-natal day (PND) 21 and again on each
day of drug exposure.
Behavioural analysis.

Conditioned place preference test (CPP). The rewarding or aversive properties of a drug can be assessed in the CPP test (reviewed in25). The CPP apparatus and paradigm used for this
study was adapted from26 and validated in our laboratory. Briefly, conditioned testing was conducted in a
three-compartment apparatus, constructed of plexiglass and separated by guillotine doors. The two large end
compartments (24 × 35 cm) was separated by a smaller centre “choice” compartment (15.5 × 19.5 cm), and used
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Figure 1. Study design: (A) Sub-acute study with 7 groups of rats (n = 12 rats per group) exposed to indicated
drugs at alternate day dosing for 6 days and the conditioned place preference (CPP) test performed after 6 days
of conditioning. (B) Sub-chronic study with 5 groups of rats (n = 12 rats per group) exposed to indicated drugs
at alternate day dosing for 14 days during which the CPP test, open field test (OFT) and the sucrose preference
test (SPT) were performed. Regional neurochemical analysis was performed in the frontal cortex, striatum and
hippocampus and peripheral analysis in the plasma.

on the habituation and test days. The two outer compartments were visually different and had different floor textures. The CPP paradigm consisted of 3 different stages: (1) a habituation stage (day 1), performed the day before
drug exposure, where animals were allowed free access to all 3 compartments for 20 minutes and the compartment in which the least time is spent is then assigned as “the drug-paired compartment” with the most preferred
compartment assigned as “the vehicle-paired compartment”25; (2) a conditioning stage (days 1–6 for sub-acute
or 9–14 for sub-chronic) where animals were injected with either the test drug and subjected to the drug-paired
compartment, or vehicle and subjected to the vehicle-paired compartment for 20 minutes; (3) a post-conditioning
stage (the day after the last exposure) where animals were allowed free access to all the compartments for 20 minutes, whereupon the time spent in each compartment was assessed. More time spent in the drug-paired compartment (preference) is evidence of a rewarding drug, while less time spent in the drug-paired compartment
evidence of an aversive drug20.
Behaviour was recorded under dim white light (40 Lux) with a digital video camera and blindly scored using
EthoVision© XT software (Noldus Information Technology, Wageningen, Netherlands). The time spent in each
compartment prior and post-conditioning was scored. The CPP data is presented as the difference in time spent
in the drug-paired compartment utilising the following formula: Time spent in drug-paired compartment during
post-test (s) - Time spent in the drug-paired compartment during habituation (s)27.
Open field test (OFT). The psychomotor stimulant theory of drugs of abuse suggests that most drugs of abuse
alter the locomotion of animals (reviewed in28). The OFT was performed on day 13 of drug exposure in the
sub-chronic study, as described previously29. An open field arena (1 m2) was illuminated with dim white light (40
Lux) and monitored with a digital video camera. Locomotor activity of the animals (m) was subsequently blindly
scored for 10 min using the EthoVision© 225 XT software (Noldus Information Technology, Wageningen, 226
Netherlands). The arena was cleaned with 10% ethanol solution after each test.
Sucrose preference test (SPT). The SPT may indicate whether certain drugs of abuse interact with reward pathways in the brain to promote hedonic activity, i.e. an indulgence in pleasurable activities30. The SPT was performed on days 4 and 14 of drug exposure to assess anhedonic or hedonic manifestations in the sub-chronic
study, evident in changes in sucrose consumption as previously described31. During this test, rats were presented
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with a free choice between two bottles for 24 h, one containing 0.8% sucrose solution and the other tap water. To
eliminate the effects of side preference when drinking, the bottles were changed after 12 hours. Both bottles were
weighed to measure the amount of water and sucrose solution consumed after the 24 h period. The preference
for sucrose was calculated from the amount of sucrose solution consumed, expressed as a percentage of the total
amount of liquid consumed (adapted from31).

