
Activation of a7 nicotinic acetylcholine
receptor ameliorates HIV-associated
neurology and neuropathology

Xiaojie Zhao,1,2 Kelly Wilson,1,2 Victor Uteshev3 and Johnny J. He1,2,4

HIV-associated neurocognitive disorders (HAND) in the era of combination antiretroviral therapy are primarily
manifested as impaired behaviours, glial activation/neuroinflammation and compromised neuronal integrity, for
which there are no effective treatments currently available.
In the current study, we used doxycycline-inducible astrocyte-specific HIV Tat transgenic mice (iTat), a surrogate
HAND model, and determined effects of PNU-125096, a positive allosteric modulator of a7 nicotinic acetylcholine
receptor (a7 nAChR) on Tat-induced behavioural impairments and neuropathologies.
We showed that PNU-125096 treatment significantly improved locomotor, learning and memory deficits of iTat
mice while inhibited glial activation and increased PSD-95 expression in the cortex and hippocampus of iTat mice.
Using a7 nAChR knockout mice, we showed that a7 nAChR knockout eliminated the protective effects of PNU-
125096 on iTat mice. In addition, we showed that inhibition of p38 phosphorylation by SB239063, a p38 MAPK-spe-
cific inhibitor exacerbated Tat neurotoxicity in iTat mice. Last, we used primary mouse cortical individual cultures
and neuron-astrocytes co-cultures and in vivo staining of iTat mouse brain tissues and showed that glial activation
was directly involved in the interplay among Tat neurotoxicity, a7 nAChR activation and the p38 MAPK signalling
pathway.
Taken together, these findings demonstrated for the first time that a7 nAChR activation led to protection against
HAND and suggested that a7 nAChR modulator PNU-125096 holds significant promise for development of thera-
peutics for HAND.
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Abbreviations: DMSO = dimethyl sulphoxide; HAND = HIV-associated neurocognitive disorders; iTat = doxycycline-
inducible and astrocyte-specific HIV Tat transgenic mice; nAChR = nicotinic acetylcholine receptor; p38 MAPK = p38
mitogen-activated protein kinase; PAM = positive allosteric modulator

Introduction
Combination antiretroviral therapy (cART) has effectively sup-
pressed HIV replication and improved immune function as well as
prolonged the lifespan of individuals infected with HIV.1–5

However, HIV-associated neurocognitive disorders (HAND) have
become more prevalent. The neurological manifestations include
slowed locomotor activity, impaired learning and memory, and
the neuropathological hallmarks are astrocyte/microglia activa-
tion, chronic neuroinflammation and comprised neuronal integ-
rity.6–15 None of antiretrovirals that are used in the current cART
regimens have shown significant penetrance into the CNS and
have provided effective treatments for HAND.16–19

HIV viral protein Tat is a major pathogenic factor for HAND.
It is secreted from HIV-infected microglia and astrocytes and
taken up by neurons,20–24 and detected in the brain of HIV-infected
individuals who are cART naı̈ve and who are actively treated with
cART.25–27 Tat expression activates glial fibrillary acidic protein
(GFAP) expression in astrocytes through a cascade of transcription
factors such as STAT3, early growth response 1 and p300 and
causes astrocyte dysfunction and decreases neuron survival.28–32

In addition, Tat expression alters autophagy, endoplasmic
reticulum stress, lysosomal exocytosis, neurite growth and neuro-
genesis.33–37 Importantly, Tat expression in the brain of doxycyc-
line-inducible astrocyte-specific HIV Tat transgenic mice (iTat) in
the absence of HIV infection leads to locomotor, learning and
memory deficits,38–46 and astrocyte/microglia activation, chronic
neuroinflammation and loss of neuronal integrity,30,38,41,45 the
consistent neurological and neuropathological hallmarks of HAND
in the era of cART.

Nicotinic acetylcholine receptors (nAChR) are expressed
throughout the PNS and CNS, and they respond/bind to the en-
dogenous agonist neurotransmitter acetylcholine or the exogen-
ous agonist drug nicotine.47,48 One of the most abundant nAChR is
homomeric a7 nAChR, which is both ionotropic and metabotropic
and is predominantly expressed in neurons and glia of cortex and
hippocampus.49,50 The ionotropic feature of a7 nAChR is the fast
desensitization rate, characterized by very short agonist-induced
onset duration and rapid decay with a long-lasting desensitized
state.50 The metabotropic feature is related to M3-M4 intracellular
loop,51 which involves multiple cellular signalling pathways
including MAPK, PLC-RhoA, JAK2-STAT3 and PI3K-Akt and modu-
lates synaptogenesis and growth in neural cells and inflammatory
response in immune cells.52–60 a7 nAChR is involved in several
neurological disorders such as Alzheimer’s disease,49 schizophre-
nia,61 drug addiction,62,63 depression64 and pain.65 It has been pro-
posed as a potential therapeutic target for Alzheimer’s disease,49

addiction,66 schizophrenia,66,67 ischaemic68 and traumatic brain
injury.69 a7 nAChR has also been shown to be involved in HIV
gp120 and gp41 neurotoxicity.70–72 However, little is known about
its roles in HAND and its potential as a therapeutic target for treat-
ing HAND.

In the current study, we aimed to determine the roles of a7
nAChR in HAND. We took advantage of PNU-120596, a prototype-II
and highly selective a7 nAChR positive allosteric modulator
(PAM),50,73–75 and the surrogate HAND model iTat mice and

determined whether PAM PNU-120596 treatment would lead to
any changes in Tat-induced behavioural impairments and neuro-
pathologies. In addition, we used a7 nAChR knockout mice and
determined the direct roles of a7 nAChR in Tat neurotoxicity.
Furthermore, we determined whether and which mitogen-acti-
vated protein kinase (MAPK) signalling pathway(s) were involved
in the interplay between Tat neurotoxicity and a7 nAChR activa-
tion. Finally, we used individual primary mouse cortical cultures
and neuron-astrocytes co-cultures and assessed the relative con-
tribution of neurons, astrocytes and microglia to the interplay
among Tat neurotoxicity, a7 nAChR activation and p38 MAPK sig-
nalling pathway.

Materials and methods
Mouse and drug administration

We generated iTat mice as previously described.38 Wild-type
(C57BL/6) and a7 nAChR knockout mice (a7–/–, B6.129S7-
Chrna7tm1Bay/J) were purchased from the Jackson Laboratory. All
the animal procedures were approved by the Institutional Animal
Care and Use Committee. Mice were housed with a 12-h light and
12-h dark photoperiod and provided water and food ad libitum.
a7–/–iTat mice were generated by cross-breeding iTat mice with
a7–/– mice. a7–/– genotyping was slightly modified with the
JumpStartTM Taq DNA Polymerase-based PCR (JumpStart Taq DNA
Polymerase, Sigma, Cat no. D9307). Briefly, genomic DNA was
extracted from the mouse tail and used a template for PCR with a
program of 94�C for 1 min, 35 cycles of 94�C for 30 s, 55�C for 30 s,
and 72�C for 1 min, and one cycle of 72�C for 1 min using primers
50-TTC CTG GTC CTG CTG TGT TA-30 and 50-ATC AGA TGT TGC
TGG CAT GA-30 for a7+/+ wild-type mice, and 50-TTC CTG GTC CTG
CTG TGT TA-30 and 50-CCC TTT ATA GAT TCG CCC TTG-30 for a7–/–

knockout mice. Mice aged 10–14 weeks with body weights of 20–
35 g were fed a doxycycline-containing diet (0.625 g/kg, Envigo, Cat
no. TD.01306) as stated. PNU-120596 hydrate (Alomone, Cat no. P-
350) was dissolved in dimethyl sulphoxide (DMSO) and subcutane-
ously (s.c.) injected (15 mg/kg/day, 40 ml for male mice with an aver-
age weight of 30 g and 30 ml for female mice with an average weight
of 22 g to ensure minimal DMSO-associated toxicity).76 SB239063
(Tocris, Cat no. 1962) was dissolved first in 100% DMSO and mixed
with PEG400 (Sigma-Aldrich, Cat no. 91893) and saline at a ratio of
0.8:32:67, then intraperitoneally (i.p.) injected (15 mg/kg/day, 200 ml
for male mice and 150 ml for female mice).77

