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Abstract
α7 neuronal nicotinic acetylcholine receptors (α7nAChRs) are expressed widely in the brain, where they
contribute to a variety of behaviors including arousal and cognition, participate in a number of
neurodegenerative disorders including Alzheimer’s and Parkinson’s disease, and is responsible for
nicotine addiction. Although recent studies indicate that the PDZ-containing proteins comprising PSD-95
family co-localize with nicotinic acetylcholine receptors and mediate downstream signaling in the
neurons, the mechanisms by which α7nAChRs are regulated are still less well understood. Here we show
that the regulation of the α7nAChRs is controlled by PDLIM5 in the endogenous PDZ domain proteins
family. We �nd that chronic exposure to 1 μM nicotine up-regulated both α7, β2-contained nAChRs and
PDLIM5 in primary cultured hippocampal neurons, and the up-regulation of α7nAChRs and PDLIM5 is
increased more on the cell membrane than the cytoplasm. Interestingly, the α7nAChRs and β2nAChRs
display distinct patterns of expression, with α7 co-localized more with PDLIM5. Meanwhile, PDLIM5
interacts with native brain α7 but not β2 nAChRs in neurons. Moreover, knocking down of PDLIM5 in
heterologous cells abolishes nicotine-induced up-regulation of α7nAChRs. In cultured hippocampal
neurons, shRNA against PDLIM5 decreased both surface clustering of α7nAChRs and α7nAChRs
mediated currents. Proteomics analysis shows PDLIM5 interacts with α7nAChRs through the PDZ
domain and the interaction between PDLIM5 and α7nAChRs can be promoted by nicotine. Collectively,
our data suggest a novel cellular role of PDLIM5 in regulating α7nAChRs, which may be relevant to
plastic changes in the nervous system.

Introduction
Nicotinic acetylcholine receptors (nAChRs) are widespread throughout the central nervous system.
Endogenous signaling through nAChRs contributes to numerous higher order functions, including
memory and cognition, participates in a number of neurodegenerative disorders, and is responsible for
nicotine addiction[1–4]. The hippocampus is attractive for nicotinic cholinergic analysis because it is an
ordered structure in the brain with known functions and expresses relatively high levels of the two main
nicotinic receptors, the homopentameric α7-containing receptors (α7nAChRs) and the heteropentameric
β2-containing nicotinic acetylcholine receptors (β2nAChRs)[5, 6]. Chronic exposure to nicotine, as in
tobacco smoking, upregulates nicotinic acetylcholine receptor surface expression in neurons. This up-
regulation has been proposed to play a role in nicotine addiction and withdrawal, and also has pivotal
implications in psychiatric pathologies such as depression and schizophrenia[7, 8]. Up-regulation of
neuronal nAChRs induced by chronic nicotine exposure has been demonstrated in vitro and animal
models[9–11], and also has been shown in the post mortem brain of smokers[12]. Several models have
been proposed to explain the different effects of nicotine on nAChRs subtypes[13, 14], but the
mechanism and cellular machinery required for nAChRs up-regulation are still not completely understood.

The assembly and tra�cking of nicotinic acetylcholine receptor subtypes and their expression on the cell
surface are identi�ed as the key steps in nicotine-induced up-regulation[15–17]. Recent studies indicate
that the PDZ-containing proteins comprising postsynaptic density-95 (PSD-95) family serve as complex
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molecular scaffolds for nAChRs at nicotinic synapses and contribute importantly to nicotinic
signaling[18]. In mice, lacking PSD-93 leads synaptic clusters of nAChRs disperse much more rapidly[19].
In hippocampal neurons, α7nAChRs is co-localized with PSD-95, which is associated with α7nAChRs and
constrains their mobility[20]. Study on the α7nAChRs clustering on the surface of the interneurons also
shows that PICK1 (protein interacting with C kinase-1), a PDZ-containing protein interacts with α7nAChRs
by its cytoplasmic loop[21].

PDLIM5, formerly known as Enigma Homolog (ENH), is a PDZ-LIM domain family protein, showing
enriched expression in various brain regions. It contains one PDZ domain and three LIM domains[22, 23].
PDLIM5 has been implicated in susceptibility to bipolar disorder, major depression, and
schizophrenia[24–26]. The precise mechanisms by which PDLIM5 regulates the functions of the nervous
system remain to be determined. It has been shown that PDLIM5 regulates neuronal calcium signaling
and co-localizes with neurotransmitter-protruding vesicles[27]. PDLIM5 can bind to spine-associated Rap
GTPase-activating protein (SPAR) and cause dendritic spine shrinkage[28]. It has also been found that
PDLIM5-PKCε interaction in the growth cone is essential for regulation of the neuronal growth cone
morphology[29]. Moreover, PDLIM5 can interact with delta-catenin to form complex, which enhances
dendrite branching at the expense of elongation during neuron development[30].

Here, we demonstrated a novel function of PDLIM5 in nicotine-induced upregulation of α7nAChRs. We
found that chronic exposure to nicotine up-regulated α7nAChRs and PDLIM5, and the up-regulation was
increased more on the cell membrane than the cytoplasm. Meanwhile, PDLIM5 interacted with α7 but not
β2 nAChRs in primary cultured neurons. Knocking down of PDLIM5 abolished nicotine-induced up-
regulation of the expression of α7nAChRs in SH-SY5Y cells. In primary cultured hippocampal neurons,
using shRNA against PDLIM5 decreased both surface clustering of α7nAChRs and α7nAChRs mediated
currents. Proteomics analysis showed that PDLIM5 interacted with α7nAChRs through the PDZ domain,
and the interaction of PDLIM5 and α7nAChRs could be promoted by nicotine. These �ndings de�ne a
novel effect of PDLIM5 in α7 nicotinic acetylcholine receptors up-regulation and surface expression in
neurons, and might be shed light on the PDLIM5 modulating cholinergic signaling in process thought to
underlie synaptic plasticity, cognition, and nicotine addiction.

Materials And Methods
Construction of plasmids

The full-length PDLIM5 (NM053326.1) and α7nAChRs (AY574256.1) were ampli�ed from rat brain (250g)
tissue by RT-PCR. GST-tagged and polyhistidine (6×His)-tagged recombinant expression vector were
generated by inserting the gene fragment into the pGEX vector (Amersham Pharmacia Biotech) and the
pET-30 vector (Qiaqen). The full-length and subclone of PDLIM5 were generated as follow: PDZ domain
(amino acid residues: 1–84), D1 (amino acid residues: 1-413), and LIM1-3 (amino acid residues: 414–
591). Points mutations of PDLM5 within the highly conserved four residue GLGF at PDZ domain was
made as MUTANT1 (GLGF → GAGA), MUTANT2 (GLGF → GAAA) and MUTANT3 (GLGF → AAAA). The
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gene fragments are also inserted into pCMV-Tag2B (Stratagene) and pcDNA3.1(+) (Thermo Fisher) with
�ag-tag and HA-tag. The speci�c small hairpin RNA (shRNA) of PDLIM5 has been validated and used in
our previous articles[29]. All constructs were veri�ed by sequencing.