Neurochemical and peripheral analyses. Blood collection. Trunk blood was collected in pre-chilled
heparin tubes, centrifuged at 20 000 x g at 4 °C for 10 min and the plasma stored at −80 °C until the day of
analysis32.
Superoxide dismutase (SOD): Analysis of %SOD in plasma was performed using an SOD activity assay kit
(BioVisionTM Superoxide Dismutase activity assay kit, California, USA, catalogue number: K335-100), utilising water-soluble tetrazolium (WST)-1 to form a dye following reduction with the superoxide anion. The rate
of reduction by sample superoxide is directly related to xanthine oxidase (XO) activity which is inhibited by
SOD. The absorbance was read at 450 nm using a Bio-Tek FL600 Microplate Fluorescence Reader (Bio-Tek,
Instruments, Inc., 381 Highland Park, Winooski, VT, USA).
Brain dissection. Fresh brain tissue was used for the macro-dissection of the frontal cortex, striatum and hippocampus on an ice-cold slab. These brain regions were first identified according to stereological coordinates and
subsequently fixed in relation to anatomical landmarks as previously described33. The frontal cortex, striatum and
hippocampus were snap frozen in liquid nitrogen and stored at −80 °C until the day of monoamines and lipid
peroxidation analysis.
Lipid peroxidation: Regional brain lipid peroxidation was assayed using a thiobarbituric acid reactive substances (TBARS) assay kit (Parameter thiobarbituric acid reactive substances (TBARS) assay from R&D Systems
(Minneapolis, USA; catalogue number KGE013)). Malondialdehyde (MDA) was measured as TBARS, with the
total amount of MDA expressed as MDA (µM) and read at 532 nm using a spectrophotometric microplate reader.
Regional brain monoamines: Quantification of frontal cortical, striatal and hippocampal DA, 5-HT
and respective metabolites (3,4-dihydroxyphenylacetic acid (DOPAC) and 5-hydroxyindoleacetic acid
(5-HIAA)) as well as NA was performed using a high-performance liquid chromatography (HPLC) system
with electrochemical detection (HPLC-EC), previously validated in our laboratory34. The metabolite of NA,
3-methoxy-4-hydroxyphenylglycol (MHPG) was below the limit of detection and therefore not quantified.
Sample monoamine concentrations were determined by comparing the area under the peak to that of the internal
standard (isoprenaline). All monoamine concentrations were expressed as ng/mg wet weight of brain tissue18. The
DA and 5-HT turnover ratios were calculated as DOPAC/DA and 5-HIAA/5-HT, respectively35.

™

Statistical analysis.

Graphpad Prism version 7 for windows (Graphpad software, San Diego, USA) and
SAS/STAT Software were used for the statistical analysis and graphical presentations. Histograms, Q-Q plots
and the Shapiro Wilk test were used to test for normality of all the data sets. Animal body weight (mean ± SEM)
was analysed by two-way analysis of variance (ANOVA) (with drug exposure and days of weight as the two
factors) with repeated measures for different days of weight measured followed by Bonferroni post-hoc analyses. To compare three or more exposure groups, one-way ANOVA was used followed by appropriate post-hoc
testing using Dunnett’s or Bonferroni multiple comparison. The nonparametric Kruskal-Wallis test was used if
the assumptions of ANOVA were violated. Statistical analysis of the sucrose preference test was performed by
two-way ANOVA (with drug exposure and days of testing as the two factors) with repeated measures for different
sucrose preference days (days 4 and 14) followed by Bonferroni post-hoc analyses. In all cases data are expressed
as the mean ± standard error of the mean (SEM), with a p value of <0.05 deemed statistically significant.

®

Results

A comparative analysis done for all the behavioural, neurochemical and peripheral markers on the two vehicle
groups returned no significant differences (data not shown), whereupon the saline vehicle and olive oil vehicle
groups were pooled and hereafter referred to jointly as the “vehicle” group.

Body weight. All the exposure groups indicated significant and equal growth over the sub-acute and
sub-chronic study periods with no significant group differences observed with respect to drug (efavirenz, MA,
THC and THC + efavirenz) or vehicle (saline and olive oil) exposure (data not shown).
Behavioural analysis.

Conditioned place preference (CPP). Sub-acute study: One-way ANOVA revealed
a significant main effect of drug exposure (F (5, 66) = 1.39, p < 0.0001). Dunnett’s post-hoc multiple comparison
revealed that animals exposed to sub-acute MA (1 mg/kg), THC (0.75 mg/kg) and efavirenz at 5 mg/kg presented
with a significant increase in the difference in time spent in the drug-paired compartment compared to the vehicle control group (p = 0.0013, 0.0007 and 0.02, respectively) (Fig. 2A). Animals exposed to sub-acute 10 mg/kg
efavirenz displayed no place preference compared to the vehicle control group (p = 0.47) whilst animals exposed
to sub-acute 20 mg/kg efavirenz showed a significant decrease in place preference compared to the vehicle control
group (p = 0.035) (Fig. 2A).
Sub-chronic study: One-way ANOVA revealed a significant main effect of drug exposure (F (3, 36) = 5.52,
p = 0.01). Bonferroni post-hoc multiple comparison indicated a significant increase in place preference in animals sub-chronically exposed to 5 mg/kg efavirenz (p = 0.03) and THC + efavirenz (p = 0.005) compared to the
vehicle control group (Fig. 2B), while the latter was no different vs. each drug separately. THC alone (0.75 mg/kg)
tended to do the same but did not significantly affect place preference in the CPP test (Fig. 2B).
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Figure 2. Conditioned place preference (CPP) test in (A) the sub-acute and (B) the sub-chronic exposure
groups. Data presented as difference in time spent in drug-paired compartment: Time spent during the
habituation in the drug-paired compartment (s) – time spent during the post-test in the drug-paired
compartment (s). Tetrahydrocannabinol (THC); Efavirenz (EFV); Methamphetamine (MA). *p < 0.05,
**p < 0.01, vs. Vehicle (One-way ANOVA, Dunnett’s multiple comparison (sub-acute study) and Bonferroni’s
post hoc test (sub-chronic study)).