Behavioural tests

The open field test and Morris water maze were performed se-
quentially using a computerized video tracking system (ANY-
maze, Stoelting) to determine the spontaneous locomotor activity
and spatial learning and memory, respectively. For the open field
test, each mouse was allowed to move freely around a clear acrylic
chamber (40.5 � 40.5 � 30.5 cm) for 10 min. Travel distance and
maximum speed were determined by the ANY-maze software. For
the Morris water maze, a circle pool (1.2 m in diameter) surrounded
with a curtain was divided into four equal quadrants, and four
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signs with different shape were fixed onto the middle of each
quadrant wall above the opaque water (24 ± 1�C). A hidden plat-
form (1.5 cm below water surface) was put into a certain quadrant.
Two stages consisting of 5-day training and probe test were carried
out. In the training stage, four trials with a 15–20 min interval were
conducted in the every day training, and for each trial mice were
allowed to freely seek the platform within 90 s right after they
were randomly put into one quadrant facing to the pool wall. If the
mice found the platform within 90 s, 10 s would be added to allow
them staying on the platform for memorizing; however, if they
failed, they would be directed towards the platform and allowed to
stay on it for 15 s. Mice that were immobile or floating and unable
to find the platform during the training stages were excluded from
the experiments. Probe test was carried out on the next day follow-
ing the 5-day training stage with a 60 s trial, and the platform was
removed to prevent the mice from climbing onto it during the test-
ing. One day after the behavioural tests, mice were euthanized and
the brains were harvested.

Western blotting

A RIPA buffer (50 mM Tris.HCl, pH 8.0, 280 mM NaCl, 0.5% NP-40, 1%
C24H39NaO4, 0.2 mM EDTA, 2 mM EGTA and 10% glycerol) supple-
mented with protease inhibitors (Millipore-Sigma, Cat no. S8830)
and phosphatase inhibitors (Millipore-Sigma, Cat no. 4906845001)
was used to lyse the brain tissues and cultured cells with brief son-
ication on ice. Protein concentrations of the lysates were deter-
mined using a Bio-Rad DC protein assay kit (Bio-Rad, Cat no.
5000111). Lysates were denatured in the SDS-PAGE loading buffer
at 100�C for 10 min, then electrophoretically separated by 8–15%
SDS–PAGE, blotted onto 0.45-mm polyvinylidene fluoride mem-
brane (GE Healthcare Life Sciences, Cat no. 10600023) and probed
using appropriate antibodies against PSD-95 (Abcam, Cat no.
ab18258 and 1:2000 dilution), SYP (Abcam, Cat no. ab8049 and
1:1000 dilution), Iba-1 (Wako, Cat no. 016–20001 and 1:500 dilution)
and GFAP (DAKO, Cat no. z330s and 1:2000 dilution), p-p38 (Santa
Cruz, Cat no. sc-166182 and 1:1000 dilution), p38 (Santa Cruz, Cat
no. sc-535 and 1:1000 dilution), p-JNK (Santa Cruz, Cat no. sc-6254
and 1:1000 dilution), JNK (Santa Cruz, Cat no. sc-571 and 1:1000 di-
lution), p-ERK (Santa Cruz, Cat no. sc-7383 and 1:1000 dilution),
and ERK (Santa Cruz, Cat no. sc-514302 and 1:1000 dilution), a7
nAChR (Alomone, Cat no. ANC-007 and 1:1000 dilution) and b-actin
(Sigma-Aldrich, Cat no. A1978 and 1:2000 dilution). A Bio-Rad
ChemicDoc imaging system (Bio-Rad) and ImageJ were used for
image capturing and analysis, respectively.

30-Diaminobenzidine staining

Mice were anaesthetized using Avertin (tribromoethanol) and trans-
cardially perfused with first PBS and then 4% paraformaldehyde
(PFA). Next, the brains were dissected out, fixed in 4% PFA at 4�C
overnight, dehydrated in 30% sucrose, embedded in OCT, sagittally
sectioned (20lm) using a cryostat and preserved in a cryoprotectant
containing 30% ethylene glycol, 30% glycerol and 40% PBS. For stain-
ing, floating sections were permeabilized in 0.1% TritonTM X-100 in
PBS (PBST), blocked by 1% BSA in PBST, probed by Iba-1 antibody
(Wako, Cat no. 019-19741 and 1:800 dilution), placed in inactivated
endogenous peroxidases in 1% hydrogen peroxide, probed again by
a goat anti-rabbit secondary antibody (SouthernBiotech, Cat no.
4030-05 and 1:200 dilution) and developed using a DAB kit (Abcam,
Cat no. ab103723). All images were taken using a Nikon Eclipse E800
microscope with a 20� objective and analysed using the Cellprofiler
program. Every section was averaged from three brain regions, the
prefrontal, occipital and parietal cortex, and the average of the three
sections was used to represent individual animals.

Preparation of primary mouse cortical neurons,
microglia, astrocytes, neuron-astrocyte co-cultures

All primary cells were prepared from 1-day-old a7–/– pups and their
isogenic wild-type pups.

Primary cortical neurons

One-day-old pups were genotyped, the brains with desired geno-
types were harvested, meninges removed and cortex dissected
out. The cortex was minced in a cold Hanks’ balanced salt solution
(HBSS buffer, Sigma-Aldrich, Cat no. 55021 C). HBSS buffer was
replaced sequentially by 0.25% trypsin (Sigma-Aldrich, Cat no.
T4049), 2 mg/ml deoxyribonuclease I (Sigma-Aldrich, Cat no. D5025)
(at 37�C for 20 min), foetal bovine serum (2 min), 2% B27
(ThermoFisher, Cat no. 17504044) NeurobasalTM medium
(ThermoFisher, Cat no. 21103049) and 1% GlutaMAXTM

(ThermoFisher, Cat no. 35050061). Brief centrifugation (300g, 1–
5 min) was used to recover the tissues and cells. The tissues were
then triturated using a 10-ml pipette, the disassociated cells were
washed and seeded into a 24-well plate (0.25 M/well), which was
either coated with or contained coverslips coated with 0.1% poly-
D-lysine (Sigma-Aldrich, Cat no. P6407) in borate buffer (pH 8.5),
cultured at a 37�C, placed in a 5% CO2 incubator for 2 days and
treated with 2.5 mM cytosine b-D-arabinofuranoside (Ara-C, Sigma-
Aldrich, Cat no. C1768) to remove astrocytes. Medium change by
50% was performed every 2 days and the neurons were ready for
use on Day 12 with purity above 90%, estimated by MAP2 staining
(Santa Cruz, Cat no. sc-32791 and 1:500 dilution).