Drugs and antibodies

Nicotine (AJ0052, Express Technology), MLA (505208, Sigma), DHβE (2349, Tocris), Acetylcholine
(A6625, Sigma) and PNU120596 (2498, Tocris) were dissolved in DMSO or water. Polyclonal PDLIM5
antibody (388800) was obtained from Thermo Fisher. Monoclonal anti-α7nAChRs antibody (sc-58607)
and polyclonal anti-β2nAChRs antibody (sc-58596) were from Santa Cruz. Alexa 555-conjugated α-
bungarotoxin (α-Bgtx) (B35451) was from Thermo Fisher. Monoclonal anti-GAPDH (HC301-01) and anti-
β-tubulin (HC101-01) were from TRANS. Monoclonal Anti-Na+/K+ ATPase antibody (ab58475) was from
Abcam. Monoclonal antibody Anti-DYKDDDDK (HT201-01), anti-HA (HT301-01), Anti-His (HT501-01), and
anti-GST (HT601-01) were from TRANS. Secondary antibodies with peroxidase-conjugated were obtained
from Jackson ImmunoResearch Laboratories. Secondary antibodies with Alexa Fluor 488 and 546 were
obtained from Thermo Fisher.

Cell culture and transfection

Hippocampi or cortex were dissected from the brain tissue of postnatal days 0 to 1 (P0-P1) Sprague-
Dawley (SD) rat. To dissociate hippocampal neurons, papain (Worthington) was used, and the neurons
were plated at a density of 1×105cell/cm2 for immunostaining and 2×105cell/cm2 for electrophysiology
onto 12 mm diameter poly-D-lysine (sigma) coated glass coverslips. The cells were grown in
Neurobasal™-A Medium (Gibco) supplemented with B-27™ supplement (Gibco) and 1×GlutaMAX™
Supplement (Gibco) at 37°C in a 5% CO2 humidi�ed incubator (HERA CELL150). Half of the culture
medium was replaced every 3 days. The culture neurons were maintained for 1, 3 or 7 days with either
nicotine, MLA, DHβE or DMSO (as control). PDLIM5 shRNA or scramble transfections with calcium
phosphate was carried out on DIV 6–7 cultured hippocampal neurons and assays were performed on DIV
9–10.

SH-SY5Y human neuroblastoma cells and HEK293T cells were maintained in DMEM (Gibco), 10% fetal
bovine serum (Gibco) and 1×Penicillin-Streptomycin (Gibco) at 37℃ in a 5% CO2 humidi�ed incubator.
Lipofectamine 3000 (Thermo Fisher) was used for cell transfection. To generate stable cell lines with
PDLIM5 knockdown, SH-SY5Y cells were transfected with PDLIM5 shRNA or a scramble plasmid by
Lipofectamine 3000, and selected in Puromycin (5ug/mL, Cayman). Then, cells were maintained with
either nicotine (1 µM) or DMSO (as control) being present for about 3 days.

Western blotting

Proteins were separated on SDS-PAGE, transferred to PVDF membranes (Millipore), and then blocked with
5% skimmed milk in TBST buffer (in mM, 20 Tris/HCl, pH 7.5, 150 sodium chloride, 0.1% Tween 20) for 1
h followed by incubation with various primary antibodies at 4°C overnight. Quantitation was obtained
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from densitometric measurements of immunoreactive bands and analyzed with the Image J 1.53e and
GraphPad Prism 7.00.

Expression of recombinant proteins in vitro

GST fusion proteins or 6×His-tagged proteins were expressed in the BL21 (DE3) pLys S strain of
Escherichia coli (Tiangen). Production of GST-fused proteins was induced by the addition of 0.1 mM
isopropyl-1-thio-hd-galactopyranoside (IPTG) (Sigma) at 16℃ for 16 hours in LB broth (Invitrogen), and
cells were spun down and resuspended in a buffer containing (in mM) 350 NaCl, 30 Tris, 0.2 EDTA, 1 DTT
and 10% glycerol, at pH 8.0, along with 1×protease Inhibitor Cocktail (APE×BIO). As for 6×His-tagged
proteins, cells were induced by the addition of 0.2 mM IPTG at 16°C for 16 hours in LB broth
encompassing 500 mM sorbitol and 10 mM choline, then spun down and resuspended in a pH 8.0 buffer
with (mM) 350 NaCl, 30 Tris, 500 Sucrose, 10 choline, 20 imidazole, 1 × β-Mercaptoethanol (Gibco), 10%
glycerol, and 1×cocktail of protease inhibitors specially for His-tagged proteins. The cell suspension was
treated with 1×lysozyme on ice for about 30 min. After some time of sonication, the cell debris was
removed by centrifugation at 10,000 g for 20 min. For the puri�cation, the supernatant was incubated
with corresponding agarose beads. The GST-fused proteins using Glutathione-Sepharose beads (GE) or
the 6×His-tagged protein using Ni-NTA beads (GE) with gentle rocking at 4℃. The duration of incubation
changed for 6 hours to overnight. After incubation, the samples were solved by SDS-PAGE and examined
by immunoblotting.

Pulldown and co-immunoprecipitation (CO-IP)

Mole ratio of GST fusion protein and the 6×His-tagged proteins is 1:1. The mixture was incubated
vortically at 4℃ for at least 4 hours. The ice-cold binding buffer encompassed (in mM): 150 NaCl and 20
Tris, pH 7.4, along with 0.2% Triton X-100, 5% glycerol and 1×Protease Inhibitor Cocktail. The binding
samples were solved by SDS-PAGE and analyzed by immunoblotting. For CO-IP, cultured cells were rinsed
with ice cold 1×PBS solution and cracked with IP buffer containing the following (in mM): 20 Tris/HCl, pH
7.6, 100 NaCl, 20 KCl, 1.5 MgCl2, 0.5% NP-40, 0.25% deoxycholate and protease inhibitors. 2µg of speci�c
antibodies or IgG was mixed with 1000µg total protein of lysates and 50µl protein G plus/protein A
agarose (Merck Millipore), then incubated with at 4°C overnight. After incubation, the samples were
solved by SDS-PAGE and examined by immunoblotting.

Immunostaining assay

Cultured cells grown on coverslips were washed with ice-cold 1×PBS and �xed 4% paraformaldehyde
(PFA) in PBS solution, along with 4% sucrose for 15 min at RT. Then, the cells were permeabilized with
0.25% Triton X-100 in 1×PBS and blocked with 5% normal donkey serum in PBS for 1 hour. Neurons were
labeled the nAChRs at the surface without Triton X-100. Cells were labeled with primary antibodies in 3%
donkey serum in 1×PBS solutions, incubated overnight at 4°C. Then incubated with secondary antibodies
at an optimal dilution for 1 h at room temperature. After rinsed, coverslips were mounted with
Fluoromount-G (Electron Microscopy Sciences). All images were captured with a 63×objective on a
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confocal microscope LSM800 (Carl Zeiss AG) and analyzed with the Image J 1.53e and GraphPad Prism
7.00.

