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Cofilin linked to GIUN2B subunits of NMDA <
receptors is required for behavioral

sensitization by changing the dendritic spines

of neurons in the caudate and putamen after
repeated nicotine exposure
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Abstract

Background Nicotine dependence is associated with glutamatergic neurotransmission in the caudate and putamen
(CPu) of the forebrain which includes alterations in the structure of dendritic spines at glutamate synapses. These
changes after nicotine exposure can lead to the development of habitual behaviors such as smoking. The present
study investigated the hypothesis that cofilin, an actin-binding protein that is linked to the GIuN2B subunits of
N-methyl-D-aspartate (NMDA) receptors regulates the morphology of dendritic spines in the neurons of the CPu after
repeated exposure to nicotine.

Results Adult male rats received subcutaneous injections of nicotine (0.3 mg/kg/day) or vehicle for seven
consecutive days. Dil staining was conducted to observe changes in dendritic spine morphology. Repeated
subcutaneous injections of nicotine decreased the phosphorylation of cofilin while increasing the formation of thin
spines and filopodia in the dendrites of medium spiny neurons (MSN) in the CPu of rats. Bilateral intra-CPu infusion

of the cofilin inhibitor, cytochalasin D (12.5 ug/ul/side), restored the thin spines and filopodia from mushroom types
after repeated exposure to nicotine. Similar results were obtained from the bilateral intra-CPu infusion of the selective
GIUN2B subunit antagonist, Ro 25-6981 (4 uM/ul/side). Bilateral intra-CPu infusion of cytochalasin D that interferes
with the actin-cofilin interaction attenuated the repeated nicotine-induced increase in locomotor sensitization in rats.

Conclusions These findings suggest that active cofilin alters the structure of spine heads from mushroom to thin
spine/filopodia by potentiating actin turnover, contributing to behavioral sensitization after nicotine exposure.
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Introduction

Nicotine, an addictive stimulant contained in tobacco
products, remains a global concern due to its widespread
use and associated health risks [1, 2]. Nicotine depen-
dence is characterized by a compulsive and uncontrol-
lable craving for nicotine, leading individuals to chronic
tobacco use despite its harmful consequences [3]. Synap-
tic plasticity is a key factor in the development of nico-
tine dependence, which refers to the ability of a synapse
to change by altering neurotransmission in response to
stimuli, such as drug exposure [4, 5]. This phenomenon
encompasses both electrophysiological and structural
changes, serving as a driving force behind the develop-
ment of drug dependence [6-8].

Nicotine binds to nicotinic acetylcholine receptors
(nAChRs) in the caudate and putamen (CPu), a region
primarily involved in habit formation such as tobacco
smoking, leading to a cascade of events that results in
the release of various neurotransmitters, including glu-
tamate and dopamine [9-13]. These increases in neuro-
transmission lead to dendritic remodeling in the neurons
of the CPu, which is characterized by increased dendritic
spine density and development of habit learning [14—16].
Chronic exposure to nicotine and subsequent withdrawal
induces long-lasting changes in synaptic structure, and
the efficacy of neurons in the CPu, which is mediated pri-
marily by stimulating the GluN2B subunits of N-methyl-
D-aspartate (NMDA) receptors [15, 17]. Re-exposure
to nicotine after six months of long-term withdrawal
increases the density of the dendritic spines of neurons in
the CPu [15]. These findings suggest that nicotine causes
long-term changes in synaptic architecture in the neu-
rons of the CPu by regulating the GluN2B subunits.

Morphological changes in the dendritic spines are
tightly regulated by actin cycling, which is a complicated
process directed by cofilin [18-20]. Cofilin is a mem-
ber of the actin-depolymerization factor (ADF)/cofilin
family, and depolymerizes actin structures, increasing
actin turnover [21]. Therefore, an increase in the phos-
phorylation status of cofilin corresponds to an increase
in its inactivation state, which is closely related to the
development of drug dependence [22—-24]. For instance,
repeated exposure to cocaine increases the thin spines in
the nucleus accumbens (NAc) by activating cofilin [22].
These findings suggest that changes in the phosphoryla-
tion status of cofilin are crucial for altering spine mor-
phology in the NAc, which leads to drug dependence.