Primary cortical neuron-astrocyte co-cultures

A similar protocol was used to generate primary cortical neuron-
astrocyte co-cultures except for omission of the Ara-C treatment
from the protocol. The ratio of neurons to astrocytes in the co-cul-
tures was estimated to be 1.5–2:1, estimated by MAP2 and GFAP
staining (1:500 dilution with the same antibodies for western
blotting).

Primary cortical microglia and astrocytes

A similar protocol was used to generate primary microglia and
astrocytes except for use of full Dulbecco’s modified Eagle medium
(DMEM, Corning, Cat no. MT15013CM) in place of B27 Neurobasal
medium, which was used to allow glia to grow. All cells were
seeded into a T-75 flask without coating. Once the cells reached
confluence, which usually took 12–14 days for brain extraction of
two pups, the flask was shaken around 200 rpm for 2 h to dislodge
microglia. The culture medium containing the microglia was
transferred to a 12-well plate, incubated in a 37�C, 5% CO2 incuba-
tor for 30 min to allow the microglia to attach to the bottom of the
well, and replaced with 20% LADMAC conditioned medium (see
next) and 80% full DMEM, then cultured for 3–4 days with medium
change every other day. The leftover astrocytes attached to the T-
75 flasks were trypsinized, seeded into a 12-well plate and cultured
in full DMEM for 3–4 days. The purity of microglia and astrocytes
was greater than 99% as determined by staining for Iba-1 (the
same antibody as the DAB staining) and GFAP, respectively.

Preparation of conditioned media and use in
primary cell cultures
LADMAC conditioned medium

LADMAC cells (ATCC, Cat no. CRL-2420TM) were cultured in a T-75
flask with EMEM (ATCC, Cat no. 30–2003), 10% foetal bovine serum
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and 1% penicillin and streptomycin for 5–7 days to reach confluence.
Then, the culture medium was collected, cell debris removed by
brief centrifugation (300g, 5 min) and filtered (0.22 lm filter, SIMSII,
Cat no. S30PES022S), then saved as LADMAC conditioned medium.

Tat-containing or control DMEM conditioned media

The 293T (ATCC, Cat no. CRL-3216TM) cells were seeded into a
10 cm dish, cultured in DMEM containing 10% FBS, 1% penicillin
and streptomycin for 24 h, transfected with 20 mg of pcDNA3-
Tat.Myc by calcium phosphate precipitation, cultured for 24 h,
changed for fresh DMEM medium and cultured for an additional
48 h. Then the culture medium was collected, cell debris removed
by centrifugation (300g, 5 min) followed by filtering through a 0.22-
mm filter and saved as Tat-containing conditioned medium (Tat-
CM). As a control, pcDNA3 was also transfected in order to gener-
ate the control condition medium (Ctrl-CM). To treat primary
microglia, 70% Tat-containing or control conditioned medium, 20%
fresh DMEM and 10% LADMAC conditioned medium were used. To
treat primary astrocytes, 70% Tat-containing or control condi-
tioned medium and 30% fresh DMEM were used.

Tat-containing or control neurobasal conditioned medium

The Tat-containing and control neurobasal conditioned medium
was similarly prepared except for use of an increased number of
seeding cells, 48 h culturing after transfection, change to neuro-
basal medium with 1% GlutaMAXTM, then 24 h after the medium
change and saved as Tat-containing neurobasal conditioned
medium (Tat-CM) or control neurobasal conditioned medium
(Ctrl-CM). To treat primary neurons and primary cortical neuron-
astrocyte co-cultures, 98% Tat-containing or control neurobasal
conditioned medium and 2% B27 (50� ) were used to replace the
50% culture medium. To activate a7 nAChR in cell cultures, 1 lM
PNU-120596 accompanied with 0.5 lM PNU-282987 (Sigma-Aldrich,
Cat no. P6499) (PAM+P2) was applied into the conditioned medium.
Both of them were dissolved in DMSO at high concentrations
(PNU-120596: 100 mM, PNU-282987: 50 mM) as stocks. A Nikon
Eclipse TE2000-S microscope with a 10� objective was used to cap-
ture the images of microglia in the bright field, and the images
were converted using the Ilastik program to visualize the cell
morphology, and then were quantitated by the Cellprofiler pro-
gram. Three images were randomly captured from each well.

Immunofluorescence staining

Brain sections (20 lm) were permeabilized in PBST, blocked in 1%
BSA in PBST and probed using appropriate primary antibodies

against PSD-95 (1:500 dilution with the same western blotting anti-
body) or MAP2 (same to above) and secondary antibodies goat
anti-rabbit 555 (ThermoFisher, Cat no. A21428 and 1:500 dilution)
or goat anti-mouse 488 (ThermoFisher, Cat no. A11001 and 1:500
dilution). For cultured cells, the cells were first fixed with 4% PFA
for 10 min, and then we proceeded using the same procedures as
for the brain sections. All images from brain sections were taken
using Olympus FV10i confocal microscope with a 60� oil objective.
The entire cortex and hippocampus region were checked, and
frontal cortex and CA1 were chosen as the representative regions
to verify PSD-95 expression. All culture cell images were taken
using a Nikon Eclipse 800 microscope with a 100� oil objective.
Three to six individual neurons were randomly selected and aver-
aged for each coverslip. PSD-95-positive puncta within the trunk of
neuron dendrites (first order) was analysed for primary cortical
neurons, while PSD-95-positive puncta of the secondary dendrites
(second order) were analysed for neuron-astrocyte co-cultures.
ImageJ was used to determine the percentage of PSD-95 positive
area to the total MAP2-positive area.

Data analysis

Three-way repeated measures ANOVA was used in MWZ training
stages, and all other experiments used either two- or three-way
ANOVA, whenever applicable. The Bonferroni test was used for all
post hoc analyses. All statistical analyses were performed using
IBM SPSS 20. P 5 0.05 was considered significant and indicated
with an asterisk, number symbol or dollar sign for comparisons
among different groups; **P 5 0.01 and ***P 5 0.001 were both con-
sidered highly significant and are indicated with asterisks.

Data availability

All raw data that were presented or mentioned in the manuscript
are available from the corresponding author on request.

Results
PAM administration alleviated HIV Tat-induced
behavioural deficits and neuropathologies

To determine whether a7 nAChR is involved in HAND, iTat mice
were fed with doxycycline-containing food pellets for 7 days,
injected subcutaneously with PNU-120596, a well-studied and
highly specific PAM of a7 nAChR73,74 for 5 days, and then subjected
to an open field test for locomotor activity on Day 14 and the
Morris water maze test for learning and spatial memory on Days

Table 1 Experimental groups for PAM treatment, a7 nAChR knockout with PAM treatment and p38 MAPK inhibitor

Mice Sex PAM treatmenta a7 genotypeb p38 MAPK
inhibitor

Wild-type Male WT+DMSO a7+/+WT WT+Vehiclec

WT+PAM a7–/–WT WT+SB239063
Female WT+DMSO a7+/+WT WT+Vehicle

WT+PAM a7–/–WT WT+SB239063
iTat Male WT+DMSO a7+/+iTat iTat+Vehicle

WT+PAM a7–/–iTat iTat+SB239063
Female WT+DMSO a7+/+iTat iTat+Vehicle

WT+PAM a7–/–iTat iTat+SB239063

WT = wild-type.
aPAM was dissolved in 100% DMSO and DMSO was used as the control.
ba7+/+ = wild-type a7 nAChR knockout; a7–/– = a7 nAChR knockout. All animals in this experiment were treated with PAM.
cVehicle: p38 MAPK inhibitor SB239063 was dissolved in 100% DMSO, then diluted in PEG400 and saline in a ratio of 0.8:32:67. Thus, vehicle was a mix of DMSO, PEG400 and

saline at a 0.8:32:67 ratio.
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15–20, before being euthanized to harvest tissues on Day 21
(Fig. 1A). Doxycycline-containing food pellet feeding and PAM in-
jection continued during the next 7 days of behavioural tests. To
minimize the effects of injection on behavioural tests, PAM was
injected 5 h after each behavioural test. Wild-type mice and solv-
ent DMSO were included as controls for iTat mice and PAM in the
experiments, respectively, and mice were further grouped by sex,
which gave rise to a total of eight experimental groups for analyses
(Table 1).