Electrophysiology

Recordings of Ach (acetylcholine)-evoked currents were made 48–72 h after transfection as described
before[31]. Coverslips containing primary cultured hippocampal neurons were transferred into a recording
chamber containing ACSF containing the following (in mM): 150 NaCl, 5 KCl, 10 HEPES, 2 CaCl2, 1 MgCl2,
10 glucose, 0.0005 tetrodotoxin. For drug application by bath perfusion, the external solution was applied
adjacent to the patched cell at a constant �ow rate of 4 ml/min at room temperature (22–25°C) using a
ValveLink8.2 Pinch Valve Perfusion System (Automate). Cells were visualized using a 40×water-
immersion lens (Olympus). For ACh-evoked currents data were acquired using a Multiclamp 700B
ampli�er (Molecular Devices) with cells clamped at -60 mV. Patch pipettes (resistance 5–10 M) were �lled
with internal recording solution containing the following (in mM): 130 K-gluconate, 10 KCl, 0.2 EGTA, 4
Mg-ATP, 0.5 Na-ATP, 10 Na-Phosphocreatine, and 10 HEPES, pH 7.3 (300 mOsm). Agonist concentrations
were as follows: 1mM acetylcholine and 10 µM PNU120596. For all data analysis, currents were digitized
at 10 kHz and �ltered at 2 kHz. ACh-evoked currents were analyzed using pClamp 10.4 (Molecular
Devices).

Isothermal Titration Calorimetry (ITC) experiments

ITC experiments were performed on NANO-ITC instrument (TA). Experiment buffer containing the
following (in mM): 50 Tris, pH 7.5, 100 NaCl. The PDLIM5-GST (100 µM) was titrated into the α7nAChRs
(20 µM) using a 500 µL syringe. Each titration consisted of a preliminary 1.01 µL injection followed by 24
subsequent 2.02 µL additions. The heat for each injection was subtracted from the heat of dilution of the
injectant, which was measured by injecting the PDLIM5-GST and α7nAChRs-His solution into the
experimental buffer. With or without nicotine treatment as the experimental solution. The thermodynamic
parameters were normalized to the blank of GST and α7nAChRs-His for each experiment. Each corrected
heat was divided by the molar concentration of PDLIM5-GST injected and was analyzed on the basis of a
“one set of sites” model with Launch NanoAnalyze software 3.8.0 supplied by the manufacturer. The
experiment temperature was 4°C.

Statistics analysis

All data are representative of at least three independent experiments. Data are presented as mean ± SEM.
Unless otherwise indicated, statistical signi�cance was assessed with Student's t-test for unpaired values
and with one/two-way analysis of variance (ANOVA) for multiple values. *p < 0.05, **p < 0.01, ***p < 
0.001. Pearson correlation coe�cient was used to indicate the relationship of proteins in double-
immunostaining assay.

Results
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Chronic nicotine exposure induces up-regulation of α7nAChRs, β2nAChRs, and PDLIM5

To clarify the role of PDLIM5 in nAChRs’ upregulation with chronic nicotine treatment, 1µM nicotine, a
concentration in the range of peak serum levels found in smokers[32], was chosen in our study. Primary
cultured hippocampal neurons were treated with control medium (Con) or with medium containing 1µM
nicotine (Nic) for 1, 3, and 7 days respectively, and then quantitated with immunoblotting at DIV10.
Nicotine treatment did not affect the amount of total α7nAChRs, β2nAChRs, and PDLIM5 proteins for one
day, but increased the amount of these proteins for 3 and 7 days gradually, with 7-day nicotine treatment
the most obvious (Fig. 1a). The relative protein levels showed that 7-day exposure to 1µM nicotine
signi�cantly increased the expression of total α7nAChRs for about 2.7-fold (Con vs Nic7d, 1.01 ± 0.11 vs
2.79 ± 0.23, p < 0.001), β2nAChRs for about 2.9-fold (Con vs Nic7d, 1.08 ± 0.18 vs 2.93 ± 0.30, p < 0.001),
and PDLIM5 for about 2.5-fold (Con vs Nic7d, 0.89 ± 0.19 vs 2.26 ± 0.31, p < 0.001) (Fig. 1b).
Immuno�uorescence imaging performed at DIV10 also showed that 7-day nicotine exposure increased
the puncta number of α7nAChRs, β2nAChRs and �uorescence intensity of PDLIM5. The puncta number
of α7nAChRs and β2nAChRs increased about 1.7-fold (Fig. 1c, e). The �uorescence intensity of PDLIM5
was about 1.3-fold increase (Fig. 1d-e). These results indicated that chronic nicotine exposure could
induce the up-regulation of α7nAChRs, β2nAChRs, and PDLIM5 in primary cultured hippocampal neurons.

To illustrate whether nicotine-induced up-regulation of PDLIM5 is dependent on AChRs, α7nAChRs and
β2nAChRs were inhibited by methyllycaconitine (MLA, 200 nM) and dihydro-β-erythroidine (DhβE, 10 µM)
respectively. The antagonists were added with nicotine at DIV3 and treated for 7-day in primary
hippocampal neurons. As shown in Fig. 1f-g, nicotine-induced up-regulation of PDLIM5 protein levels
could be blocked by MLA (Con vs Nic + MLA, 1.09 ± 0.28 vs 1.48 ± 0.35, p > 0.05), but not by DhβE (Con vs
Nic + DhβE, 1.09 ± 0.28 vs 2.01 ± 0.17, p < 0.05). These results showed that the nicotine-induced up-
regulation of PDLIM5 has a similar pattern with α7nAChRs, which implied a close relationship between
these two proteins.

PDLIM5 associates with α7nAChRs, but not β2nAChRs in hippocampal neurons

It has been reported that α7nAChRs are presented at both presynaptic and postsynaptic sites[33], similar
cellular localization was also found in PDLIM5[34, 35]. To reveal the relationship between these two
proteins, we performed immunostaining to detect the subcellular colocalization of PDLIM5 and nAChRs
in primary hippocampal neurons (DIV10). As the results shown in Fig. 2a, PDLIM5 colocalized more with
α7nAChRs than β2nAChRs. Next, lysates from primary cultured hippocampal neurons were assessed by
co-immunoprecipitation with nAChRs or PDLIM5 antibody respectively. The results showed that PDLIM5
interacted with α7nAChRs, but not β2nAChRs (Fig. 2b, left panel). Similar results have been observed in
the lysates prepared from the rat hippocampi (Fig. 2b, right panel).

Since α7nAChRs and PDLIM5 are both located on the plasma membrane and in the cytoplasm of a
neuron, then we examined the distribution of these two proteins in membrane and cytoplasm fractions in
DIV10 cultured neurons. Immunoblot assay showed that nicotine exposure for 7 days caused α7nAChRs
at the cell membrane for about 2.4-fold increase (Con vs Nic7d, 1.00 ± 0.13 vs 2.39 ± 0.11, p < 0.001) and
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in the cytoplasm for about 1.5-fold increase (Con vs Nic7d, 1.02 ± 0.05 vs 1.55 ± 0.02, p < 0.05) (Fig. 2c-d).
Similarly, the upregulation of PDLIM5 caused by nicotine treatment appeared to be more on the
membrane than the cytoplasm (Membrane: Con vs Nic7d, 0.99 ± 0.08 vs 1.99 ± 0.26, p < 0.001;
Cytoplasm: Con vs Nic7d, 1.04 ± 0.23vs 1.45 ± 0.11, p < 0.05) (Fig. 2c-d). Our data suggest that nicotine-
induced up-regulation of α7nAChRs and PDLIM5 is mainly located on the membrane.