Nevertheless, several questions remain regarding
how nicotine produces its dependence in the CPu that
is related to changes in spine architecture despite being
regulated by cofilin activity. Chronic exposure to drugs is
closely related to the structural plasticity and simultane-
ous behavioral changes in rats. For instance, inhibition of
actin cycling in the NAc contributes to increases in spine
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head diameter and density, and behavioral sensitization
after challenge exposure to cocaine [25]. Therefore, this
study determined the hypothesis that cofilin linked to the
GluN2B subunits of the NMDA receptors is responsible
for regulating the reorganization of the actin cytoskel-
eton in the dendritic spines of medium spiny neurons
(MSN) of the CPu, which may contribute to nicotine-
induced behavioral alterations.

Methods

Animals

Sprague—Dawley male rats (six weeks, 104 rats) were
obtained from Hana Biotech (Gyeonggi-do, Korea). The
rats were housed in pairs in a controlled environment
with food and water provided ad [libitum. They were
housed in a 12 h light-dark cycle room (light on at 7 AM)
at a temperature and humidity of 21-23 °C and 45-55%,
respectively. The rats were allowed to acclimate for a
week, and the experiment started when they weighed
250-310 g. The experiments were performed within the
light cycle period. On the day of the experiment, injec-
tions were given to the rats in home cages to minimize
stress.

Nicotine and drugs

Nicotine hydrogen tartrate salt was purchased from
Sigma—Aldrich (St. Louis, MO, USA), dissolved in ster-
ile 0.9% physiological saline (NaCl), and the pH was
adjusted to 7.2—7.4 with sodium hydroxide (NaOH). Nic-
otine was administered subcutaneously (s.c.) in a 1 mL
volume, and the nicotine concentration (0.3 mg/kg/day)
was determined in previous studies [13]. The rats were
randomly divided and were administered saline or nico-
tine for seven consecutive days. For acute nicotine, saline
was administered (s.c.) for six consecutive days, and nic-
otine was then administered (s.c.) on the seventh day. All
drugs, except nicotine, were purchased from Tocris Bio-
science (Bristol, UK), and solutions were freshly prepared
before use. The rats received the drugs through a bilat-
eral intra-CPu infusion before the last exposure to saline
or nicotine. Cytochalasin D (CytoD) inhibits the actin-
cofilin interaction by binding to actin [26]. Thus, CytoD
was used as a cofilin inhibitor. CytoD (12.5 ug/pL/side)
was initially dissolved in the minimum concentration of
dimethylsulfoxide (DMSO) and diluted in artificial cere-
brospinal fluid (aCSF) containing (mM) 123 NaCl, 0.86
CaCl,, 3.0 KCl, 0.89 MgCl,, 0.50 NaH,PO,, and 0.25
Na,HPO, aerated with 95% O,/5% CO, (pH 7.2-7.4) or
NaCl. Ro 25-6981 (4 puM/uL/side), a GluN2B-selective
antagonist, was dissolved in phosphate-buffered saline
(PBS). The same DMSQO-aCSF solution and PBS were
used as the vehicle controls. The concentrations of phar-
macological drugs used in this study were determined
from previous studies [27, 28].
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Surgery and bilateral intra-CPu infusion of drugs

The rats were s.c. anesthetized with a mixture of Zoletil
50 (tiletamine and zolazepam, 75 pL/kg; Seoul, Virbac
Korea) and Rompun (xylazine, 50 uL/kg; Seoul, Bayer
Korea), then placed in a stereotaxic apparatus. Under
aseptic conditions, a 23-gauge stainless steel double guide
cannula (0.29 mm inner diameter, 13 mm in length) was
implanted 1 mm anterior to the bregma, 2.5 mm left/
right of the midline, and 5 mm below the surface of the
skull. The guide cannula was sealed with a stainless-steel
wire of the same length. The rats were then allowed seven
days to recover from surgery before the experiment.
On the day of the experiment, the inner steel wire was
replaced with a 30-gauge stainless steel injection cannula
(0.15 mm inner diameter, 13.5 mm in length) that pro-
truded 0.5 mm from the guide cannula. Throughout the
experiments, all drugs were infused bilaterally into the
central part of the CPu 10 min before the final injection
of saline or nicotine in a volume of 1 pL at a rate of 0.2
puL/min in freely moving rats. The progress of the injec-
tion was monitored by observing the movement of a
small air bubble along the length of precalibrated PE-10
tubing inserted between the injection cannula and a 2.5
puL Hamilton microsyringe. After the infusion, the injec-
tor was left in place for an additional 5 min to reduce
possible backflow along the injection tract. The physical
accuracy of the injection was verified by reconstructing
the microinjection placements.

