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a b s t r a c t

Efavirenz (EFV) is a non-nucleoside reverse transcriptase inhibitor (NNRTI), which is widely used for
anti-HIV-1. Evidences revealed that several central nervous system side effects could be observed in mice
and patients with administration of EFV. However, the detailed mechanisms are still unknown. In this
study, we investigated the effects of long-term EFV treatment on cognitive functions and the potential
underlying mechanisms in mice. We maintained C57BL/6 mice aged 2 months with treatment containing
40 or 80 mg/kg/day EFV for 5 months, while control group treated with saline. The cognitive functions
were evaluated by novel object recognition test, Barnes maze test and Morris water maze. The results
showed significant short-term memory impairment in 40 and 80 mg/kg groups, and notable spatial
learning and memory impairments in 80 mg/kg group, without any spontaneous activity alteration.
Moreover, EFV induced impairments in dendritic integrity and synaptic plasticity in hippocampus.
Furthermore, Significant increases were observed in the expression levels of pro-IL-1b, a similar ten-
dency of TNF-a and phosphorylation of p65 of the 80 mg/kg group compared with control group. These
results imply that long-term EFV treatment causes synaptic dysfunction resulting in cognitive deficits,
which might be induced by the enhanced pro-inflammatory cytokines IL-1b and TNF-a via activating NF-
kB pathway.

© 2021 Published by Elsevier Inc.
1. Introduction

Efavirenz (EFV) is a non-nucleoside reverse transcriptase in-
hibitor (NNRTI), can cause misalignment of template-primer to the
catalytic site, thereby preventing incoming dNTP from being
incorporated [1,2]. EFV was recommended to be the first-line anti-
HIV-1 drug in 2013. After several years of application, central ner-
vous system (CNS) side effects were frequently reported. However,
because of the high antiviral effect, low pill burden and a relatively
stable plasma concentration [3], there are still millions of patients
receiving EFV, especially in the developing countries [4]. Hence, it is
becoming a nonnegligible clinical concern to investigate the
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potential side effect of EFV to CNS [3,5e7].
Although some side-effects would gradually disappear in a

month, most of the patients who receive EFV treatment, still suffer
mild and chronic EFV-related CNS side-effects [4,8]. It was reported
that over 50% of the EFV-treated patients suffer from neuropsy-
chiatric side effects, including vivid dreams, dizziness, insomnia,
decreased concentration, anxiety and depression [8,9].

It was also reported that EFV is somehow relevant to poorest
cognitive performances in some cohort studies, but in some other
trials, EFV is unrelated [10e15]. Besides, research revealed that EFV
could cause higher prevalence of neurocognitive disorders among
asymptomatic patients, suggesting potential neurotoxicity and
causing cognitive deficits [11].

The number of newly reported HIV-1 infected individuals in
adolescents and young adults are rising [16,17], but it is not well
known whether the long-term EFV treatment to the young adult
has CNS side effects.

Pro-inflammatory cytokines might be one reason of
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neurodegeneration [18], the activation of NF-kB pathway result in
the expression of pro-inflammatory cytokines [19,20]. In this study,
we tried to investigate that the behavioral changes and potential
mechanisms of 5-month-EFV treated mice, equal to around 10
years of human [21]. We detected biochemically the indicators of
cognition function and studied the potential underlying mecha-
nism. The results will provide a reference of EFV for young HIV-
infected individuals.

2. Materials and methods

2.1. Animals

Two-month-old male C57BL/6 mice were randomly divided into
3 groups, 20 mice for each: (a) vehicle control group; (b) low-dose
group, received 40 mg/kg/day of EFV; (c) clinical-dose group,
received 80 mg/kg/day of EFV (equal to 600 mg per day for adult
human). Each animal were sacrificed at 7-month-old after finishing
behavioral tests. Mice were housed and maintained in Medicine
Animal Center of Jianghan University and all experiments were
approved by the Medical Ethics Committee of Jianghan University.

2.2. EFV treatment

The gavage volume is 0.2 mL for each mouse, the concentration
of EFV is 0, 40 or 80 mg/kg/day. The treatment started when mice
were 2-month-old and ended up at 7-month-old.