PDLIM5 is necessary for the up-regulation and surface expression of α7nAChRs

To investigate the role of PDLIM5 in nicotine-induced α7nAChRs up-regulation, SH-SY5Y cells were
transfected with a scramble-GFP plasmid, or a GFP-tagged PDLIM5 shRNA plasmid and then treated with
1 µM of nicotine for 3 days. The knockdown effect was validated through western blot analyses, as
indicated in Fig. 3a-b (scramble vs PDLIM5 shRNA, 0.95 ± 0.08 vs 0.13 ± 0.01, p < 0.001). Compared to the
β2nAChRs, chronic nicotine induced up-regulation of α7nAChRs was signi�cantly reduced in PDLIM5
knockdown cells (Fig. 3b, α7nAChRs: Con vs Nic3d, 1.08 ± 0.11 vs 1.09 ± 0.09, p > 0.05; β2nAChRs: Con vs
Nic3d, 0.92 ± 0.13 vs 2.88 ± 0.32, p < 0.01). To con�rm the abolished effect of nicotine induced α7nAChRs
up-regulation in PDLIM5 knockdown cells, we next tested the distribution of α7nAChRs in SH-SY5Y cells.
As the data showed in Fig. 3c and 3d, up-regulation of α7nAChRs was impaired both in cell membrane
and cytoplasm in nicotine treated PDLIM5 knockdown cells (Membrane: Con vs Nic3d, 1.00 ± 0.02 vs
0.94 ± 0.15; Cytoplasm: Con vs Nic3d, 1.03 ± 0.04 vs 1.01 ± 0.19, p > 0.05).

Since nicotine-induced up-regulation of α7nAChRs and PDLIM5 was mainly at the membrane, we
hypothesized that PDLIM5 might induce surface α7nAChRs changes in hippocampal neurons. To test
this hypothesis, knockdown effect against PDLIM5 in primary cultured hippocampal neurons was �rst
evaluated by immuno�uorescence. Compared to scramble, relative PDLIM5 protein intensity was
signi�cantly reduced in neurons expressing PDLIM5 shRNA (Fig. 4a,c, from 0.95 ± 0.06 to 0.32 ± 0.07, p < 
0.001). Then, surface α-Bgtx labeling of α7nAChRs in neurons infected with PDLIM5 shRNA was
observed (Fig. 4b-c). Knockdown of PDLIM5 signi�cantly reduced the surface α-Bgtx labeling of
α7nAChRs puncta number for about 35% and area for about 41% (puncta number, from 3.40 ± 0.27 to
2.20 ± 0.20, p < 0.01; area, from 0.49 ± 0.03 to 0.29 ± 0.04,p < 0.01) (Fig. 4c). As the expression of
α7nAChRs is associated with its functional regulation, we next recorded the whole-cell nicotinic currents
medicated by α7nAChRs. As expected, once knockdown the PDLIM5 in primary neurons, the α7nAChRs
currents was reduced for about 50% compared to the scramble cells (Fig. 4d). Collectively, these results
suggest that PDLIM5 plays an important functional role in α7nAChRs.

PDLIM5 interacts with α7nAChRs through the PDZ domain

As protein-interaction domains, PDZ domains are usually found in multi-domain scaffolding proteins[36].
To test whether PDZ domain in PDLIM5 plays such a role with α7nAChRs interaction, we generated the
full-length PDLIM5, the corresponding truncations PDZ domain, LIM1-3 and D1 fragment (Fig. 5a), and
veri�ed by GST pulldown assays. PDLIM5-GST, PDZ-GST and D1-GST could be detected in α7nAChRs-His
complexes, but not in LIM1-3-GST (Fig. 5b). It appeared that PDLIM5 and α7nAChRs interacted with each
other in a fashion independent of the LIM domain. To test the speci�city of the PDZ domain for
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α7nAChRs binding, the mutants target at the GLGF sequence was generated as MUTANT1 (GLGF →
GAGA), MUTANT2 (GLGF → GAAA), and MUTANT3 (GLGF → AAAA) (Fig. 5a), and veri�ed by GST
pulldown assays (Fig. 5c). With the increase of mutant amino acids at the GLGF, PDLIM5 mutants found
in the α7nAChRs-His complex were gradually decreased. This was also con�rmed by the CO-IP assay, in
which Flag-tagged α7nAChRs co-transfected with HA-tagged PDLIM5 or MUTANT3 in cultured HEK293T
cells was used. HA-PDLIM5 was coimmunoprecipitated with Flag-α7nAChRs, but MUTANT1, MUTANT2,
MUTANT3 had a much weaker interaction, with MUTANT3 had the weakest interaction (Fig. 5d). Besides,
immuno�uorescent staining also showed that the �uoresce intensity of surface α7nAChRs was
decreased in the HEK293T cells expressing MUTANT3 (Fig. 5e). Therefore, our results strongly support
that the interaction between PDLIM5 and α7nAChRs was mainly mediated by the PDZ domain of
PDLIM5.

Nicotine promotes the interaction between PDLIM5 and α7nAChRs

We have shown that nicotine can induce the up-regulation of PDLIM5, it remains unclear how nicotine
affects this up-regulation. To determine whether nicotine promotes stronger interaction between
α7nAChRs and PDLIM5, binding thermodynamics of the interaction incubated with nicotine was analyzed
using isothermal titration calorimetry (ITC). PDLIM5-GST and α7nAChRs-His was used for the ITC
experiments. All interactions between PDLIM5-GST and α7nAChRs-His showed exothermic reactions.
Binding a�nity is typically measured and reported by the equilibrium dissociation constant (Kd), which is
used to evaluate and rank order strengths of bimolecular interactions. In comparison with control, the
binding a�nity of the nicotine group was about 1 order of magnitude higher (Fig. 6 a, b). The Kd (µM) for
the control group and nicotine group was 0.54 ± 0.19 vs 1.07 ± 0.52, respectively. This was also con�rmed
by the CO-IP assay, in which Flag-tagged α7nAChRs co-transfected with HA-tagged PDLIM5 in cultured
HEK293T cells was used. The CO-IP assays also showed that nicotine signi�cantly increased the protein
level of PDLIM5 in α7nAChRs complexes and vice versa. (Fig. 6c). Collectively, these results
demonstrated that nicotine promoted the a�nity of a7nAChRs and PDLIM5.

Discussion
PDLIM5 is a cytoskeleton-related protein that acts as a binding protein[22]. In neurons, PDLIM5 has been
found that present at both presynaptic and postsynaptic sites[34, 35]. The wide distribution of PDLIM5
provides the possibility of a host of functions as exempli�ed by regulating cell signaling transduction and
involving in neuronal development, mature and differentiation. Here, we described a novel role of PDLIM5,
an Enigma family protein, in regulating the surface expression of α7nAChRs (Fig. 7).

While nicotine-induced upregulation of nAChRs is well-established, its role in nicotine addiction and the
mechanisms of upregulation are not fully understood. Most studies of the up-regulation of nAChRs are
based on the α4β2 subtype, however, very little is known about protein interactions of α7nAChRs.
Receptor localization and tra�cking in neurons are fundamental mechanisms involved in synaptic
plasticity, the pathophysiology of diseases and drug activities[37]. It has been suggested that a key step
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in the regulation of surface expression of nAChRs, in particular nicotine-induced up-regulation, is the
assembly and tra�cking of receptor subunits[17]. We found that chronic exposure to 1 µM nicotine
caused up-regulation of both α7nAChRs, β2nAChRs and PDLIM5 in hippocampal neurons. It is tempting
to speculate that chronic exposure to nicotine may change the level and/or activity of endogenous
PDLIM5, thus permitting more surface α7nAChRs expression.