Western blot analysis

Twenty rats were anesthetized with a mixture of Zoletil
50 and Rompun and decapitated 1 h after the final expo-
sure to saline or nicotine. The brains were removed, fro-
zen in isopentane at —70°C, and stored in a deep freezer
until use. Brain slices were cut serially using a cryostat
(Leica, Nussloch, Germany) at —20°C, after which both
sides of CPu were removed using a steel borer (3 mm
inner diameter). All tissue samples were sonicated three
times for 9 s in a lysis buffer containing (mM) 10 Tris-
HCI (pH 7.4), 5 NaF, 1 Na;VO,, 1 EDTA, and 1 EGTA.
The lysates were incubated on ice for 1 h and centrifuged
twice at 13,200 rpm for 30 min at 4°C. The superna-
tants were used in the experiment. The concentrations
of solubilized proteins in the supernatants were deter-
mined using a Bio-Rad Protein Assay (Bio-Rad Labora-
tories, Hercules, CA, USA) according to the Bradford
method. The proteins were resolved by 10-12% sodium
dodecyl sulfate (SDS)-polyacrylamide gel electropho-
resis and transferred to nitrocellulose membranes. The
membranes were blocked with 5% skim milk in tris-buff-
ered saline and tween-20 (TBST) for 1 h at room tem-
perature (RT). The membranes were then washed three
times with TBST and probed with anti-phospho-cofilin
and LIMK1/2 (Cat.# 3311 and 3841; rabbit polyclonal;
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1:1,000; Cell Signaling Technology, Danvers, MA, USA)
or anti-GAPDH (Cat.# 60004-1-Ig; mouse monoclonal;
1:20,000; Proteintech, Chicago, IL, USA) overnight at 4
C on a shaker. The antibodies were diluted with 2% skim
milk in TBST. After three washes, the membranes were
incubated with HRP-labeled goat anti-rabbit secondary
antiserum (1:10,000; KPL, Gaithersburg, MD, USA) or
anti-mouse secondary antiserum (polyclonal, 1:10,000;
Proteintech) for 1 h at RT. The images were taken on an
iBright CL1000 (Thermo Fisher Scientific, Waltham, MA,
USA) using enhanced chemiluminescence reagents (Ab
Frontier, Seoul, South Korea). The membranes were then
immersed in stripping buffer containing 50 mM Tris-HCl
(pH 7.0), with 2% SDS and 50 mM dithiothreitol (DTT)
for 1 h at 70°C. The stripped membranes were re-probed
with anti-cofilin (Cat.# 5175; rabbit monoclonal; 1:2,000;
Cell Signaling Technology) and anti-LIMK1 (Cat.# 3842;
rabbit polyclonal; 1:2,000; Cell Signaling Technology)
antibodies. Immunoreactive images of protein bands
using the CL1000 were semi-quantified by counting the
number of pixels using NIH Image 1.62 software.