2.3. Novel object recognition test

This test was performed in an open box (50 � 50 � 40 cm XR-
XZ301, Xinruan, China). Two identical objects were placed. Each
animal was allowed to explore the box for 10 min at day 1. Replace
one object into a different object, then repeat the procedure at day
2. Discrimination index was calculated as time exploring at novel-
object quadrant minus time in familiar-object quadrant, then
divide total time spent in two quadrants. The whole protocol was
based on Lueptow [22].

2.4. Barnes maze test

The Barnes maze contains a circular platform which is 91 cm in
diameter. 20 circular holes around the perimeter of the platform. A
light source was placed over the center of the platform. Name each
hole after 1e20, under the hole1 was a box. Then place 3 different
plastic cards above the platform. The movements of animals were
registered automatically (XR-XB108, Xinruan, China) and stored on
a computer.

Day 1 was for adaptation, put each animal on the center of the
platform, let them to explore, limited with 60 s. If the animal suc-
cessfully entered the box, then time 90 s; if the animal failed to
enter the box, then guide the animal enter the box, then time 90 s.
Two trails per day, trails were at least 30 min apart.

Day 2-day 5 was for acquisition. Change the explore time into
180 s, and the in-box timewas 30 s. Two trails per day, trails were at
least 30 min apart.

Day 6 was for probe test. Allow animals explore for 60 s without
the box, record the first time each animal successfully find the
hole1 area; if failed, record the time as 60 s. Thewhole protocol was
based Pitts [23].

2.5. Morris water maze

The Morris water maze (MWM) contains a circular pool, sur-
rounded by decorations for abundant spatial cues. Divide the pool
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into 4 quadrants. The platform was submerged underneath the
surface of the 23 �C water. The movements of animals were regis-
tered automatically (XR-XM101, Xinruan, China) and stored on a
computer.

The animals were placed facing the wall. If the animal failed
then it was guided to the platform and stayed for 20 s; if the animal
successfully reached the platformwithin 60 s, let the animal stayed
for 15 s. All animals were given 8 trails/day during 5 acquisition
days, 15 min between subsequent trails. The day 6 was probe test
day, during the trail platformwas removed, time for each animal to
enter the quadrant and the platform-area was recorded with a
maximum of 60 s [24].

2.6. Western blot analysis

After transcardially perfused, tissue samples were homogenized
in RIPA strong lysis buffer with PMSF and phosphatase inhibitor
cocktail (Beyotime, China). Supernatants were separated, concen-
tration of protein was measured and separated using poly-
acrylamide gel electrophoresis (PAGE) and transferred to
nitrocellulose membranes. Membranes were blocked with 5% non-
fat milk for 1 h at room temperature and incubated overnight at
4 �C with primary antibodies. Blots were incubated with secondary
antibodies (1:3000; Beyotime, China) for 1 h at room temperature.
Immune bands were visualized using ECL reagents (Beyotime,
China), followed by using Image J (2x, USA) for quantitatively
analysis. Primary antibodies were used as follow: b-actin (1:3000;
#58169), Synapsin-1 (1:1000; #5297), Synaptophysin (1:1000;
#36406), Synaptotagmin-1 (1:1000; #14558), PSD95 (1:1000;
#3409), (Cell Signaling, USA); NF-kB P65 (1:1000; #AF5243),
Phospho-NF-kB P65 (Ser536) (1:1000; #AF5881), (Beyotime,
China); TNF-a (1:500; #17590-1-AP), (Proteintech, China); IL-1b
(1:3000; #A16288), (Abclonal, China).

2.7. Golgi staining and dendritic complexity analysis

Perfused brains were transferred into Golgi-Cox solution, which
was refreshed every 2 days.14 days later, all brainswere transferred
into 30% sucrose solution till sank. Then brains were sliced at 70 mm
using vibratome (7000smz-2, Campden Instruments LTD, Britain).
Slices were stained as follows: ddH2O (1 min), ammonium hy-
droxide (60 min, in the dark), ddH2O (1 min), Kodak Fix solution
(30 min, in the dark) and ddH2O (1 min), followed by dehydration
through alcohol with ascending concentrations (50%, 70%, 95%,
100%) and then cleared by chloroform, alcohol and xylene. All im-
ages were taken by a light microscope (Olympus, Germany). Images
of neurons were taken for Z-stack procedure by using Image J (2x,
USA).