Open field test (OFT) (sub-chronic study). No significant effect of drug exposure between any of the drug exposure groups on locomotor activity were observed (data not shown).
Sucrose preference test (SPT) (sub-chronic study). A two-way ANOVA with repeated measures indicated a significant main effect of drug exposure (F (3, 44) = 8.63, p = 0.0001) but no significant effect of days (day 4 and 14)
(F (1, 44) = 0.03, p = 0.86) on sucrose preference. Bonferroni post hoc test indicated a significant increase in the
percentage sucrose consumed between the sub-chronic THC + efavirenz exposed group vs. the vehicle control
group on day 4 (p = 0.03) and day 14 (p = 0.001) as well as versus the THC group on day 4 (p = 0.02) and day 14
(p = 0.006) (Fig. 3).

Peripheral analysis (sub-chronic study).

Percentage plasma superoxide dismutase activity
(%SOD). One-way ANOVA revealed a significant main effect of drug exposure on the %SOD (F (3, 44) = 29.21,
p < 0.0001). Bonferroni post-hoc analysis indicated a significant increase in %SOD in the sub-chronic THC
(p < 0.0001), efavirenz (p = 0.0009) and THC + efavirenz (p < 0.0001) exposed groups compared to the vehicle
control (Fig. 4), although no difference was noted in combination exposed animals vs. each drug separately.

Neurochemical analysis (sub-chronic study). Regional brain lipid peroxidation. One-way ANOVA
revealed that drug exposure had a significant main effect on frontal cortical (F (3, 44) = 5.99, p = 0.001) and
striatal (F (3, 44) = 8.19, p = 0.0002) but not hippocampal (F (3, 44) = 1.1, p = 0.35) lipid peroxidation (measured
as MDA levels).
Bonferroni post hoc testing indicated that frontal cortical and striatal lipid peroxidation was significantly
elevated in animals exposed to sub-chronic efavirenz compared to the vehicle control group (p = 0.047 and
p = 0.041, respectively) (Fig. 5A, B). Bonferroni post-hoc analysis also indicated that animals exposed to
sub-chronic THC + efavirenz had a significant elevation in lipid peroxidation in the frontal cortex (p = 0.03) and
striatum (p = 0.002) compared to the vehicle control group and the THC group (p = 0.04 and p = 0.03 respectively) (Fig. 5A, B), although no difference were noted in combination exposed animals vs. efavirenz separately.
No significant differences were observed between the sub-chronic drug exposed groups with regards to hippocampal lipid peroxidation (Fig. 5C).
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Figure 3. % Sucrose consumption in the sub-chronic drug exposure groups on day 4 and 14 of drug exposure.
Tetrahydrocannabinol (THC); Efavirenz (EFV); Methamphetamine (MA). *p < 0.05, **p < 0.01 vs. Vehicle;
$
p < 0.05, $$p < 0.01 vs. THC (Two-way ANOVA with repeated measures, Bonferroni’s post-hoc test).

Figure 4. Peripheral percentage superoxide dismutase (%SOD) activity in the sub-chronic drug exposure
groups. Tetrahydrocannabinol (THC); Efavirenz (EFV); Methamphetamine (MA). **p < 0.01, ****p < 0.0001,
vs Vehicle (One-way ANOVA, Bonferroni’s post-hoc test).