Immunofluorescence analysis

Eight rats were perfused transcardially with ice-cold 4%
paraformaldehyde (PFA) for 7 min following anesthe-
sia administered 1 h after the final exposure to saline or
nicotine. The brains were then removed and post-fixed
in a 4% PFA/10% sucrose for 2 h at 4°C, followed by PBS
(pH 7.2)/20% sucrose overnight at 4°C [29]. For tissue
preparation, 30-um-thick coronal slices from the CPu
were prepared from saline or nicotine-treated rats using
a VT1000S vibratome (Leica). Three slices per rat, +0.8
to +1.2 mm away from the bregma, were prepared for
staining. The slices were blocked with a blocking solution
containing 0.3% Triton X-100, 5% normal goat serum,
and 0.1% bovine serum albumin (BSA) in PBS (pH 7.4)
for 2 h at RT. The slices were washed three times with
0.3% Triton X-100 in PBS and incubated with the pri-
mary antibody, anti-phospho-cofilin (1:500) overnight at
4 °C. The antibodies were diluted in PBS containing 0.1%
BSA and 0.3% Triton X-100. The slices were then incu-
bated in a mixture of secondary antibodies containing
goat anti-rabbit Alexa Fluor 488 (Cat.# ab150077; poly-
clonal; 1:1,000; Abcam, Cambridge, MA, USA) for 2 h at
RT. After three washes, the slices were mounted with an
aqueous mounting medium (Abcam). Alexa Fluor 594
anti-DARPP-32 antibody (Cat.# ab214852; rabbit mono-
clonal; 1:100; Abcam) was used to identify MSN. The
images were taken using a confocal microscope (LSM
800, Carl Zeiss, Jena, Germany) equipped with a 40x/1.2
NA water-immersion objective lens. The number of neu-
rons and co-localized puncta that co-express phospho-
cofilin and DARPP-32 in the CPu was analyzed using a
cell counter and the image calculator function in Image]J/
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Fig. 1 Nicotine decreases pCofilin-and pLIMKT levels in the CPu. (A) Areas of the CPu punched out for conducting western blot analysis within anterior to
posterior (AP) coordinates of + 1.2 to +0.8 mm. (B, C) Repeated nicotine exposure decreased pCofilin-and pLIMK1-IR at the 1 h time point. (D) A brain sec-
tion for conducting immunofluorescence staining within the AP coordinates of + 1.2 to +0.8 mm. The red stars in the CPu indicate the areas captured in
photomicrographs shown in Figure E. (E) Repeated nicotine exposure decreased pCofilin-IR in MSN of the CPu. The scale bar represents 30 um. The arrows
in the magnified images indicate puncta. The scale bar represents 10 um. (F, G) Quantitative analysis showed that repeated nicotine exposure decreased
the number of co-localized puncta of pCofilin- and DARPP-32-IR but not the number of pCofilin-positive neurons in the CPu. N=4 rats per group. *p < 0.05
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Fig. 2 Nicotine alters dendritic spine morphology in the MSN. (A) Dil staining

of MSN in the CPu and three types of dendritic spines: From the top right,

thin spines/filopodia (blue arrows), a mushroom spine (yellow arrow), and a stubby spine (green arrow). (B, C) Repeated, not acute, nicotine exposure
decreased the number of mushroom/stubby spines, while it increased thin spines/filopodia. (D) Neither repeated nor acute nicotine exposure affected
the density of the spines. (E) Distribution of dendritic spines in each group. n=1780 (Repeated saline), 1819 (Acute nicotine) and 1959 (Repeated nicotine)

spines. N=4 rats per group. *p<0.05

Fiji software (NIH, USA) and Zen Blue software 3.4 (Carl
Zeiss) [30].

Dil staining

The dendritic spines were visualized by staining the MSN
of the CPu with a lipophilic carbocyanine dye Dil (Invit-
rogen, Carlsbad, CA), which is used widely for neuronal
tracing in fixed tissues [31, 32]. Dil staining was per-
formed as described elsewhere [32]. Briefly, forty-four
rats were perfused transcardially with ice-cold 1.5% PFA
for 15 min following anesthesia 1 h after the final expo-
sure to saline or nicotine. The brains were removed and

post-fixed in a 4% PFA for 2 h at 4C. Coronal slices,
150 pm in thickness, were then prepared using the
VT1000S vibratome. The slices were mounted onto glass
slides circled with a solvent-resistant histology pen, and
powdered Dil was applied to the slices using a sharp glass
tip. The inside of the circle was then filled with PBS (pH
7.4) to prevent the tissue from drying out during staining.
Dil was allowed to diffuse into the slices for 24 h at 4°C,
and labeled slices were washed lightly with PBS and fixed
in 4% PFA for 1 h at RT. The slices were washed three
times and mounted in an antifade aqueous medium (Vec-
tor Laboratories, Burlingame, CA).
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Confocal imaging and spine analysis