For the open field test, the total travel distance and the max-
imum speed were measured. In DMSO treatments, iTat mice
showed a shorter travel distance than wild-type mice for both

male and female mice, and the difference between the female iTat
mice and female wild-type was much greater than the difference
between male iTat mice and female wild-type mice (Fig. 1B, left).
In comparison, PAM treatment led to improvement in the travel
distance of iTat mice and some improvement in the travel dis-
tance of wild-type mice. For maximum speed, there was no differ-
ence between iTat mice and wild-type mice in the DMSO
treatment group, and PAM treatments led to increases in the max-
imum speed of male wild-type mice but not for the others (Fig. 1B,
right).

At the Morris water maze training stage, escape latency time
(‘escape latency’) and cumulative travel distance (‘cumulative

Figure 1 Effects of PAM on HIV-1 Tat-induced behavioural impairments and neuropathologies. (A) Wild-type (Wt) or iTat mice 3–4 months of age
were fed with doxycycline (Dox)-containing food pellets and injected subcutaneously (s.c.) with PAM PNU-125096 (15 mg/kg/day) or its solvent DMSO
control, and grouped by sex (n = 6–11/group). The mice were subject to an open field test (B) and Morris Water Maze test (training stage, C), and the be-
havioural indices were determined by the ANY-maze software. During the behavioural tests, doxycycline-containing food pellet feeding continued
ad libitum, PNU-125096 was administrated within 5 h following each behavioural test. (D) On Day 21, 1 day after the last behavioural test, all mice
were euthanized, cortex (CORT) and hippocampus (HIP) were dissected out to determine expression of synaptophysin (SYP), PSD-95, GFAP and Iba-1,
and total and phosphorylated p38, JNK and ERK by western blotting. (E) Protein expression was quantified by densitometry and normalized to the
loading control b-actin and calculated using Wt+DMSO as a reference, which was set at 1 (n = 6/group, three males and three females). (F)
Immunofluorescent staining was performed for PSD-95 and MAP2 expression. Scale bars = 20 mm. Subregions in frontal cortex and hippocampus CA1
were chosen as representative region for the cortex and hippocampus, respectively. P 5 0.05 was considered significant and is indicated with aster-
isk, number symbol or dollar sign for comparisons among different groups; **P 5 0.01 and ***P 5 0.001 were both considered highly significant and
are indicated with asterisks.
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distance’) were measured. Compared to wild-type mice treated
with DMSO, iTat mice treated with DMSO showed a longer escape
latency time (Fig. 1C, top left) and longer cumulative travel dis-
tance (Fig. 1C, bottom) on all 5 days, with differences of cumula-
tive travel distances in male mice and escape latency time for
female mice on Day 4. PAM treatment led to remarkable improve-
ments in iTat mice, with differences of escape latency time in
male iTat mice on Days 4 and 5 and female iTat mice on Days 2
and 4 (Fig. 1C, top), and differences of cumulative travel times in
male iTat mice on Day 4 and female iTat mice on Day 2 (Fig. 1C,
bottom). However, only some improvements in male wild-type
mice were found by PAM treatment. In addition, there was an in-
crease in cumulative travel distance in PAM-treated female iTat
mice on Day 5 when compared with PAM-treated female wild-type
mice.

For the Morris water maze probe test, latency to the platform,
platform entries, time at target quadrant, distance to target quad-
rant, time at the platform and distance to the platform were meas-
ured. Male iTat mice treated with DMSO showed less time at target
quadrant and shorter distance to target quadrant, which were
reversed by PAM treatment with the differences in distance to tar-
get quadrant (Supplementary Fig. 1, middle). Interesting to note is
the longer latency to the platform in male iTat mice treated with
DMSO than male wild-type mice treated with DMSO, and
decreases of latency to the platform in both male iTat and wild-
type mice by PAM treatment (Supplementary Fig. 1, left). For other
indices including platform entries, time at the platform and dis-
tance to the platform, there were no differences between iTat and
wild-type mice, DMSO- and PAM-treated mice, and male and fe-
male mice.

We next determined the changes of neuron presynaptic synap-
tic marker synaptophysin (SYP) and postsynaptic marker PSD-95,
astrocyte marker GFAP and microglia marker Iba-1 in cortex and
hippocampus. In cortex, iTat mice treated with DMSO showed sig-
nificantly higher GFAP and Iba-1 than wild-type mice treated with
DMSO (right panels, Fig. 1D, right and E, top and left). PAM treat-
ment led to significant increases of PSD-95 in wild-type mice and
even more in iTat mice but had decreased GFAP in iTat mice and
decreased Iba-1 in both wild-type and iTat mice. Meanwhile, SYP
showed no changes between iTat mice and wild-type mice, and
between DMSO and PAM treatment (Fig. 1D, right and E, top and
left). In hippocampus, PAM treatment increased PSD-95 in both
wild-type and iTat mice, and iTat mice treated with DMSO showed
more Iba-1 than wild-type mice treated with DMSO (left panels,
Fig. 1D, left and E, bottom and left). There were no differences of
SYP and GFAP between wild-type mice and iTat mice, and between
DMSO- and PAM-treated mice. PSD-95 expression and its location
in all these tissues were further confirmed by double immuno-
fluorescent staining for PSD-95 and MAP2 (Fig. 1F).

We next determined whether and which MAPK signalling path-
ways were responsive to PAM neuroprotective effects against Tat-
induced neuropathologies. Both cortex and hippocampus were
analysed for expression and phosphorylation of p38, JNK and ERK.
PAM treatment led to increases of both p38 and p-p38a in both cor-
tex and hippocampus, increases of JNK in cortex of wild-type mice,
increases of JNK in cortex of iTat mice, increases of JNK and p-JNK
in hippocampus of all mice and decreases of ERK in hippocampus
of iTat mice (Fig. 1D right and E). PAM treatment also led to
increases of JNK and p-JNK in both cortex and hippocampus of
wild-type mice. There was a difference of JNK between PAM-
treated iTat mice and PAM-treated wild-type mice. But there were
no differences of p-JNK in cortex of all mice and no differences of
p-ERK in cortex and hippocampus of both iTat and wild-type mice.
Interestingly, iTat mice showed no changes in p38, JNK, ERK and
their phosphorylated counterparts compared to wild-type mice,

both in the absence and presence of PAM treatment. Furthermore,
no differences were noted between female and male mice in all
the molecular analyses, thus the data were pooled after normal-
ization using wild-type mice treated with DMSO as the reference.