α7nAChRs were observed in the CA1-CA3 pyramidal cell layer of the hippocampus, and also in cells of the
granular layer of the dentate gyrus, where cholinergic �bers converge[38]. Increasing evidence indicates
that α7nAChRs are concentrated both pre- and post-synaptic at a variety of glutamatergic and GABAergic
synapses[33, 39–41]. α-Bgtx for α7nAChRs immunostaining was used to detect subcellular location of
α7nAChRs with PDLIM5 as the nonspeci�c immunolabeling of α7nAChRs[42, 43]. It has shown that
α7nAChRs and β2nAChRs displayed distinct patterns of expression[44]. Here, we found that compared to
β2nAChRs, PDLIM5 colocalized more with endogenous α7nAChRs in somatodendritic compartments of
primary cultured hippocampal neurons. Furthermore, interaction between PDLIM5 and α7nAChRs, but not
with β2nAChRs was observed in the primary cultured hippocampal neurons and hippocampal tissue.
These results suggest that PDLIM5 can act as a chaperone at subunit level by interacting or regulating
interactions with α7nAChRs. Indeed, it was shown that reducing PDLIM5 in SH-SY5Y cells by shRNA
could block nicotine-induced α7nAChRs but not β2nAChRs. The result is not surprising, the effect of
chronic nicotine exposure among various nAChRs subtypes differs[15, 17].

It is known that nAChRs can be up-regulated by nicotine, leading to export of receptors from the
endoplasmic reticulum and increased levels at the plasma membrane[17, 45–47]. Our �nding suggests
that chronic exposure to nicotine up-regulated α7nAChRs and PDLIM5, and the up-regulation was
increased more on the cell membrane than the cytoplasm. To address the role of PDLIM5 in clustering of
α7nAChRs on the surface, PDLIM5 was knocked down in neurons to determine whether PDLIM5 affected
native receptor clusters and functions. We found that nicotine-induced up-regulation of α7nAChRs was
impaired by knockdown of PDLM5 both in cell membrane and cytoplasm, meanwhile, knockdown of
PDLIM5 could reduce α7 nAChRs clustering on the surface as well as α7nAChRs mediated currents in
primary cultured hippocampal neurons. These evidence suggest that PDLIM5 knockdown might reduce
delivery of newly synthesized α7nAChRs to the plasma membrane or promote receptor internalization,
and further functionally affect the α7nAChRs currents. This mechanism may depend on PDLIM5
expressed in neurons that binds to the α7nAChRs and affect its targeting and/or transport processes. In
such a manner, α7nAChRs-PDLIM5 complexes may have a de�ned molecular composition in neurons.

The PDZ domain is a protein interaction motif consisting of 80–100 amino acid residues with a highly
conserved four residue GLGF sequence[48]. The PDZ domain are crucial in the formation and stability of
protein complexes, establishing as important bridge between extracellular stimuli and intracellular
responses[49]. It has been shown that the PDZ domain of PDLIM5 interacts with α-actinin in
cardiomyocytes[30]. PDLIM5 also acts as a direct binding partner for Anion exchanger 1 (AE1) via its PDZ
domain for membrane targeting[50]. Determining how and which PDZ protein family members specify
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nAChRs expression, localization, and activity will be an important part of understanding the nature of
nicotinic signaling.

The cytoplasmic aggregates of α7nAChRs may re�ect large intracellular receptor pools, which have been
suggested to provide a mechanism for the rapid ACh-induced upregulation of the nAChRs[51–53].
Though nAChRs do not have intracellular N- or C-terminals, they do participate in PDZ-scaffolds in a
variety of systems mediate downstream signaling in the neurons, especially α7nAChRs[20, 21, 54, 55]. It
has also been shown that speci�c disruption of PDZ-containing scaffolds increases α7nAChRs mobility
on chick neurons[56], while PSD-95 constrains α7nAChRs mobility at the neuron surface[20]. PDLIM5
consists of a PDZ domain at the N-terminus and three LIM domains at the C-terminus[23]. PDLIM5 binds
to the cytoskeleton and membrane proteins through its PDZ domain and interacts with various signaling
molecules, including protein kinases and transcription factors, through its LIM domain. Here, we found
that the PDZ domain of PDLIM5 showed certain interaction with α7nAChRs, while the LIM domain did
not. Further experiment indicated that the PDZ domain mediated the interaction between PDLIM5 and
α7nAChRs, and the interaction could be affected when the conserved sites of PDZ domain in PDLIM5
were replaced. Mutations in the main conserved site of PDZ domain GLGF motif attenuate the interaction
of PDLIM5 to α7nAChRs. Furthermore, ITC experiment indicated that the PDLIM5 and α7nAChRs binding
a�nity was increased by nicotine. Combined with our data, it can be concluded that α7nAChRs-PDLIM5
complexes may have a de�ned molecular composition in neurons, determining the intracellular targeting
and clustering, and this process can be modulated by nicotine. PDZ domains can bind to internal
sequences in proteins, it seems that the large cytoplasmic loop of the α7nAChRs subunit is required for
the association[20], which needs further investigation.

To summarize, our �ndings implicate PDLIM5 in a novel pathway de�ning α7nAChRs up-regulation and
surface expression in hippocampal neurons. α7 subunits have a high permeability to Ca2+. A high level of
free Ca2+ activates protein kinase, which then upregulates gene expression and protein production,
leading to alterations in the structures and functions of neurons[57]. Proteins that regulate α7nAChRs
may thus be important for normal neurophysiology and could in theory contribute to derangement of
brain function under certain conditions, including neuronal survival, nicotine addiction, synaptic plasticity
in learning, and neurological diseases.

Declarations
Funding

This work was supported by Guangdong nature science foundation (2019A1515011309),  Shenzhen
Science and Technology Program (JCYJ20190807155615170) and the Key Scienti�c and Technology
Project of Guangdong Province (2018B030335001). 

Con�ict of interest

Authors disclose no con�icts of interests.



Page 12/24

Availability of data and material 

The data that support the �ndings of this study are available within the article.

Contributions

Yuan Chen and Jingjing Duan designed the study. Zilin Li performed the experiments, made the analysis
and wrote the manuscript. Jingjing Duan processed in electrophysiology. Chenyu Gou and Wenhui Wang
processed in cell cultured. Yuan Li and Yu Cui processed in construction of plasmids. All authors gave
their consent for publication of this manuscript. 

Ethics approval

All primary neuron culture experiments were approved by the Animal Care Committee of School of
Medicine of Sun Yat-sen University. 