Regional brain monoamines. All regional brain monoamine levels in the different exposure groups are shown
in Table 1.
One-way ANOVA revealed a significant main effect of drug exposure on: Frontal cortical DA (F (3,44) = 4.39,
p = 0.008), DOPAC (F (3, 44) = 8.03, p = 0.0002), 5-HT (F (3, 44) = 12.4, p < 0.0001), 5-HIAA (F (3, 44) = 59.18,
p < 0.0001), 5-HIAA/5HT (F (3,44) = 3.24, p < 0.0001 and NA (F (3, 44) = 13, p < 0.0001); Striatal DA (F
(3,44) = 7.7, p = 0.0003), DOPAC (F (3, 44) = 12.28, p < 0.0001), DOPAC/DA (F (3, 44) = 5.66, p = 0.002), 5-HT
(F (3, 44) = 14.83, p < 0.0001), 5-HIAA (F (3, 44) = 22.27, p < 0.0001), 5-HIAA/5-HT (F (3, 44) = 4.57, p = 0.007)
and NA (F (3, 44) = 4.96, p = 0.005); Hippocampal DA (F (3,44) = 7.42, p = 0.0004), DOPAC (F (3, 44) = 12.24,
p < 0.0001), DOPA/DA (F (3, 44) = 3.5, p = 0.03), 5-HT (F (3, 44) = 12.92, p < 0.0001), 5-HIAA (F (3, 44) = 26.63,
p < 0.0001) and NA (F (3, 44) = 2.56, p = 0.067).
Frontal cortex (Table 1, top panel): Bonferroni multiple comparisons indicated that: sub-chronic efavirenz significantly increased DA (p = 0.048), DOPAC (p = 0.01) and 5-HT (p = 0.049) and significantly decreased 5-HIAA
(p < 0.0001) and 5-HIAA/5-HT (p < 0.0001). Sub-chronic THC significantly decreased 5-HT (p = 0.006),
5-HIAA (p < 0.0001), 5-HIAA/5-HT (p = 0.0005) and NA (p = 0.0003). Sub-chronic THC + efavirenz significantly increased DA (p = 0.007) and DOPAC (p = 0.0002) and significantly decreased 5-HIAA (p < 0.0001),
5-HIAA/5-HT (p < 0.0001) and NA (p = 0.0001), this all in comparison to the vehicle control group. Compared
to the sub-chronic THC + efavirenz group, Bonferroni multiple comparison indicated significantly lower frontal cortical DOPAC in the sub-chronic efavirenz group (p = 0.047) and significantly lower frontal cortical DA
(p = 0.04) and DOPAC (p = 0.005) in the THC group.
Striatum (Table 1, middle panel): Bonferroni multiple comparisons indicated that: sub-chronic efavirenz significantly increased DA (p = 0.048), 5-HT (p = 0.002) and NA (p = 0.03) and significantly decreased DOPAC
(p = 0.044) and DOPAC/DA (p = 0.03). Sub-chronic THC significantly decreased DOPAC (p < 0.0001),
DOPAC/DA (p = 0.01), and 5-HIAA (p < 0.0001). Sub-chronic THC + efavirenz significantly increased DA
(p = 0.006) and 5-HT (p = 0.02) and NA (p = 0.047) and significantly decreased DOPAC (p = 0.0002), DOPAC/
DA (p = 0.004) 5-HIAA (p < 0.0001) and 5-HIAA/5-HT (p = 0.004), this all in comparison to the vehicle control group (Table 1, middle panel). Bonferroni multiple comparison indicated significantly lower striatal DA
(p = 0.001) and 5-HT (p < 0.0001) in the sub-chronic THC group compared to the sub-chronic THC + efavirenz
group.
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Figure 5. Lipid peroxidation as malondialdehyde (MDA) levels in (A) the frontal cortex, (B) the striatum
and (C) the hippocampus in the sub-chronic drug exposure groups. Tetrahydrocannabinol (THC); Efavirenz
(EFV); Methamphetamine (MA). *p < 0.05, ***p < 0.001, vs Vehicle, $P < 0.05 vs THC (One-way ANOVA,
Bonferroni’s post-hoc test).
Hippocampus (Table 1, bottom panel): Bonferroni multiple comparisons indicated that: sub-chronic efavirenz significantly decreased DA (p = 0.005) and DOPAC (p = 0.002). Sub-chronic THC significantly decreased
DA (p = 0.04), DOPAC (p < 0.0001), 5-HT (p = 0.002) and 5-HIAA (p < 0.0001). Sub-chronic THC + efavirenz
significantly decreased DA (p = 0.0003), DOPAC (p = 0.0002), 5-HT (p = 0.002) and 5-HIAA (p < 0.0001)
and increased DOPAC/DA (p = 0.04), all in comparison to the vehicle control group (Table 1, bottom panel).
Compared to the sub-chronic THC + efavirenz group, Bonferroni multiple comparison indicated significantly
lower hippocampal DOPAC/DA in the sub-chronic THC group (p = 0.045). No significant differences in hippocampal NA levels were observed between the various exposure groups.