Dil-labeled slices were imaged using a Zeiss LSM 800
confocal microscope. Neurons filled with Dil were visu-
alized with the 40x/1.2 NA water-immersion objective
lens at a 1.5X optical zoom. The images were captured
at a 16-bit image depth and stored at a resolution of
2048x2048 pixels (pixel scale 0.05%x0.05 um; field size
106.48x106.48 um). Neurons were scanned at intervals
of 0.75 to 0.8 pm along the z-axis, with the number of
z-stack planes determined by individual dendritic seg-
ments. Z-stack images were merged using orthogonal
projection in the Zen Blue software. Dendrites contain-
ing dendritic spines, each 20 pm in length, were selected
for the analysis. Five dendrites per neuron and approxi-
mately five neurons per animal were analyzed. Spine
analyses were performed manually using established cri-
teria (Fig. 2A) [33, 34], categorizing the spines into three
distinct types: (i) mushroom-like spines characterized by
a head diameter>0.5 pm or greater than two times the
spine neck diameter; (ii) stubby spines defined as den-
dritic protrusions with no discernable head enlargement
and a length of <0.5 um; (iii) thin/filopodia-like spines
that are dendritic protrusions with a length of >0.5 um
and a head diameter<0.5 pum or no discernable head
enlargement.

Crosslinking assays for surface receptors

The surface expression of GluN2B subunits was measured
by performing an assay using a bis(sulfosuccinimidyl)
suberate (BS®) crosslinking reagent that is membrane-
impermeable and covalently crosslinks with surface-
expressed receptors [35]. Eight rats were decapitated
1 h after the final exposure to saline or nicotine follow-
ing anesthesia. Both sides of the CPu were dissected on
a chilled brain matrix with a steel borer (3 mm inner
diameter). Chopped tissue samples were added to 1.5 ml
tubes containing ice-cold aCSFE. Subsequently, 52 mM of
BS® (Thermo Fisher Scientific) was added immediately,
and the samples were incubated with gentle agitation for
30 min at 4°C. The crosslinking reaction was quenched
by adding 1 M glycine with gentle agitation for 10 min at
4°C. The samples were then spun down, and the super-
natants were removed. A lysis buffer containing (mM) 25
HEPES, 500 NaCl, 2 EDTA, 1 DTT, 1 PMSF, 20 NaF, 1
NazVO,, 0.1% NP-40, and protease/phosphatase inhibi-
tor cocktail (Thermo Fisher Scientific) was added to
the pellets, which were then sonicated for 5 s on ice.
The lysates were centrifuged and analyzed directly by
SDS-PAGE with 4-15% gradient gels (Bio-Rad Labo-
ratories). The gels were transferred into nitrocellulose
membranes that were incubated with antiserum against
GluN2B (Cat.# 14544; rabbit monoclonal; 1:1,000; Cell
Signaling Technology). After incubation in HRP-labeled
goat anti-rabbit secondary antiserum (1:10,000; KPL),
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the membranes were developed using Westsave UP
(Ab Frontier). For normalization of the samples, B-actin
(Cat.# 4970; rabbit monoclonal; 1:10,000; Cell Signaling
Technology) was used as a loading control. The immu-
noreactive protein bands imaged using the CL1000 were
semi-quantified by counting the number of pixels using
NIH Image 1.62 software.

Behavioral assessments

Behavioral assessments were conducted as described
previously [12, 36]. Twenty-four rats received a bilateral
intra-CPu infusion of CytoD before the final injection
of saline or nicotine. After drug infusion, the locomotor
activity was measured in an open field using an infrared
photocell-based Opto-Varimex-4 Auto-Track (Colum-
bus Instruments, Columbus, OH, USA) under sound-
attenuated and illuminated conditions. The rats were
placed in a standard transparent rectangular chamber
(44.5 cm X 44.5 cm X 24 cm) and habituated for 30 min
before the experiment to avoid environmental variations.
Three pairs of sensors were positioned on the orthogonal
axes in the cage to provide the coordinates of rat move-
ments in the locomotor testing chamber. Each pair of
sensors produced 16 infrared light beams intersecting the
animal cage (beam scan rate=10 Hz). This Auto-Track
system sensed the presence of animals using data gener-
ated by infrared beam blocking. The locomotor activities
were recorded for over 90 min after a daily injection of
saline or nicotine. The measurements were transferred
to a computer using Opto-Varimex-4 Auto-Track Rapid
Release software (v4.99B software, Columbus Instru-
ments). All rats were anesthetized with a mixture of
Zoletil 50 and Rompun, and the brains were removed to
identify the placements of the guide cannulae.