References
1. Albuquerque EX, Pereira EF, Alkondon M, Rogers SW (2009) Mammalian nicotinic acetylcholine

receptors: from structure to function. Physiol Rev 89(1):73–120.
https://doi.org/10.1152/physrev.00015.2008

2. Miwa JM, Freedman R, Lester HA (2011) Neural systems governed by nicotinic acetylcholine
receptors: emerging hypotheses. Neuron 70(1):20–33. https://doi.org/10.1016/j.neuron.2011.03.014

3. Stokes C, Treinin M, Papke RL (2015) Looking below the surface of nicotinic acetylcholine receptors.
Trends Pharmacol Sci 36(8):514–523. https://doi.org/10.1016/j.tips.2015.05.002

4. Picciotto MR, Kenny PJ (2021) Mechanisms of Nicotine Addiction. Cold Spring Harb Perspect Med
11(5).https://doi.org/10.1101/cshperspect.a039610

5. Gotti C, Zoli M, Clementi F (2006) Brain nicotinic acetylcholine receptors: native subtypes and their
relevance. Trends Pharmacol Sci 27(9):482–491. https://doi.org/10.1016/j.tips.2006.07.004

�. Kutlu MG, Gould TJ (2015) Nicotinic receptors, memory, and hippocampus. Curr Top Behav Neurosci
23:137–163. .https://doi.org/10.1007/978-3-319-13665-3_6

7. Donde C, Brunelin J, Mondino M, Cellard C, Rolland B, Haesebaert F (2020) The effects of acute
nicotine administration on cognitive and early sensory processes in schizophrenia: a systematic
review. Neurosci Biobehav Rev 118:121–133. https://doi.org/10.1016/j.neubiorev.2020.07.035

�. Mineur YS, Picciotto MR (2010) Nicotine receptors and depression: revisiting and revising the
cholinergic hypothesis. Trends Pharmacol Sci 31(12):580–586.
https://doi.org/10.1016/j.tips.2010.09.004

9. Ambrose V, Miller JH, Dickson SJ, Hampton S, Truman P, Lea RA, Fowles J (2007) Tobacco
particulate matter is more potent than nicotine at upregulating nicotinic receptors on SH-SY5Y cells.
Nicotine Tob Res 9(8):793–799. https://doi.org/10.1080/14622200701485117



Page 13/24

10. Besson M, Granon S, Mameli-Engvall M, Cloez-Tayarani I, Maubourguet N, Cormier A, Cazala P, David
V, Changeux JP, Faure P (2007) Long-term effects of chronic nicotine exposure on brain nicotinic
receptors. Proc Natl Acad Sci U S A 104(19):8155–8160. https://doi.org/10.1073/pnas.0702698104

11. Cano M, Reynaga DD, Belluzzi JD, Loughlin SE, Leslie F (2020) Chronic exposure to cigarette smoke
extract upregulates nicotinic receptor binding in adult and adolescent rats. Neuropharmacology
181:108308. https://doi.org/10.1016/j.neuropharm.2020.108308

12. Teaktong T, Graham AJ, Johnson M, Court JA, Perry EK (2004) Selective changes in nicotinic
acetylcholine receptor subtypes related to tobacco smoking: an immunohistochemical study.
Neuropathol Appl Neurobiol 30(3):243–254. https://doi.org/10.1046/j.0305-1846.2003.00528.x

13. Benowitz NL (2010) Nicotine addiction. N Engl J Med 362(24):2295–2303.
https://doi.org/10.1056/NEJMra0809890

14. Changeux JP (2010) Nicotine addiction and nicotinic receptors: lessons from genetically modi�ed
mice. Nat Rev Neurosci 11(6):389–401. https://doi.org/10.1038/nrn2849

15. Colombo SF, Mazzo F, Pistillo F, Gotti C (2013) Biogenesis, tra�cking and up-regulation of nicotinic
ACh receptors. Biochem Pharmacol 86(8):1063–1073. https://doi.org/10.1016/j.bcp.2013.06.023

1�. Fox-Loe AM, Moonschi FH, Richards CI (2017) Organelle-speci�c single-molecule imaging of
alpha4beta2 nicotinic receptors reveals the effect of nicotine on receptor assembly and cell-surface
tra�cking. J Biol Chem 292(51):21159–21169. https://doi.org/10.1074/jbc.M117.801431

17. Govind AP, Vezina P, Green WN (2009) Nicotine-induced upregulation of nicotinic receptors:
underlying mechanisms and relevance to nicotine addiction. Biochem Pharmacol 78(7):756–765.
https://doi.org/10.1016/j.bcp.2009.06.011

1�. Conroy WG, Liu Z, Nai Q, Coggan JS, Berg DK (2003) PDZ-containing proteins provide a functional
postsynaptic scaffold for nicotinic receptors in neurons. Neuron 38(5):759–771.
https://doi.org/10.1016/s0896-6273(03)00324-6

19. Parker MJ, Zhao SL, Bredt DS, Sanes JR, Feng GP (2004) PSD93 regulates synaptic stability at
neuronal cholinergic synapses. J Neurosci 24(2):378–388. https://doi.org/10.1523/Jneurosci.3865-
03.2004

20. Gomez-Varela D, Schmidt M, Schoellerman J, Peters EC, Berg DK (2012) PMCA2 via PSD-95 controls
calcium signaling by alpha7-containing nicotinic acetylcholine receptors on aspiny interneurons. J
Neurosci 32(20):6894–6905. https://doi.org/10.1523/JNEUROSCI.5972-11.2012

21. Baer K, Burli T, Huh KH, Wiesner A, Erb-Vogtli S, Gockeritz-Dujmovic D, Moransard M, Nishimune A,
Rees MI, Henley JM, Fritschy JM, Fuhrer C (2007) PICK1 interacts with alpha7 neuronal nicotinic
acetylcholine receptors and controls their clustering. Mol Cell Neurosci 35(2):339–355.
https://doi.org/10.1016/j.mcn.2007.03.009

22. Huang X, Qu R, Ouyang J, Zhong S, Dai J (2020) An Overview of the Cytoskeleton-Associated Role of
PDLIM5. Front Physiol 11:975. https://doi.org/10.3389/fphys.2020.00975

23. Kuroda S, Tokunaga C, Kiyohara Y, Higuchi O, Konishi H, Mizuno K, Gill GN, Kikkawa U (1996) Protein-
protein interaction of zinc �nger LIM domains with protein kinase C. J Biol Chem 271(49):31029–



Page 14/24

31032. https://doi.org/10.1074/jbc.271.49.31029

24. Horiuchi Y, Arai M, Niizato K, Iritani S, Noguchi E, Ohtsuki T, Koga M, Kato T, Itokawa M, Arinami T
(2006) A polymorphism in the PDLIM5 gene associated with gene expression and schizophrenia.
Biol Psychiatry 59(5):434–439. https://doi.org/10.1016/j.biopsych.2005.07.041

25. Liu Z, Liu W, Xiao Z, Wang G, Yin S, Zhu F, Wang H, Cheng J, Wang X, He X, Li W (2008) A major
single nucleotide polymorphism of the PDLIM5 gene associated with recurrent major depressive
disorder. J Psychiatry Neurosci 33(1):43–46

2�. Zhao T, Liu Y, Wang P, Li S, Zhou DZ, Zhang D, Chen Z, Wang T, Xu H, Feng GY, He L, Yu L (2009)
Positive association between the PDLIM5 gene and bipolar disorder in the Chinese Han population. J
Psychiatr Neurosci 34(3):199–204

27. Maeno-Hikichi Y, Chang S, Matsumura K, Lai M, Lin H, Nakagawa N, Kuroda S, Zhang JF (2003) A
PKC epsilon-ENH-channel complex speci�cally modulates N-type Ca2 + channels. Nat Neurosci
6(5):468–475. https://doi.org/10.1038/nn1041

2�. Herrick S, Evers DM, Lee JY, Udagawa N, Pak DT (2010) Postsynaptic PDLIM5/Enigma Homolog
binds SPAR and causes dendritic spine shrinkage. Mol Cell Neurosci 43(2):188–200.
https://doi.org/10.1016/j.mcn.2009.10.009

29. Ren B, Li X, Zhang J, Fan J, Duan J, Chen Y (2015) PDLIM5 mediates PKCepsilon translocation in
PMA-induced growth cone collapse. Cell Signal 27(3):424–435.
https://doi.org/10.1016/j.cellsig.2014.12.005