2.8. Immunofluorescence

After paraformaldehyde fixation, brains were sliced at 30 mm.
Slices were washed by PBS and blocked in PBS containing 0.1%
Triton and 3% BSA for 1 h at room temperature, then all sections
were incubated at 4 �C with primary antibody MAP2 (1:200;
#8707), (Cell Signaling, USA) overnight. Day 2 after washed by PBS,
sections were incubated with Alexa Flour 488 (1:200; Invitrogen,
USA) conjugated secondary antibody at 37 �C for 1 h. After washed
by PBS, sections were dyed with Hoechst (1:1000; Invitrogen, USA)
for 10 min. Images were acquired using a confocal microscope (TCS
sp8, Leica, Germany).

2.9. Statistical analysis

All data are represented as mean ± SEM. All statistical tests were
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performed using GraphPad Prism 8 (GraphPad Software, USA).
Two-tailed unpaired t-test were used for representing intergroup
differences. P value < 0.05 was considered statistically significant.
3. Results

3.1. Long-term EFV exposure causes impairments in short-term
memory and spatial learning and memory of C57BL/6 mice

After 5-month EFV treatment, cognitive performances were
measured. In the NOR test, there was a significant decreased
discrimination index between control and 40 mg/kg group,
meanwhile compared with control group, 80 mg/kg group, showed
a similar tendency of decreased discrimination index. Both EFV-
treated group showed decreased discrimination index suggesting
short-term memory deficits (Fig. 1A).
Fig. 1. Long-term administration of efavirenz (40 and 80 mg/kg/day) impaired cognitive pe
(A) Results on NOR discrimination index in mice subjected to NOR test. (Control, n ¼ 14; 40
SEM. Asterisks indicate significant differences (*, P＜0.05). (B) Primary latency in mice subje
speed in mice subjected to the probe test of Barnes maze test. (Control, n ¼ 12; 40 mg/kg
Asterisks indicate significant differences (*, P＜0.05). (E) Primary latency and (H) average
quadrant occupancy and (I) platform crossing in mice subjected to the probe test of MWM.
Error bars indicate SEM. Asterisks indicate significant differences (*, P＜0.05).

48
During acquisition phase of Barnes maze, neither EFV-treated
groups showed significant increased primary latency compared
with control group (Fig. 1B). During probe test, primary latency
showed significantly increased in 80 mg/kg group compared with
control group, which indicated a deficit in spatial learning and
memory (Fig. 1C). Meanwhile, the average speed showed no sig-
nificant difference (Fig. 1D).

MWM was employed to further confirm the results. During
acquisition phase, 80 mg/kg group showed a significantly increased
primary latency compared with control group, indicating impair-
ments in spatial learning and memory (Fig. 1E). During probe test,
primary latency, quadrant occupancy rate, average speed and
platform crossing showed no significant alternations (Fig. 1F, G, H
and I). Altogether, these results strongly suggested that long-term
EFV exposure caused short-term memory loss, impairments in
spatial learning and memory of C57BL/6 mice.
rformance.
mg/kg, n ¼ 20; 80 mg/kg, n ¼ 20). Unpaired t-test was performed. Error bars indicate
cted to the acquisition phase of Barnes maze test. (C) Primary latency and (D) average
, n ¼ 20; 80 mg/kg, n ¼ 18). Unpaired t-test was performed. Error bars indicate SEM.
speed in mice subjected to the acquisition phase of MWM. (F) Primary latency, (G)
(Control, n ¼ 14; 40 mg/kg, n ¼ 20; 80 mg/kg, n ¼ 20). Unpaired t-test was performed.
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3.2. Long-term EFV exposure alters synaptic morphology and
expression levels of synapse-associated proteins

To investigate influences of long-term EFV exposure on synap-
ses, we performed immunofluorescence (IF) using MAP2 antibody
as dendritic marker (Fig. 2A) in hippocampus, since the hippo-
campus plays a critical role in spatial learning memory and
cognition [25]. Results showed decreased tendencies of dendritic
density in CA1 and DG of both EFV treated group comparing with
control group (Fig. 2B and D), and no change in CA3 (Fig. 2C).