Taken together, we showed that PAM treatment significantly
increased locomotor activity, enhanced learning and memory
processes, elevated PSD-95 expression and inhibited GFAP and Iba-
1 expression in iTat mice. We also showed that these changes
were associated with increased levels of p38 and its phosphoryl-
ation, to a lesser extent JNK and its phosphorylation, but not ERK
and its phosphorylation. All these changes were more pronounced
in cortex of iTat mice than hippocampus of iTat mice. These find-
ings demonstrated that PAM was neuroprotective against HIV Tat-
induced behavioural impairments and neuropathologies, and sug-
gest that PAM-mediated activation of a7 nAChR is probably
involved.

a7 nAChR knockout abrogated PAM-induced
neuroprotective function against Tat-induced
behavioural impairments and neuropathologies

To ascertain the neuroprotective function of PAM and the roles of
a7 nAChR in PAM neuroprotective function against Tat-induced
behavioural impairments and neuropathologies, we cross-bred a7
nAChR knockout mice (a7–/–) with iTat mice, generated a7–/–iTat
mice and used these mice in the subsequent three-way ANOVA
design studies (a7 nAChR, iTat and sex; Table 1), in which all eight
groups of mice were fed with doxycycline-containing food pellets
and subcutaneously injected with PAM in the same way as stated
in Fig. 1A and subject to the same behavioural tests and analysis of
SYP, PSD-95, GFAP, Iba-1 and MAPK signalling pathways.

In the open field test, there were only differences of total travel
distance and maximum speed between wild-type a7–/– (a7–/–WT)
female mice and a7–/–iTat female mice (Fig. 2A). During the Morris
water maze training stage, a7–/–iTat male mice showed longer es-
cape latency than a7+/+iTat male mice on all 5 days with differen-
ces on Days 2 and 3 (Fig. 2B, top left). a7–/–iTat male mice also had
longer cumulative travel distance than a7+/+iTat male mice on Day
3 (Fig. 2B, bottom left). All female mice showed no differences in
escape latency and cumulative distance (Fig. 2B, right). In add-
ition, compared with a7–/–WT mice, a7–/–iTat mice showed longer
escape latency and longer cumulative distance on Day 3 (male
mice) and on Day 4 (female mice), suggesting that Tat expression
caused more severe learning impairment in a7–/– mice.
Furthermore, a7–/–WT mice had longer escape latency and longer
cumulative distance than a7+/+WT on Day 4 (male mice), and only
longer escape latency on Day 5 (female mice) and longer cumula-
tive distance on all 5 days (female mice), indicating that a7 nAChR
knockout itself also had negative effects on the learning of the
mice, particularly on females. In the probe test, a7–/–iTat male
mice had fewer platform entries, shorter time at target quadrant,
time at the platform and distance to the platform than a7–/–WT
male mice (Supplementary Fig. 2). a7–/–iTat male mice also showed
shorter distance to target quadrant than a7+/+iTat male mice. In fe-
male mice, iTat mice showed longer latency to the platform and
shorter time at target quadrant than wild-type mice. No other dif-
ferences were noted among the different groups of mice.

Protein expression in cortex and hippocampus of these mice
were also determined. In cortex, a7+/+iTat mice had higher PSD-95
than a7+/+WT mice, while no differences of PSD-95 were detected
between a7–/–iTat mice and a7–/–WT mice (Fig. 2C, left and D, top
left). a7–/–WT mice had lower GFAP than a7+/+WT mice, and
a7–/–iTat mice had lower GFAP than a7+/+iTat mice and a7–/–WT
mice. a7–/–iTat mice had higher Iba-1 than a7–/–WT mice and a7+/

+iTat mice. In hippocampus, a7–/–iTat mice showed lower PSD-95

3360 | BRAIN 2021: 144; 3355–3370 X. Zhao et al.

https://academic.oup.com/brain/article-lookup/doi/10.1093/brain/awab251#supplementary-data
https://academic.oup.com/brain/article-lookup/doi/10.1093/brain/awab251#supplementary-data
https://academic.oup.com/brain/article-lookup/doi/10.1093/brain/awab251#supplementary-data


than a7+/+iTat mice (Fig. 2C, right and D, bottom left). a7–/–WT
mice had higher Iba-1 than a7+/+WT mice and a7–/–iTat mice. PSD-
95 expression and its location were further confirmed by double
immunofluorescent staining for PSD-95 and MAP2 (Fig. 2E). In re-
gard to MAPK signalling pathways, in cortex, a7–/–iTat mice
showed lower p38 and p-p38a than a7–/–WT and a7+/+iTat mice,
while a7–/–WT mice showed higher p38 and p-p38a than a7+/+WT
mice (Fig. 2C, left and D, top and right), further suggesting pos-
sible interplays among the a7 nAChR, HIV Tat neurotoxicity and
p38 MAPK signalling pathway. In hippocampus, p38 and p-p38a

showed similar trends but are lower only for p-p38a in a7–/–iTat
mice (Fig. 2C, right and D, bottom and right). Only a7–/–iTat
showed lower JNK than a7–/–WT in cortex. a7–/–WT had higher ERK
and p-ERK than a7+/+WT in cortex, while a7–/–iTat had higher p-
ERK than a7+/+iTat in cortex. No other differences were noted with
JNK, p-JNK, ERK and p-ERK in hippocampus.

Taken together, we showed that a7 nAChR knockout abolished
the neuroprotective effects of PAM against locomotor and learning
and memory deficits of iTat mice. We also showed that a7 nAChR

knockout specifically led to significant decreases of PSD-95 and
p38a in both cortex and hippocampus, p-p38a in cortex and signifi-
cant increases of Iba-1 in cortex of iTat mice. These findings con-
firm that a7 nAChR was directly involved in PAM neuroprotective
function against Tat-induced behavioural impairments and
neuropathologies.

p38 inhibition aggravated Tat-induced behavioural
impairments and neuropathologies

The inverse correlation between Tat-induced behavioural impair-
ments and neuropathologies and p38 expression and phosphoryl-
ation by PAM treatment (Fig. 1) and a7 nAChR knockout (Fig. 2)
raised the possibility that p38 MAPK signalling pathway could be
an important mediator of Tat neurotoxicity and PAM neuroprotec-
tive function against Tat neurotoxicity. To address this possibility,
we took advantage of SB239063, a potent and selective p38 MAPK
inhibitor and determined its effects on Tat-induced behavioural
impairments and neuropathologies using the same experimental

Figure 2 Effects of a7 nAChR knockout on PAM neuroprotection against Tat-induced behavioural impairments and neuropathologies. A similar ex-
perimental scheme was performed as in Fig. 1A except a7 nAChR knockout mice (a7–/–) and a7–/–iTat mice were used, which were obtained by cross-
breeding a7–/– mice with iTat mice and that the mice in all groups were receiving doxycycline-containing food pellets and PAM injections (n = 6–11/
group). Similar behavioural open field test (A), Morris water maze training test (training stage, B), and western blotting (C and D) were performed
(n = 6/group, three males and three females). Immunofluorescent staining was also performed for PSD-95 and MAP2 (E, scale bars = 20 mm). GT =
genotype. P 5 0.05 was considered significant and is indicated with asterisk, number symbol or dollar sign for comparisons among different groups;
**P 5 0.01 and ***P 5 0.001 were both considered highly significant and are indicated with asterisks. CORT = cortex; HIP = hippocampus.
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Figure 3 Effects of p38 MAPK inhibitor SB239063 on Tat-induced behavioural impairments and neuropathologies. A similar experimental scheme
was performed as in Fig. 1A except for using intraperitoneal injection of p38 MAPK inhibitor SB239063 (15 mg/kg/day) in place of subcutaneous injec-
tion of PAM PNU-125096 for mice in all groups (n = 7–12/group). Similar behavioural open field test (A), Morris water maze test (training stage, B), west-
ern blotting (C and D, n = 6/group, only males; Results from females were shown in Supplementary Fig. 4), and immunofluorescent staining was
performed for PSD-95 and MAP2 (E, scale bars = 20 mm). P 5 0.05 was considered significant and is indicated with asterisk, number symbol or dollar
sign for comparisons among different groups; **P 5 0.01 and ***P 5 0.001 were both considered highly significant and are indicated with asterisks.
CORT = cortex; HIP = hippocampus.
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scheme as Fig. 1A, except for intraperitoneal injection of SB239063
in place of subcutaneous injection of PAM in these eight groups of
mice (Table 1).