30. Baumert R, Ji H, Paulucci-Holthauzen A, Wolfe A, Sagum C, Hodgson L, Arikkath J, Chen X, Bedford
MT, Waxham, MN,McCrea PD (2020) Novel phospho-switch function of delta-catenin in dendrite
development. J Cell Biol 219(11).https://doi.org/10.1083/jcb.201909166

31. Puddifoot CA, Wu M, Sung RJ, Joiner WJ (2015) Ly6h regulates tra�cking of alpha7 nicotinic
acetylcholine receptors and nicotine-induced potentiation of glutamatergic signaling. J Neurosci
35(8):3420–3430. https://doi.org/10.1523/JNEUROSCI.3630-14.2015

32. Rose JE, Mukhin AG, Lokitz SJ, Turkington TG, Herskovic J, Behm FM, Garg S, Garg PK (2010)
Kinetics of brain nicotine accumulation in dependent and nondependent smokers assessed with PET
and cigarettes containing 11C-nicotine. Proc Natl Acad Sci U S A 107(11):5190–5195.
https://doi.org/10.1073/pnas.0909184107

33. Fabian-Fine R, Skehel P, Errington ML, Davies HA, Sher E, Stewart MG, Fine A (2001) Ultrastructural
distribution of the alpha7 nicotinic acetylcholine receptor subunit in rat hippocampus. J Neurosci
21(20):7993–8003

34. Chen Y, Lai M, Maeno-Hikichi Y, Zhang JF (2006) Essential role of the LIM domain in the formation of
the PKCepsilon-ENH-N-type Ca2 + channel complex. Cell Signal 18(2):215–224.
https://doi.org/10.1016/j.cellsig.2005.04.007

35. Gardezi SR, Weber AM, Li Q, Wong FK, Stanley EF (2009) PDLIM5 is not a neuronal CaV2.2 adaptor
protein. Nat Neurosci 12(8):957–958. https://doi.org/10.1038/nn0809-957a author reply 958.



Page 15/24

3�. Kim E, Sheng M (2004) PDZ domain proteins of synapses. Nat Rev Neurosci 5(10):771–781.
https://doi.org/10.1038/nrn1517

37. Dani JA, Ji D, Zhou FM (2001) Synaptic plasticity and nicotine addiction. Neuron 31(3):349–352.
.https://doi.org/10.1016/s0896-6273(01)00379-8

3�. Murakami K, Ishikawa Y, Sato F (2013) LOCALIZATION OF alpha 7 NICOTINIC ACETYLCHOLINE
RECEPTOR IMMUNOREACTIVITY ON GABAERGIC INTERNEURONS IN LAYERS I-III OF THE RAT
RETROSPLENIAL GRANULAR CORTEX. Neuroscience 252:443–
459.https://doi.org/10.1016/j.neuroscience.2013.08.024

39. Ge S, Dani JA (2005) Nicotinic acetylcholine receptors at glutamate synapses facilitate long-term
depression or potentiation. J Neurosci 25(26):6084–6091.
https://doi.org/10.1523/JNEUROSCI.0542-05.2005

40. Ji D, Lape R, Dani JA (2001) Timing and location of nicotinic activity enhances or depresses
hippocampal synaptic plasticity. Neuron 31(1):131–141. https://doi.org/10.1016/s0896-
6273(01)00332-4

41. McGehee DS, Heath MJ, Gelber S, Devay P, Role LW (1995) Nicotine enhancement of fast excitatory
synaptic transmission in CNS by presynaptic receptors. Science 269(5231):1692–1696.
https://doi.org/10.1126/science.7569895

42. Herber DL, Severance EG, Cuevas J, Morgan D, Gordon MN (2004) Biochemical and histochemical
evidence of nonspeci�c binding of alpha7nAChR antibodies to mouse brain tissue. J Histochem
Cytochem 52(10):1367–1376. https://doi.org/10.1177/002215540405201013

43. Jones IW, Wonnacott S (2005) Why doesn't nicotinic ACh receptor immunoreactivity knock out?
Trends Neurosci 28(7):343–345. .https://doi.org/10.1016/j.tins.2005.04.010

44. Xu J, Zhu Y, Heinemann SF (2006) Identi�cation of sequence motifs that target neuronal nicotinic
receptors to dendrites and axons. J Neurosci 26(38):9780–9793.
https://doi.org/10.1523/JNEUROSCI.0840-06.2006

45. Kuryatov A, Luo J, Cooper J, Lindstrom J (2005) Nicotine acts as a pharmacological chaperone to
up-regulate human alpha4beta2 acetylcholine receptors. Mol Pharmacol 68(6):1839–1851.
https://doi.org/10.1124/mol.105.012419

4�. Richards CI, Srinivasan R, Xiao C, Mackey ED, Miwa JM, Lester HA (2011) Tra�cking of alpha4*
nicotinic receptors revealed by superecliptic phluorin: effects of a beta4 amyotrophic lateral
sclerosis-associated mutation and chronic exposure to nicotine. J Biol Chem 286(36):31241–31249.
https://doi.org/10.1074/jbc.M111.256024

47. Srinivasan R, Pantoja R, Moss FJ, Mackey ED, Son CD, Miwa J, Lester HA (2011) Nicotine up-
regulates alpha4beta2 nicotinic receptors and ER exit sites via stoichiometry-dependent chaperoning.
J Gen Physiol 137(1):59–79. https://doi.org/10.1085/jgp.201010532

4�. Manjunath GP, Ramanujam PL, Galande S (2018) Structure function relations in PDZ-domain-
containing proteins: Implications for protein networks in cellular signalling. J Biosci 43(1):155–171



Page 16/24

49. Christensen NR, Calyseva J, Fernandes EFA, Luchow S, Clemmensen LS, Haugaard-Kedstrom LM,
Stromgaard K (2019) PDZ Domains as Drug Targets. Adv Ther-Germany 2(7).https://doi.org/ARTN
180014310.1002/adtp.201800143

50. Su Y, Hiemstra TF, Yan YH, Li J, Karet HI, Rosen L, Moreno P, Frankl FEK (2017) PDLIM5 links kidney
anion exchanger 1 (kAE1) to ILK and is required for membrane targeting of kAE1. Sci Rep-Uk
7.https://doi.org/ARTN 3970110.1038/srep39701

51. Drenan RM, Nashmi R, Imoukhuede P, Just H, McKinney S, Lester HA (2008) Subcellular tra�cking,
pentameric assembly, and subunit stoichiometry of neuronal nicotinic acetylcholine receptors
containing �uorescently labeled alpha6 and beta3 subunits. Mol Pharmacol 73(1):27–41.
https://doi.org/10.1124/mol.107.039180

52. Duffy AM, Fitzgerald ML, Chan J, Robinson DC, Milner TA, Mackie K, Pickel VM (2011) Acetylcholine
alpha7 nicotinic and dopamine D2 receptors are targeted to many of the same postsynaptic
dendrites and astrocytes in the rodent prefrontal cortex. Synapse 65(12):1350–1367.
https://doi.org/10.1002/syn.20977

53. Millar NS, Harkness PC (2008) Assembly and tra�cking of nicotinic acetylcholine receptors (Review).
Mol Membr Biol 25(4):279–292. https://doi.org/10.1080/09687680802035675