Toevaluate thealterations indendriticmorphology,weperformed
Sholl analysis using ImageJ afterGolgi staining (Fig. 3A)andmeasured
the dendritic spines (Fig. 3C). Results indicating that dendritic
complexity (Fig. 3B) and synaptic plasticity (Fig. 3D) were decreased
in CA1 of EFV-treated groups when compared with control group.
Fig. 2. Effects of long-term administration of efavirenz (40 and 80 mg/kg/day) on dendritic
(A) Representative immunofluorescent images of dendrite stained with MAP2 (green) and Ho
Scale bar indicates 75 mm. Quantification of relative mean fluorescent intensity of MAP2 in C
from 3 mice in each group). Unpaired t-test was performed. Error bars indicate SEM. (E and F
1 in hippocampus. (Control, n ¼ 3; 40 mg/kg, n ¼ 3; 80 mg/kg, n ¼ 3). Unpaired t-test was p
**, P＜0.01). (For interpretation of the references to colour in this figure legend, the reader
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To further investigate potential molecular mechanisms under-
lying the cognitive deficits, several synapse-associated proteins
were analyzed (Fig. 2E). In hippocampus, the expression level of
PSD95 was reduced of 40 mg/kg group compared with control
group; expression level of Synapsin-1 showed a significant reduc-
tion of 80 mg/kg group compared with control group (Fig. 2F).
Additionally, there was a similar tendency of synaptic expression
levels in the prefrontal cortex (Supplementary Fig. 1A), which are
associated with response control, impulse control, attention, rule
representation and strategy shifting [26e29]. However, there was
no difference in cortex (Supplementary Fig. 1B).

Taken together, all data suggest that long-term EFV exposure
causes synaptic impairments in hippocampus that might be the
reason of worsen cognition in C57BL/6 mice.
density and expression levels of synapse-associated proteins of hippocampus.
echst labeling of cell nuclei (blue) in DG, CA1 and CA3 from saline or EFV-treated mice.
A1 (B), CA3 (C) and DG (D) of hippocampus compared with control group. (brain slices
) Western blot and quantification of PSD95, Synaptophysin, Synapsin-1, Synaptotagmin-
erformed. Error bars indicate SEM. Asterisks indicate significant differences (*, P＜0.05;
is referred to the Web version of this article.)



Fig. 3. Effects of long-term administration of efavirenz (40 and 80 mg/kg/day) on dendritic morphology.
(A) Representative morphology of neurons in CA1 of hippocampus. Scale bar indicates 20 mm. (B) Quantification of intersection number of dendritic crossings in CA1 of hippo-
campus per 5 mm from soma compared with control group. (Control, n ¼ 20; 40 mg/kg, n ¼ 20; 80 mg/kg, n ¼ 24). Unpaired t-test was performed. Error bars indicate SEM. Asterisks
indicate significant differences (*, P＜0.05). (C) Representative morphology of dendritic spines in CA1 of hippocampus. Scale bar indicates 10 mm. (D) Quantification of number of
dendritic spines per 10 mm in CA1 of hippocampus compared with control group. (Control, n ¼ 11; 40 mg/kg, n ¼ 11; 80 mg/kg, n ¼ 11). Unpaired t-test was performed. Error bars
indicate SEM. Asterisks indicate significant differences (**, P＜0.01; ***, P＜0.001).
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3.3. Long-term EFV exposure activates NF-kB pathway resulting in
the expression of pro-inflammatory cytokines

Since the increased pro-inflammatory cytokines can lead to
synaptic dysfunction [18], and the level of phosphorylated p65 can
represents the alteration of NF-kB pathway [30], several NF-kB-
associated proteins were analyzed (Fig. 4A and C). Significant in-
creases were observed in expression level of pro-IL-1b and a similar
tendency of TNF-a and phosphorylation of p65 of 80 mg/kg group
compared with control group (Fig. 4B and D). Additionally, there
were no difference in prefrontal cortex and cortex (Supplementary
Fig. 2).

4. Discussion

As a result of using cART, lifespan of patients has been prolonged
[11], along with prolonged time of drug administration, making
them facing the increasing risks of cognitive disorders.

The number of newly reported HIV-infected individuals in
young adults are rising, the following 10 years are their most
important phases during lifespan, as their both physique and
mentality gettingmatured, starting learning and working in college
and workplace [16,17,31,32]. In order to determine the effect of
long-term EFV exposure on cognitive performances at young adult
stage and underlying molecular mechanisms, 2-month old C57BL/6
mice were employed. Three behavioral tests were used: NOR test,
Barnes maze test and MWM. The NOR test is a commonly used test
for investigating short-term memory [22], and relied on natural
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proclivity for exploring of rodents [33]. The Barnes maze test and
MWM is widely used for investigating spatial learning andmemory
[23,24]. Our results demonstrated that 5-month-EFV-treated
groups showed significantly short-term memory impairment in
NOR test, but only 80 mg/kg group showed substantial impairment
of spatial learning andmemory in Barnes maze andMWM, without
affecting spontaneous activity.