In the open field test, iTat mice showed a longer total travel dis-
tance than male wild-type mice and shorter travel distance than
female wild-type mice, and slower maximum speed than male
and female wild-type mice (Fig. 3A). SB239063 treatment led to no
significant differences in travel distance and maximum speed be-
tween wild-type and iTat mice, both male and female. Notably,
there was a difference of travel distance between SB239063-treated
and vehicle-treated female mice, in both wild-type and iTat mice.
In the Morris water maze training stage, male iTat mice showed a
longer escape latency than male wild-type mice on all 5 days,
while SB239063 treatment led to even longer escape latency than
wild-type mice, with differences on Days 3 and 4 for male mice
(Fig. 3B, top and left). Female iTat mice showed similar trends
with difference on Day 4 compared with female wild-type mice
(Fig. 3B, top and right). Similar patterns of the results were
obtained about the cumulative distance, with the difference be-
tween vehicle-treated male iTat and male wild-type mice on Day 3
and difference between SB239063-treated male iTat and male
wild-type mice on Days 2 and 3, and female iTat and wild-type
mice on Day 4 (Fig. 3B, bottom). In the Morris water maze probe
test, in the vehicle treatment, iTat male mice had shorter time at
the target quadrant and distance to the target quadrant than wild-
type male mice, while in the SB239063 treatment, male iTat mice
had fewer platform entries, shorter distance to the target quadrant
and distance to the platform than wild-type male mice
(Supplementary Fig. 3). Except for the latency to the platform, in
which SB239063-treated female iTat mice had longer latency than
vehicle-treated female iTat mice, all SB239063-treated female iTat
mice had fewer platform entries, shorter times at the target quad-
rant, distances to the target quadrant, time at the platform and
distance to the platform than vehicle-treated female wild-type
and iTat mice and SB239063-treated female wild-type mice.

Similarly, cortex and hippocampus of both male and female
mice were analysed for protein expression, as they showed differ-
ential responses to the SB239063 treatment (Fig. 3C and D and
Supplementary Fig. 4A and B). In cortex and hippocampus of both
male and female mice, PSD-95 showed an identical pattern: ve-
hicle-treated iTat mice had a higher PSD-95 than vehicle-treated
wild-type mice, and SB239063-treated iTat mice had a lower PSD-
95 than SB239063-treated wild-type mice (Fig. 3C and D and
Supplementary Fig. 4A and B). All changes in PSD-95 were further
verified by immunofluorescent staining, which also overlapped
with MAP2 staining (Fig. 3E and Supplementary Fig. 4C). In both
cortex and hippocampus of male mice, vehicle-treated iTat mice
had higher SYP and GFAP than vehicle-treated wild-type mice, but
SB239063-treated iTat mice showed no differences in SYN and
GFAP (except hippocampus) from SB239063-treated wild-type mice
(Fig. 3C and D). In both cortex and hippocampus of female mice,
vehicle-treated iTat mice showed no differences of SYP, GFAP and
Iba-1 from vehicle-treated wild-type mice, but SB239063-treated
iTat mice showed lower SYP, GFAP and Iba-1 with differences from
SB239063-treated wild-type mice (Supplementary Fig. 4A and B).
There were other differences between individuals and groups, but
with no consistent patterns.

Taken together, we showed that inhibition of p38 MAPK signal-
ling pathway by SB239063 led to worsening learning and memory
deficits in iTat mice and PSD-95 downregulation, and that
SB239063 treatment showed no effects on the locomotor activity
but showed sex-specific changes of protein expression of SYP and
GFAP. These findings suggest strong interplays between p38 MAPK
signalling pathway and PSD-95 in Tat neurotoxicity.

Differential response of neurons, microglia,
astrocytes and neuron-astrocyte co-cultures to Tat
and PAM

To ascertain our findings obtained from iTat mice and to elucidate
relative roles of each type of brain cell in the interaction among
the Tat neurotoxicity, PAM/a7 nAChR and p38 MAPK signalling
pathway, we isolated primary cortical neurons, microglia and
astrocytes from wild-type and a7 nAChR knockout mice, cultured
them in the presence of Tat-containing conditioned medium (Tat-
CM) or its control conditioned medium (Ctrl-CM) and in the pres-
ence of PAM and PNU-282987 (P2), or its solvent control DMSO for
24 h, and then determined expression levels of PSD-95, Iba-1, GFAP
and p-p38 and p38 in these cells by western blotting. PNU-282987
(P2) was used as an a7 nAChR agonist in these in vitro experiments.

In the primary cortical neurons of wild-type mice, treatment of
Tat, PAM+P2, or Tat plus PAM+P2, all showed lower PSD-95, p-p38
and p38 than the control treatment, while primary cortical neurons
of a7–/– mice showed similar effects, and treatments of these neu-
rons with Tat, PAM+P2 or Tat plus PAM+P2 showed no further
changes (Fig. 4A and B, top). In the microglia of wild-type mice,
PAM+P2 or Tat plus PAM+P2 showed lower Iba-1, p-p38 and p38,
while Tat alone increased Iba-1; In microglia of a7–/– mice, only Tat
(plus DMSO or PAM+P2) has higher Iba-1 than its control (plus
DMSO or PAM+P2), and there were no differences in Iba-1 between
DMSO and PAM+P2 (Fig. 4A and B, middle), which were consistent
with our findings in cortex (Fig. 2C and D). Moreover, primary micro-
glia of wild-type and a7–/– mice under different treatments were
visualized for their morphology (Fig. 4E), skeletonized (Fig. 4F) and
calculated for the total length of the branches, indicative of micro-
glia activation (Fig. 4G). In microglia of wild-type mice, Tat had
shorter of branches than its control, while PAM+P2 had longer
branches in both Tat and its control treatments. In microglia of a7–/–

mice, Tat had shorter branches than its control and there were no
differences in the branch lengths between DMSO and PAM+P2. In
astrocytes of wild-type mice, Tat had higher GFAP, p-p38 and p38,
while Tat plus PAM+P2 had lower GFAP, but maintained the higher
level of p-p38 and p38. In astrocytes of a7–/– mice, only Tat (plus
DMSO or PAM+P2) had lower GFAP and p-p38 than its control (plus
DMSO or PAM+P2) and there were no differences of GFAP and p38
between DMSO and PAM+P2 (Fig. 4A and B, bottom), which were
also consistent with our findings in cortex (Fig. 2C and D).