Discussion

This study demonstrates that sub-acute efavirenz (5 mg/kg) significantly increases CPP in rats, similar to that
induced by sub-acute MA (1 mg/kg) and THC (0.75 mg/kg). Moreover, higher doses of efavirenz either fail
to induce place preference or are frankly aversive. Efavirenz (5 mg/kg) also induced place preference after
sub-chronic exposure, together with increased cortico-striatal DA and 5-HT, increased striatal NA, and elevated
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Vehicle

Efavirenz (5 mg/kg)

THC (0.75 mg/kg)

THC + efavirenz

Frontal cortex
60.7 ± 27.54

301.2 ± 72.57*

202.9 ± 50.47$

452 ± 131.8**

DOPAC

40.63 ± 8.733

149.4 ± 50.51*

76.19 ± 24.42$

197.2 ± 35.71****

DOPAC/DA

1.661 ± 0.3234

0.660 ± 0.1998

5-HT

191.6 ± 5.873

235.8 ± 9.696*

129.6 ± 9.56**

197.1 ± 20.07

5-HIAA

201.1 ± 11.64

121.2 ± 4.637***

87.45 ± 4.53****

92.35 ± 3.47****

5-HIAA/5-HT

1.067 ± 0.080

0.607 ± 0.666****

0.71 ± 0.06***

NA

227.5 ± 6.304

220 ± 14.83

DA

$

0.5048 ± 0.26

5.98 ± 5.44

0.53 ± 0.057****

148.2 ± 14.19***

144.8 ± 12.42***

2030 ± 249.3$

3445 ± 306.7**

Striatum
DA

2228 ± 238.7

3107 ± 158.4*

DOPAC

1109 ± 162.4

731 ± 61.48*

DOPAC/DA

0.626 ± 0.174

0.249 ± 0.029*

5-HT

256.8 ± 18.7

366.8 ± 28.02***

5-HIAA

243.5 ± 13.42

5-HIAA/5-HT

1.027 ± 0.131

0.7991 ± 0.1325

0.97 ± 0.12

0.5 ± 0.07**

NA

81.95 ± 6.985

137.6 ± 15.99*

86.88 ± 9.55

132.6 ± 17.32*

DA

794.8 ± 223.7

189.5 ± 63.72**

309.1 ± 74.08*

47.24 ± 11.36***

DOPAC

384.5 ± 69.62

152 ± 31.84**

42.77 ± 18.77****

105.3 ± 32.41***

DOPAC/DA

0.823 ± 0.197

1.93 ± 0.490

5-HT

234.2 ± 30.91

264.6 ± 18.71

110.6 ± 18.95**

5-HIAA

250.2 ± 13.26

205.2 ± 7.501

154.8 ± 13.38***

5-HIAA/5-HT

1.323 ± 0.227

0.803 ± 0.042

2.07 ± 0.48

1.7 ± 0.44

NA

279.9 ± 26.74

345.9 ± 55.9

173.3 ± 17.78

321.6 ± 70.37

260 ± 8.978

350 ± 37.2***

480 ± 69.65***

0.2 ± 0.03*

0.15 ± 0.023**

162.1 ± 11.39$$

339.1 ± 33.29**

151.9 ± 17.16***

144 ± 9.97***

Hippocampus

0.18 ± 0.07$

3.19 ± 1.42*
111.9 ± 18.67**
123 ± 7.76****

Table 1. Selected monoamine levels (ng/mg tissue) in regional brain tissue of rats exposed to sub-chronic
vehicle (n = 24), efavirenz (5 mg/kg) (n = 12), THC (0.75 mg/kg) (n = 12) and THC + efavirenz respectively.
Presented as Mean ± standard error of the mean (SEM). DA, Dopamine; DOPAC, 3,4-Dihydroxyphenylacetic
acid (DOPAC); 5-HT, Serotonin; 5-Hydroxyindoleacetic acid (5-HIAA), NA, Noradrenaline. *p < 0.05,
**p < 0.01 vs Vehicle; $p < 0.05, $$p < 0.01 vs THC + efavirenz (One-way ANOVA, Bonferronni post-hoc
analysis).