It was reported that 10 mg/kg-EFV treatment, lasting for 36
days, induced anxiety-like behavior and impairment of aversive
memory in mice [34]. 10 mg/kg-EFV treatment, lasting for 34 days,
induced depression-like behavior and up-regulating the expression
of pro-inflammatory cytokines in rats [24]. All evidences proved
that the severity of EFV induced behavioral side effect in rodent
model is time and dose dependent.

Since the hippocampus plays a critical role in spatial learning
memory, cognition [25], and shot-term memory, spatial learning
and memory are sensitive to hippocampal impairment [35e37].
Former study showed that EFV had neurotoxicity by detecting
MAP2 expression on primary neurons [38], we performed IF assay
with MAP2 antibody to determine the effect of EFV on dendritic
integrity. Results showed decreased tendencies in CA1 and DG of
hippocampus in EFV-treated groups, suggesting that the EFV
treatment decreased MAP2 density. We further performed WB for
synapse-associated proteins, which are closely associated with
learning and memory [39]. Results showed decreased Synapsin-1
expression level in 80 mg/kg group and decreased PSD95 expres-
sion level in 40 mg/kg group, but in 80 mg/kg group showed no
difference as compared with control group. The potential reason



Fig. 4. Effects of long-term administration of efavirenz (40 and 80 mg/kg/day) on expression of pro-inflammatory cytokines and activation of NF-kB pathway in hippocampus.
(A) Representative western-blot antibodies against TNF-a, Pro-IL-1b and b-actin in hippocampus. (B) Quantification of relative expressions of pro-inflammatory cytokines compared
with control group in hippocampus. (Control, n ¼ 6; 40 mg/kg, n ¼ 6; 80 mg/kg, n ¼ 6). (C) Representative western-blot antibodies against p65, phospho-p65 and b-actin in
hippocampus. (D) Quantification of expression levels of phosphorylated p65/p65 compared with control group in hippocampus. (Control, n ¼ 3; 40 mg/kg, n ¼ 3; 80 mg/kg, n ¼ 3).
Unpaired t-test was performed. Error bars indicate SEM. Asterisks indicate significant differences (*, P＜0.05).
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could be that the mechanisms of EFV toxicity vary between
different concentrations.

Dendritic spines structure plasticity plays a critical role in
memory acquisition, storage and processing [40,41]. Result of
Golgi-Cox staining indicated that dendritic complexity and synaptic
plasticity were decreased in 80 mg/kg group. Overall, these results
strongly suggest that EFV may induced synaptic dysfunction that is
responsible for the cognitive impairments.

It is well established that the release of pro-inflammatory cy-
tokines can lead to synaptic dysfunction [18], and EFV can cause the
activation of NF-kB pathway in HCAECs cell [42]. Pro-IL-1b and
TNF-a are two main downstream pro-inflammatory cytokines of
NF-kB [19,20]. We showed that pro-IL-1b and TNF-a were overex-
pressed and NF-kB pathway was activated in hippocampus of
80 mg/kg group. The results suggest that the activation of NF-kB
induced by EFV might cause synaptic dysfunction and cognitive
impairments.

There are different kinds of adverse neuropsychiatric effects of
EFV reported before. Most of reports showed sleep disorders and
dizziness, headaches, confusion, stupor and attention deficit [43].
Once comes to long-term exposure, the side effects turn into anx-
iety and depression, along with high serum EFV concentration
[44,45]. And there are improvements of depression and anxiety
after discontinuation [46]. All evidences strongly suggest that
severity of the CNS side effects may be related with EFV exposure
time in patients.

Taken all together, our study revealed C57BL/6 mice, which
received EFV for 5 months displayed cognitive deficits. This could
be due to the activation of NF-kB pathway thus overexpressed and
released pro-inflammatory cytokines, ended up with synaptic
dysfunction. Further studies are still necessary to confirm whether
other cells may be involved in this neuroinflammation such as
microglia and astroglia. Thus, it is highly important to use lower
dose of EFV or even switch to other anti-HIV drugs to improve
cognitive performances and live quality of patients.
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