In addition, we also performed immunofluorescence staining
of primary cortical neurons for PSD-95 (Fig. 4C) and quantified
PSD-95 expression. Consistent with the findings from western
blotting, Tat or PAM+P2 had lower PSD-95 than its control in wild-
type neurons, and only Tat (DMSO and PAM+P2) had lower PSD-95
than its control (DMSO and PAM+P2) in a7–/– neurons, and there
were no differences of PSD-95 between DMSO and PAM+P2
(Fig. 4D).

To determine whether neuron-astrocyte interaction would be
important for the interaction among the Tat neurotoxicity, PAM/a7
nAChR and p38 MAPK signalling pathway, similar experiments
were performed using primary cortical neurons-astrocyte co-cul-
tures from wild-type and a7 nAChR knockout mice. In the neuron-
astrocyte co-cultures of wild-type mice, PAM+P2, Tat or Tat plus
PAM+P2 all had higher PSD-95, p-p38 and p38, while in the neuron-
astrocyte co-cultures of a7–/– mice, only Tat (plus DMSO or
PAM+P2) had a lower PSD-95, p-p38 and p38 than its control (plus
DMSO or PAM+P2) and there were no differences in PSD-95, p-p38
and p38 between DMSO and PAM+P2 (Fig. 5A and B). Similar results
were obtained for PSD-95 in neuron-astrocyte co-cultures (Fig. 5C
and D). Taken together, we showed that Tat treatment led to sig-
nificant lower PSD-95 in neurons and higher PSD-95 in neuron-
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astrocyte co-cultures, higher Iba-1 in microglia and higher GFAP in
astrocytes, while PAM treatment led to lower PSD-95 in neurons,
higher PSD-95 in neuron-astrocyte co-cultures, lower Iba-1 in
microglia and lower GFAP in astrocytes, and a7 nAChR knockout
plus Tat led to lower p-p38 and p38 with differences in neurons,
microglia, astrocytes and neuron-astrocyte co-cultures. PSD-95
staining and microglia morphology showed similar results. These
findings are consistent with the in vivo findings in mouse cortex
(Figs 1E and F, 2D and E), and indicate that both microglia and
astrocytes are important for the interaction among Tat neurotox-
icity, PAM/a7 nAChR and p38 MAPK signalling pathway.

Microglia activation in mouse cortex in response to
Tat, PAM and a7 nAChR knockout

To determine the relationship between microglia activation, Tat
neurotoxicity and PAM/a7 nAChR, we performed the immunohis-
tochemistry staining of microglia in cortex of wild-type and iTat
mice treated with and without PAM (Fig. 1). Microglia were visual-
ized for their morphology (Fig. 6A), and skeletonized (Fig. 6B) and
quantitated for the number of branches and end points (Fig. 6C).
iTat mice had more branches and end points than its wild-type

control, PAM-treated iTat mice had fewer branches and end points
than PAM-treated wild-type mice and DMSO-treated iTat mice.
Similar immunohistochemistry staining was also performed with
cortex of a7+/+WT, a7+/+iTat, a7–/–WT and a7–/–iTat mice in the pres-
ence of PAM (Fig. 2). a7–/–iTat mice had more branches and end
points than a7–/–WT mice and a7–/–iTat mice (Fig. 6D and E). These
findings further confirmed that microglia activation was directly
involved in Tat neurotoxicity and its interaction with PAM/a7
nAChR.

Discussion
In this study, we first showed that PAM treatment greatly
improved locomotor activity, learning and memory of iTat mice,
and increased PSD-95 expression and decreased GFAP and Iba-1
expression in cortex of iTat mice. We next showed that knockout
of a7 nAChR abolished PAM protection against Tat-induced neuro-
toxicity. a7 nAChR expression was detected in both cortex and
hippocampus of iTat mice, although its expression was increased
in cortex by either Tat expression or PAM treatment but only
decreased in hippocampus by both Tat expression and PAM treat-
ment (Supplementary Fig. 5A–C). In addition, PAM/P2 treatment

Figure 4 Response of primary neurons, microglia, astrocytes and neuron-astrocyte co-cultures to Tat and PAM. (A) Primary neurons, microglia, astro-
cytes were isolated from 1-day-old pups of wild-type (Wt) and a7–/– mice, treated with the conditioned medium from pcDNA3-transfected cells (Ctrl-
CM) or pcDNA3-Tat-transfected cells (Tat-CM) and PNU-125096 (PAM, 1mM) and an a7 agonist PNU-282987 (P2, 0.5mM) for 24 h and harvested to deter-
mine expression of PSD-95, Iba-1 or GFAP, or p-p38, p38 and b-actin by western blotting. (B) Protein expression was quantitated as in Fig. 1E. (C)
Primary neurons were also double immunostained for PSD-95 and MAP2. (D) The positive staining area of PSD-95 puncta was quantitated by ImageJ.
Primary microglia were visualized for their morphologies by microscopy before harvesting for cell lysates (E) and then skeletonized (F). The line
shaped branches, indicative of the ramified stage, and their total length are quantified in G. The cells with shorter, non-completely formed or no line
shaped branches were recognized as more amoeba-like phenotypes, which presented more often in only Tat treated wild-type group and a7- with
Tat treatment groups (A). Multiple independent repeats were used for statistical analysis (n = 3/group for western blotting; n = 8/group for immuno-
fluorescent staining, n = 6/group for microglia morphology). P 5 0.05 was considered significant and is denoted with an asterisk; **P 5 0.01 and ***P 5
0.001 were considered highly significant. Scale bars = 10 mm (C) and 50 mm (E).
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led to decreased a7 nAChR expression in neurons but increased a7
nAChR expression in microglia and astrocytes, while Tat led to
increased a7 nAChR expression in microglia and astrocytes but
decreased a7 nAChR expression in neurons (Supplementary Fig.
5D and E). These results demonstrated that a7 nAChR expression
was directly involved in PAM neuroprotective activity against Tat
neurotoxicity, but changes of a7 nAChR expression in response to
Tat and PAM treatment was brain region- and cell type-dependent.

Thus, the changes of a7 nAChR expression in response to Tat and
PAM treatment alone could not account for the PAM neuroprotec-
tive effects in this study. Furthermore, it is quite reasonable to as-
sume that a7 nAChR is expressed in the brain of other rodent
HAND models, even though no studies about a7 nAChR expression
in these models are currently available.