oxidative stress markers in plasma and brain. THC and  efavirenz evoked similar behavioural and redox responses
as well as increased cortico-striatal DA, 5-HT and NA levels, and a reduction in the hippocampus. Only combined
sub-chronic THC + efavirenz exposure was hedonic in the SPT, while sub-chronic THC + efavirenz also induced
greater cortico-striatal lipid peroxidation, sucrose preference and increase frontal cortical DA and striatal DA
and 5-HT vs. THC alone. Neither efavirenz, THC nor efavirenz + THC markedly affected locomotor behaviour.
Considering the sub-acute study data, efavirenz produced place preference only at lower doses (5 mg/kg), as
did THC. No other acute or sub-acute studies on efavirenz at this dosage are available for comparison. However,
THC has been found to produce a place preference at very low dosages (0.075–0.75 mg/kg)36,37, while higher
dosages (eg. 6 mg/kg) are aversive37, again not unlike that observed here with the 20 mg/kg dose of efavirenz.
Similarly, lower dosages of lysergic acid diethylamide (LSD) (0.2 mg/kg) are more rewarding than higher doses
(>0.2 mg/kg)6,38,39. The described aversive responses are probably linked to untoward side effects evoked by
higher dosages of these drugs36–38,40,41.
Importantly, sub-chronic (14 days exposure) efavirenz (5 mg/kg) not only induced sustained rewarding effects,
but concomitant disturbances in cortico-striatal monoamines as well as profound redox disturbances in blood
and brain was also evident (see below). This finding signifies long-lasting neuro-adaptive and neurotoxic changes
that very likely underlie the aforementioned drug-seeking behaviour. Indeed, long-lasting bio-behavioural
changes are typical of prolonged exposure to drugs of abuse42–44. Interestingly, Gatch et al.6 did not demonstrate a
CPP after sub-acute efavirenz exposure, although differences in dose and duration of exposure may explain such
discrepancies, viz. 5 mg/kg or escalating dosages of 10–20 mg/kg for the CPP conditioning sessions. As noted earlier, the rewarding effects of efavirenz at 5 mg/kg may have been rewarding but was lost at higher doses. Previous
studies have indicated that the rewarding effects of THC in the CPP test are dose and time (duration of exposure)
dependent37, possibly explaining the failure of sub-chronic THC to produce a place preference here, although
a tendency towards drug-seeking remains evident. Nevertheless, sub-chronic exposure to combined THC and
efavirenz induced a significant place preference, although superiority over either drug alone was not observed.
Drug-seeking behaviour, which involves actively seeking the drug, is often observed as a secondary manifestation with drugs of abuse (reviewed in28). Interestingly, we observed no locomotor changes in efavirenz (5 mg/
kg), THC and THC + efavirenz exposed animals in the sub-chronic study. In fact, a recent study16 also came
to the same conclusion concerning acute or sub-chronic efavirenz, despite exploring higher dosages (25 and
50 mg/kg). Moreover, locomotor activity following cannabinoid administration is either unaltered45 or suppressed
at high (20–30 mg/kg) but not low dosages (0.75 mg/kg)46 of THC47, thus emphasizing the variable nature of
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this parameter. Thus, despite the psychomotor stimulant theory of drugs of abuse28, sub-chronic efavirenz and
THC + efavirenz does not directly impact locomotor activity as a secondary manifestation. Nevertheless, the basis
for a lack of effect on locomotor activity requires further study.
Although often used in assessing anhedonia as a co-presenting symptom of depression (e.g.30), the SPT is not
an addiction or reward test per se but predicts an involvement of the brain DA reward pathways30. Despite inducing anhedonia and depression in clinical populations48–50, sub-chronic efavirenz (5 mg/kg), failed to alter sucrose
preference. Similarly, for THC (0.75 mg/kg), thus in agreement with other studies51. However, THC + efavirenz
significantly increased sucrose consumption at both days 4 and 14 vs. vehicle and THC alone, suggesting that
hedonic effects may be bolstered when the two drugs are combined. This finding is particularly relevant, given
the presence of cannabis in efavirenz mixtures (eg. Nyaope and Woonga)9 and may explain its popularity among
abusers.
Hedonia/anhedonia are closely linked to increased/decreased activity of the DA reward pathways30,31, with
reduced DA in the frontal cortex linked to a decrease in experiencing pleasure30,52. Drugs of abuse specifically
activate hedonic “hotspots” in the rat nucleus accumbens, ventral pallidum and prefrontal cortex, with increased
DA release necessary for the incentive motivation of hedonia53. The current study would therefore support this
observation, with increased frontal cortical DA and DOPAC noted in rats subjected to sub-chronic efavirenz
(5 mg/kg) and even more so after sub-chronic THC + efavirenz exposure, the latter also presenting with increased
sucrose consumption, again hinting at a bolstering action in combined exposure. Incidentally, increased sucrose
consumption is also evident with cocaine54 and amphetamines, which are known mobilizers of DA in the above
brain regions55. THC + efavirenz noted here thus pairs with a natural reward (sucrose) to activate brain reward
mechanisms that cause cross-sensitization54. Thus, efavirenz at least establishes hedonic behaviour when combined with THC, with the involvement of frontal cortical DA reward pathways. Although we did not investigate
higher aversive doses of efavirenz (e.g. 20 mg/kg), such high doses increase depressive-like behaviour in rats16,
thus supportive of a dose-dependent balance between its rewarding effects (risk of abuse) vs. neuropsychiatric
side-effects such as depression and anhedonia2.
Redox dysregulation is well-described in patients treated with efavirenz56,57. Altered redox in turn alters neurotransmitter release58 and is implicated in mood and psychotic disorders59,60. Efavirenz treatment is also associated with elevated striatal glutamate levels16 which may induce oxidative stress. Alternatively, high dosages of
efavirenz are associated with elevated plasma levels of 8-hydroxy-efavirenz, a known pro-oxidant thought to