Statistical analysis

Statistical analysis was conducted using GraphPad
Prism 6 software (GraphPad Software Incorporation,
San Diego, CA, USA). The results are presented as
meanststandard errors. The statistical significance was
determined for p-values<0.05. The differences between
groups in terms of the number of immunoreactive pix-
els per measured area, as determined by western blot-
ting, immunofluorescence, and crosslinking assay, were
assessed using an unpaired t-test or two-way analysis
of variance (ANOVA) followed by a Tukey’s multiple
comparisons test. For Dil-stained dendritic spine analy-
sis, statistical significance was determined using either
one- or two-way ANOVA followed by a Tukey’s multiple
comparisons test. Chi-square test was used to determine
whether the differences in proportions between groups
in the donut charts were statistically significant. The sta-
tistical significance of the differences in the total distance
traveled between groups was determined by repeated
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measures (RM) two-way ANOVA followed by a Tukey’s
multiple comparisons test. Power analysis was conducted
using RStudio (version 2023.12.0; Posit, Boston, MA,
USA) to ensure sufficient statistical power, and a power
level greater than 0.8 (p>0.8) was achieved throughout
the experiments.

For statistical analysis of changing the morphology of
dendritic spines, the following procedure was used [37].
Measurements from individual dendritic segments were
averaged within each neuron to obtain a cell-based value.
Then, the values were averaged across neurons in each rat
to derive rat-based values. Finally, independent rat-based
values were averaged across all rats in the experimental
groups to produce group-based statistical values.

Results

Repeated exposure to nicotine decreases phosphorylated
(p)cofilin immunoreactivity (IR) in the MSN of the CPu

The first set of experiments examined whether repeated
exposure to nicotine alters the cofilin activity in the MSN
of the CPu in rats (Fig. 1A). Repeated nicotine exposure
decreased the pCofilin-IR compared to the repeated
saline group 1 h after the final injection of saline or nico-
tine (Fig. 1B: time effect, F(2, 12)=0.7053, p=0.5133; nic-
otine effect, F(1, 6)=18.30, p=0.0052, two-way ANOVA).
On the other hand, this decrease was restored at the
4 h time point. Similarly, repeated nicotine exposure
decreased the IR of pLIMKI1 that phosphorylates cofilin
in neural tissues [38] 1 h after the final injection of nico-
tine (Fig. 1C: time effect, F(2, 12)=10.59, p=0.0022; nico-
tine effect, F(1, 6)=0.3753, p=0.5626, two-way ANOVA).
This decrease was restored at the 4 h time point.
Repeated nicotine exposure did not affect total cofilin-
and LIMK1-IR in the CPu at any time point examined
(Fig. 1B, C). We examined the changes in pCofilin-IR in
the MSN of the CPu because more than 97% of neurons
in the CPu are identified as MSN [39]. Repeated nico-
tine exposure did not change the number of neurons that
displayed both pCofilin- and the marker for GABAer-
gic MSN, DARPP-32-IR, in the CPu (Fig. 1D-F). How-
ever, the co-localized puncta of pCofilin and DARPP-32
decreased within the cell bodies and neuropils after
repeated nicotine exposure (Fig. 1E, G: 1G, £(6)=2.652,
p=0.0379, unpaired t-test).