In addition, we showed that inhibition of p38 MAPK signalling
pathway worsened Tat-induced learning and memory impair-
ments and was associated with downregulation of PSD-95 in both
cortex and hippocampus. Inhibition of p38 MAPK signalling path-
way has led to improved cognition, learning and memory in sev-
eral neurological diseases.78–83 We indeed noted some beneficial
effects in the wild-type mice when treated with p38 MAPK inhibi-
tor SB239063. On the other hand, PSD-95 up-regulation and
improved behaviours were noted with PAM-treated iTat mice
while little p38 MAPK was altered in iTat mice in the absence of
PAM treatment. These results together indicate p38 MAPK

regulation of PSD-95 expression is involved in PAM-activated a7
nAChR-mediated protection against Tat neurotoxicity and that
p38 MAPK activation is not involved in Tat neurotoxicity, at least
at the level of Tat expression in the brain of these iTat mice. In vitro
studies on the involvement of p38 MAPK on Tat neurotoxicity are
not consistent. For instance, inhibition of p38 by SB203580 failed to
block Tat-induced neurite losses and cell death in striatal neu-
rons,84 but prevented Tat-induced apoptosis in cerebellar granule
neurons.85 Moreover, inhibition of p38 MAPK by a different inhibi-
tor SB202190 decreased Tat-induced inflammation and oxidation
in hippocampal slice cultures.46 Several factors could contribute to
these inconsistencies. First, the specificity of the inhibitors differs.
SB203580 and SB202190 both have shown off-target effects.86

SB239063, the inhibitor used in this study is the second generation
of p38 MAPK inhibitor and is much more selective and more popu-
lar for neurological disease studies;82 Second, in vitro experimental
systems differ. For example, different types of neuron cultures
were used. Last and more plausibly, higher concentrations of Tat
were often used in these in vitro experiments than that in the brain
of the iTat mice, while Tat expression in the brain of iTat mice87 is
more relevant to that in the HIV-infected brain in the era of anti-
retroviral therapy.26,27 Interestingly, we also noted that both fe-
male wild-type and female iTat mice performed better in the open
field test than male wild-type and male iTat mice in response to
SB239063, which was consistent with higher SYP in cortex of the

Figure 5 Response of neuron-astrocyte co-cultures to Tat and PAM. (A) Primary cortical neurons-astrocytes were isolated from 1-day-old pups of
wild-type (Wt) and a7–/– mice, treated with the conditioned medium from pcDNA3-transfected cells (Ctrl-CM) or pcDNA3-Tat-transfected cells (Tat-
CM) and PNU-125096 (PAM, 1 mM) and an a7 agonist PNU-282987 (P2, 0.5 mM) for 24 h, and harvested to determine expression of PSD-95, p-p38 and
p38 and b-actin by western blotting. (B) Protein expression was quantitated. Primary neurons were also double immunostained for PSD-95 (red)
and MAP2 (green) (C) and quantitated for PSD-95 (D). Multiple independent repeats were used for statistical analysis (n = 3/group for western
blotting). P 5 0.05 was considered significant and is denoted with an asterisk; **P 5 0.01 and ***P 5 0.001 were considered highly significant. Scale
bars = 10 mm (C).
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female mice than male mice. These results suggest the unique
roles of p38 MAPK signalling pathway in sex-dependent specific
behavioural changes of iTat mice and that SYP expression in cor-
tex is associated with locomotor activity control.

We also determined neuropathological changes in response to
PAM treatment and a7 nAChR knockout, by focusing on neuronal
markers SYP and PSD-95, and microglia marker Iba-1 and astro-
cyte marker GFAP in two important brain regions, cortex and
hippocampus. SYP showed no significance changes in both cortex
and hippocampus of iTat mice when treated with PAM in the
presence and absence of a7 nAChR, which was further confirmed
by immunofluorescent staining (Supplementary Fig. 6). PSD-95
showed increases in both cortex and hippocampus of wild-type

and iTat mice and PAM treatment led to more increases, while a7
nAChR led to decreases of PSD-95 in both cortex and hippocam-
pus of iTat mice in the presence of PAM. Similar results were
obtained in our subsequent neuron-astrocyte co-cultures with
and without a7 nAChR expression. Nevertheless, we and others
have shown that Tat induces PSD-95 down-regulation when
Tat-expressing conditioned medium from astrocytes was used
to treat neurons or using recombinant Tat protein in a trans-well
setting of astrocytes and neurons without direct contact.37,88

These studies further support the hypothesis that astrocytes are
the key regulator of Tat neurotoxicity and suggest that the cell–
cell interaction between astrocytes and neurons is important for
this regulatory role.

Figure 6 Microglia activation by PAM in cortex of iTat mice and a7–/– iTat mice. (A) The brains from Fig. 1 were dissected, fixed, sectioned and stained
for Iba-1. Microglia morphologies were skeletonized (B), and the total length and end points of branches in three brain regions including prefrontal,
parietal and occipital cortex were quantified and averaged from three sections of each mouse (n = 6/group, 3 males and 3 females) (C). Similarly, the
brains from Fig. 2 were processed and stained for Iba-1 (D), skeletonized and quantitated (E). The WT+DMSO group was used as a reference and set at
1. P 5 0.05 was considered significant and is denoted with an asterisk; **P 5 0.01 and ***P 5 0.001 were considered highly significant. Scale bars =
200 mm (A).
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Besides SYP and PSD-95, we also showed significant changes of
Iba-1 and GFAP in response to the Tat, PAM/a7 nAChR and p38
MAPK signalling pathway. Tat expression led to increases of GFAP
expression and PAM treatment completely reversed the increases
in cortex and in vitro. A similar response was obtained with Iba-1. a7
nAChR knockout further abrogated PAM effects on Tat-induced Iba-
1 expression but not GFAP expression, suggesting distinct roles of
a7 nAChR in astrocytes. a7 nAChR expressed in these non-excitable
glia cells is usually associated with its anti-inflammatory role.89

However, we failed to detect infiltrates of immune cells in Tat-
expressing brain of the iTat mice (Supplementary Fig. 7). We also
failed to detect significant changes of pro-inflammatory cytokines/
chemokines such as TNF-a in the brain of iTat mice and in in vitro
Tat-containing conditioned medium-treated primary microglia and
astrocytes (Supplementary Fig. 8), despite the fact that astrogliosis
and microgliosis were clearly detected by the current study and our
previous studies.32,38 Taken together, the results demonstrated that
activation of microglia and astrocytes were important links among
Tat neurotoxicity, PAM/a7 nAChR interaction and p38 MAPK sig-
nalling pathway and suggest that a7 nAChR anti-inflammatory
property is not primarily responsible for PAM neuroprotective
effects against Tat neurotoxicity. Of note were differences of
GFAP and Iba-1 expression in cortex and hippocampus and their
differential responses to PAM/a7 nAChR activation, which may
result from the cell heterogeneity in different brain regions and
different expression of a7 nAChR in these cells.

Importantly, the findings from the current study raised the possi-
bility that PSD-95 is the convergent link involved in the interplays be-
tween Tat neurotoxicity and a7 nAChR activation. PSD95 participates
in synapse formation, maturation and plasticity and glutamate-medi-
ated neurotoxicity,90 its loss leads to abnormal LTP, impairs learning
and memory process,91–93 and is involved in several neurological and
psychiatric diseases.94–97 Tat binds to LRP23 and induces LRP/PSD-95/
NMDAR complex formation potentiates glutamate excitotoxicity and
promotes neuronal apoptosis.98 Therapeutic approaches have been
proposed to disrupt PSD-95/NMDAR complex to ameliorate pathologic-
al changes.99–101 Meanwhile, our results showed increased PSD-95 ex-
pression was closely associated with improved learning and memory
and locomotor activity. It is possible that increased PSD-95 serves as a
compensatory mechanism for its loss in formation of abnormal com-
plexes and to enhance its synaptic function, as evidenced in studies in
which increased PSD-95 correlates with its protective effects in
Alzheimer’s disease and Parkinson’s disease animal models.102–104

In conclusion, we showed that PAM treatment led to significant
protection against Tat-induced locomotor, learning and memory
impairments and astrocyte/microglia activation and neuronal in-
jury. We also showed that a7 nAChR activation, followed by p38
MAPK-mediated PSD-95 expression contributed to PAM-induced
neuroprotection against Tat neurotoxicity. These findings demon-
strate for the first time that a7 nAChR and its PAM hold significant
therapeutic promise for development of therapeutics for HAND.
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