underlie the neuropsychiatric effects of efavirenz2,56,61. Moreover, neurotoxicity underlies some of the neuropsychological effects of drugs of abuse62, involving for eg. DA mediated formation of O2−, H2O2, OH and quinone
adducts. This is especially the case in DA rich regions of the brain15,63 and where SOD is compromised in its ability
to scavenge these reactive intermediates15. Indeed, we show here that animals exposed to sub-chronic efavirenz,
THC and THC + efavirenz all display significantly increased plasma %SOD activity, although no apparent reinforcing effect is evident in combined THC + efavirenz exposed animals. Moreover, significantly elevated lipid peroxidation was evident in the striatum and frontal cortex, but not the hippocampus, of sub-chronic efavirenz and
THC + efavirenz exposed animals, while sub-chronic THC + efavirenz was significantly superior to THC alone
regarding regional brain lipid peroxidation, possibly due to THC not increasing cortico-striatal lipid peroxidation alone. Thus, efavirenz exposure increased ROS, this in an attempt to detoxify formed reactive intermediates.
Supportive of this, similar findings are noted with cocaine64, while efavirenz has also been found to increase endoplasmic reticulum stress and autophagy in human endothelial cells65. Importantly, the aforementioned increase in
lipid peroxidation co-presented with elevated DA levels in the brain reward areas, viz. frontal cortex and striatum,
thus supportive of DA-mediated oxidative stress. However, sub-chronic THC neither increased cortico-striatal
DA nor lipid peroxidation levels, observations that correspond with previous preclinical studies66,67 and that
could explain the lack of augmentation in THC + efavirenz groups vs. efavirenz alone.
DA plays a crucial role in mediating reward and learning68,69. Sub-chronic efavirenz at 5 mg/kg and THC + efavirenz significantly increased DA levels in the frontal cortex, involved in reward and learning70, and the striatum
involved in decision making and reward learning71. Moreover, increased frontal cortical DOPAC levels was evident in the THC + efavirenz group, possibly supporting elevated DA in this region. Cortico-striatal D1 receptors72
drives reward effects as well as the reinforcement of drug seeking behaviour, place preference for drugs of abuse,
and enhancement of palatability of food52,73,74. Sub-chronic THC, on the other hand, did not affect cortico-striatal
DA or place preference. Interestingly, sub-chronic efavirenz, THC and THC + efavirenz significantly decreased
hippocampal DA levels (implicated in memory and reward anticipation), a region rich in high affinity D2 receptors75 responsible for maintaining drug-seeking motivation11,52. However increased hippocampal DA turnover
in sub-chronic THC + efavirenz groups indicates an increase in DA metabolism, possibly explaining lower DA
levels in this region and in line with previous efavirenz studies16,71. Moreover, reduced DA turnover in the striatum after sub-chronic efavirenz, THC and THC + efavirenz exposure suggests diminished DA metabolism via
monoamine oxidase (MAO)15 and thus an increase in DA bioavailability, evinced by the higher DA levels in this
brain region, although not significantly so in the THC group. Incidentally, Gatch et al.6 describe interactions
between efavirenz and DA transporters, which may also explain the observed dopaminergic effects in efavirenzand efavirenz + THC exposed animals.
Drugs of abuse such as LSD, cocaine and MA interact with 5HT2 receptors or 5-HT transporters, respectively76, to increase frontal-cortical DA and 5-HT levels77. 5-HT is also involved in emotion and memory processes pertaining to drug addiction76–78. Sub-chronic efavirenz increased frontal cortical and striatal 5-HT levels
without noticeable effects on hippocampal 5-HT. Paradoxically, sub-chronic THC reduced frontal cortical 5-HT,
possibly also contributing towards unaltered frontal cortical 5-HT observed in the sub-chronic THC + efavirenz group, a finding that may explain THC induced cognitive and memory deficits in rodents (reviewed in79).
Recently, Gatch et al., 2013 described interactions between efavirenz and 5-HT transporters6, supportive of how
efavirenz may increase 5-HT levels described here. However, sub-chronic THC and THC + efavirenz significantly
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reduced hippocampal 5-HT and 5-HIAA, thus countering the bolstering effect of efavirenz. This might be related
to a down regulation of CB1 receptors and a resultant up-regulation of 5-HT2A receptors (see review by80).
Decreased frontal cortical 5-HT turnover in sub-chronic efavirenz, THC and THC + efavirenz groups, and in
the striatum of THC + efavirenz exposed rats, suggest increased 5-HT levels due to decreased metabolism, in line
with previous studies16,81. However, no augmenting effects on 5-HT were observed in the THC + efavirenz group
vs. either drug alone.
No changes in hippocampal NA levels were observed in any of the exposure groups, although sub-chronic
THC and THC + efavirenz significantly decreased frontal cortical NA while sub-chronic efavirenz and
THC + efavirenz significantly increased striatal NA. These responses are not unlike cortical hypoadrenergia and
striatal hyperadrenergia that have been associated with cognitive deficits and psychosis, respectively59. Regional
brain increases in NA might be a unifying etiological factor in drug abuse, viz. suppressing noradrenergic signalling during chronic use but increasing NA levels in reward circuits82. Furthermore, low and high doses of THC
decrease and increase frontal cortical NA levels, respectively (reviewed in82). However, chronic efavirenz exposure has been noted to reduce striatal DA, 5-HT and NA16, although other regions were not assessed. That said,
the latter findings were observed at much higher dosages, coinciding with the aversive doses described earlier in
the CPP test after sub-acute exposure. The reduction in striatal monoamines16 possibly correlates with depressive
and anxiety-like behaviour associated with efavirenz2. Indeed, the neuropsychiatric side effects of efavirenz are
directly related to its plasma concentration3, with higher dosages more associated with depression2. THC + efavirenz did not have augmenting effects on regional NA vs. either drug alone.