54. Fanning AS, Anderson JM (1999) PDZ domains: fundamental building blocks in the organization of
protein complexes at the plasma membrane. J Clin Invest 103(6):767–772.
https://doi.org/10.1172/JCI6509

55. Farias GG, Valles AS, Colombres M, Godoy JA, Toledo EM, Lukas RJ, Barrantes FJ, Inestrosa NC
(2007) Wnt-7a induces presynaptic colocalization of alpha 7-nicotinic acetylcholine receptors and
adenomatous polyposis coli in hippocampal neurons. J Neurosci 27(20):5313–5325.
https://doi.org/10.1523/JNEUROSCI.3934-06.2007

5�. Fernandes CC, Berg DK, Gomez-Varela D (2010) Lateral mobility of nicotinic acetylcholine receptors
on neurons is determined by receptor composition, local domain, and cell type. J Neurosci
30(26):8841–8851. https://doi.org/10.1523/JNEUROSCI.6236-09.2010

57. Ma KG, Qian YH (2019) Alpha 7 nicotinic acetylcholine receptor and its effects on Alzheimer's
disease. Neuropeptides 73:96–106. https://doi.org/10.1016/j.npep.2018.12.003

Figures



Page 17/24

Figure 1

Chronic nicotine induces up-regulation of α7nAChRs, β2nAChRs and PDLIM5. a Primary cultured
hippocampal neurons were treated with 1 μM nicotine for 1, 3, or 7 days, respectively. Western blot
examined the expression of total α7nAChRs, β2nAChRs and PDLIM5 in DIV10 hippocampal neurons
lysates. b Quantitative analysis of total α7nAChRs, β2nAChRs and PDLIM5 (n=3, two-way ANOVA,
*p<0.05, **p<0.01,***p<0.001). c Primary cultured hippocampal neurons at DIV3 were treated with 1 μM
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nicotine for 7 days. Immuno�uorescence examined the expression of α7nAChRs and β2nAChRs (red)
(Scale bar, 10 μm (up), 1 μm (down) for each set). d Primary cultured hippocampal neurons at DIV3 were
treated with 1 μM nicotine for 7 days. Immuno�uorescence examined the expression of PDLIM5 (green)
(Scale bar, 10 μm (up), 1 μm (down) for each set). e Quanti�cation of puncta number of α7nAChRs ,
β2nAChRs, and the intensity of PDLIM5 (Control, n=10; Nicotine, n=10, t-test, **p<0.01). f Representative
western blot showed the effects of α7nAChRs or β2nAChRs antagonists MLA or DhβE on the expression
of PDLIM5 in neurons. The antagonists were added to the media of primary cultured hippocampal
neurons at DIV3 for 7 days in the presence of nicotine. g Quantitative analysis of total PDLIM5 (n=3, one-
way ANOVA, *p<0.05, **p<0.01).



Page 19/24

Figure 2

PDLIM5 associates with α7nAChRs, but not β2nAChRs. a Colocalization of α7nAChRs (red), β2nAChRs
(red) with PDLIM5 (green) in primary cultured hippocampal neurons (n=9, t-test, ***p<0.001. Scale bar, 10
μm (left), 1 μm (right) for each set). b PDLIM5 interacts with α7nAChRs but not β2nAChRs in rat
hippocampal neurons and hippocampi tissue lysates(n=3). c Allocate expression of α7nAChRs and
PDLIM5 in nicotine treated primary cultured hippocampal neurons. Na+/K+ ATPase and β-tubulin were
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detected as loading controls for membrane and cytoplasm proteins respectively. d Nicotine treatment
induced upregulation of α7nAChRs and PDLIM5 in membrane and cytoplasm fractions (n=3, two-way
ANOVA, *p<0.05, ***p<0.001; t test, *p<0.05, **p<0.01).

Figure 3

Knockdown of PDLIM5 inhibits nicotine-induced up-regulation and surface expression of α7nAChRs. a
Representative western-blot showed the effect on α7nAChRs, β2nAChRs and PDLIM5 within 3-day
nicotine on SH-SY5Y cells transfected with scramble or PDLIM5 shRNA. b Quantitative analysis of total
α7nAChRs, β2nAChRs and PDLIM5 (n=3, t-test, ***p<0.001; two-way ANOVA, **p<0.01). c Allocate
expression of α7nAChRs within 3-day nicotine on SH-SY5Y cells transfected with scramble or PDLIM5
llshRNA. Na+/K+ ATPase and β-tubulin were detected as loading controls for membrane and cytoplasm
proteins respectively. d Quantitative analysis of α7nAChRs in membrane and cytoplasm fractions in
nicotine treated cells (n=3, two-way ANOVA, *p<0.05, ***p<0.001).
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Figure 4

PDLIM5 mediates surface clustering of α7nAChRs and α7nAChRs currents in primary cultured
hippocampal neuron. a Representative images showed the reduction of PDLIM5 in neurons expressing
PDLIM5 shRNA compared to the scramble vector (Scale bar, 10 μm (left), 1 μm (right) for each set). b
Representative images of α7nAChRs in neurons expressing GFP with PDLIM5 shRNA or scramble (Scale
bar, 10 μm (left), 1 μm (right) for each set). c Quantitative analysis of PDLIM5 (scramble, PDLIM5 shRNA,
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n=10; t-test, ***p<0.001) and α7nAChRs puncta and area (scramble, n=10; PDLIM5 shRNA, t-test,
**p<0.01). d Representative α7nAChRs currents from neurons transfected with PDLIM5 shRNA (green
trace) or scrambled control (black trace). Quanti�cation of neuronal recordings in current density with or
without knockdown of PDLIM5 (scramble, n = 11; PDLIM5 shRNA, n = 14, t-test, *p<0.05. Scale bar, 400
pA and 10s).

Figure 5
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PDLIM5 interacts with α7nAChRs through the PDZ domain. a Schematic diagrams of the full-length
PDLIM5, its truncations and mutant fragments. b GST-fusion protein pulldown assays of PDLIM5-GST,
D1-GST, PDZ-GST and LIM1-3-GST with α7nAChRs-His. c GST-fusion protein pulldown assays of PDLIM5-
GST and three mutants with α7nAChRs-His (t-test, ***p<0.001). d CO-IP analysis of HEK293T cells co-
transfected with Flag-tagged α7nAChRs and HA-tagged PDLIM5 or PDLIM5 MUTANT3 (t-test, **p<0.01,).
e Representative images showed that mutation of PDLIM5 reduce the membrane expression of
α7nAChRs in HEK293T cells (HA-PDLIM5, n=10; HA-MUTANT3, n=10, t-test, **p<0.01. Scale bar, 5 μm).

Figure 6

Nicotine promotes the interaction between α7nAChRs and PDLIM5. a Isothermal titration calorimetry
(ITC) measurements for the interaction between PDLIM5-GST and α7nAChRs-His with or without 1 μM
nicotine. ITC experiments were performed as triplicates. b The parameters of the ITC experiments. c CO-IP
analysis of HEK293T cells co-transfected with FLAG-tagged α7nAChRs and HA-tagged PDLIM5, treated
with or without nicotine (1 μM) for 3 days (n=3).
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Figure 7

A Model of the nicotine-induced upregulation and surface expression of α7nAChRs at the membrane. In
hippocampal neurons, PDLIM5 interacts with α7nAChRs to facilitate α7nAChRs surface and cytoplasm
expression, and this process can be accelerated by nicotine.