Conclusion

Sub-acute efavirenz (5 mg/kg) provokes drug-seeking behaviour that closely parallels that of MA and THC, with
higher doses ineffective or aversive. Sub-chronic efavirenz (5 mg/kg) alone or in combination with THC is similarly addictive and hedonic, as well as increases cortico-striatal DA, 5-HT, lipid peroxidation and peripheral
oxidative stress. Sub-chronic THC + efavirenz was significantly superior to THC alone regarding regional brain
lipid peroxidation, frontal cortical DA, DOPAC, striatal DA, 5-HT and hippocampal DOPAC/DA alterations, and
hedonic behaviour, but superior to efavirenz regarding increased frontal cortical DOPAC, suggesting synergistic
effects.
The neuropsychiatric effects of efavirenz are widely evident in the literature, as is the problem of
HIV-associated neuropsychiatric disorder (HAND)2. Inflammation and altered redox status modifies monoaminergic transmission to contribute to the manifestation of depression, psychosis and addictive behavior58,59,83.
With efavirenz known to be brain penetrant and to promote the formation of a pro-oxidant metabolite, 8-OH
efavirenz, this paper brings together startling evidence that efavirenz-associated redox disturbances and altered
limbic brain monoamines lay the foundation for addictive-like behavior. Although measuring redox parameters
may represent a simple biomarker to confirm efavirenz-associated neuropsychiatric effects, redox dysfunction
characterizes many neuropsychiatric disorders thus complicating any such interpretation59. Nevertheless, our
data suggests that targeting cellular redox biology pharmacologically may reduce or prevent these adverse effects.
While it may not always be possible to restrict the use of efavirenz due to its superior efficacy vs. other anti-HIV
drugs1, adjunctive treatment with a brain and peripherally active antioxidant, such as N-acetyl cysteine (NAC),
may offer prophylactic and therapeutic benefits for efavirenz-associated drug seeking behavior.
This work therefore proposes possible mechanisms for efavirenz associated drug-seeking behaviour while
also reiterating the abuse potential of efavirenz-cannabis combinations. The findings hint towards the possible
treatment of Nyope addiction with antioxidants, which may aid in the development of new strategies to diminish
these effects and to improve ART.
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