Repeated exposure to nicotine induces the remodeling of
dendritic spines

Since repeated nicotine exposure activated cofilin by
decreasing the level of pCofilin, the following experi-
ments investigated whether repeated nicotine exposure
induces morphological changes in the dendritic spines
of MSN. Since cofilin activity within 1 h after repeated
administration of nicotine was altered, changes in the
shape of dendritic spines were analyzed during the same
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time period. The neurons were labeled with Dil, a lipo-
philic membrane staining reagent that produces a fluores-
cent signal for neuronal labeling (Fig. 2A). The dendritic
spines were captured and categorized according to their
shapes as mushroom, stubby, and thin/filopodia [40]. The
number of mushroom (F(2, 9)=7.113, p=0.0140, one-way
ANOVA) and stubby (F(2, 9)=9.633, p=0.0058, one-way
ANOVA) spines decreased 1 h after repeated nicotine
exposure compared to the saline-treated group (Fig. 2B,
C), while the number of thin spines/filopodia spines
increased (Fig. 2B, C: 2 C, F(2, 9)=5.963, p=0.0224, one-
way ANOVA). However, the total number of dendritic
spines did not change after repeated exposure to nico-
tine (Fig. 2D). We calculated the relative enrichment of
the three types of spines by normalizing them to the total
number of spines in each group to evaluate these changes
comprehensively throughout the experiments. The pro-
portion of mushroom and stubby spines among all spines
decreased from 16.9 to 9.4% and 16.5-9.7%, respectively,
after repeated exposure to nicotine (Fig. 2E). In con-
trast, repeated nicotine exposure increased the ratio of
thin spines/filopodia among the total spines from 66.7 to
80.9% (Fig. 2E: repeated saline vs. repeated nicotine, x*
= 97.77, df=2, p<0.0001, chi-square test; acute nicotine
vs. repeated nicotine, x* = 73.53, df=2, p<0.0001, chi-
square test). We also performed an additional experiment
by adding an acute nicotine group to determine short-
term effects of nicotine on spine morphology. The results
showed that administration of acute nicotine did not alter
the structure and number of dendritic spines (Fig. 2B—E).

Inhibition of cofilin restores the nicotine-induced
remodeling of dendritic spines

This study determined the contribution of cofilin to the
remodeling of dendritic spines after repeated nicotine
exposure. The cofilin inhibitor, CytoD, which interferes
with the actin-cofilin interaction, was used [26]. Recon-
struction of microinjection placements showed that the
majority of the bilateral intra-CPu infusion of CytoD was
confined to the center of the CPu within the AP coordi-
nates of +1.2 to +0.8 mm (Fig. 3A). The bilateral intra-
CPu infusion of CytoD (12.5 pg/uL/side) restored the
repeated nicotine-induced decrease in the number of
mushroom spines (Fig. 3B, C: drug effect, F(1, 12)=2.170,
p=0.1665; nicotine effect, F(1, 12)=18.20, p=0.0011,
two-way ANOVA), while it decreased the number of thin
spines/filopodia (Fig. 3B, C: drug effect, F(1, 12)=11.68,
p=0.0051; nicotine effect, F(1, 12)=4.527, p=0.0548,
two-way ANOVA). The infusion of CytoD did not alter
the number of stubby spines (Fig. 3B, C). No significant
difference in the total number of dendritic spines was
observed after the infusion of CytoD (Fig. 3D). The infu-
sion of CytoD restored the proportion of mushroom
spines among all spines from 9.3 to 13.7% and that of
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Fig. 3 Inhibition of cofilin restores the nicotine-induced change in dendritic spine morphology. (A) Bilateral intra-CPu infusion of cytochalasin D (CytoD)
was confirmed by reconstructing the microinjection placements. (B, C) Inhibition of cofilin by CytoD restored the changes in mushroom spines and thin
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thin spines/filopodia from 79.5 to 71.1%, which was simi-
lar to the saline control groups (Fig. 3E: vehicle saline vs.
vehicle nicotine, x*> = 74.20, df=2, p<0.0001, chi-square
test; vehicle nicotine vs. CytoD nicotine, x* = 48.02, df=2,
p<0.0001, chi-square test).

Membrane expression of the GIuN2B subunits regulates
the nicotine-induced remodeling of dendritic spines

This experiment investigated the linking of GluN2B sub-
units in the cofilin-induced synaptic remodeling in the rat
CPu after repeated exposure to nicotine. In a BS® cross-
linking assay, repeated nicotine exposure increased the
surface and intracellular expression of the GluN2B sub-
units (Fig. 4A: surface, £(6)=3.900, p=0.0080; intracel-
lular, £#(6)=3.769, p=0.0093, unpaired t-test). A bilateral

intra-CPu infusion of the GluN2B-selective antagonist,
Ro 25-6981 (4 uM/uL/side) increased the repeated nico-
tine-induced decrease in pCofilin-IR (Fig. 4C: drug effect,
F(1, 8)=17.17, p=0.0032; nicotine effect, F(1, 8)=4.031,
p=0.0796, two-way ANOVA). The physical accuracy of
bilateral intra-CPu infusion of Ro 25-6981 was confirmed
by reconstructing microinjection placements within the
AP coordinates of +1.2 to +0.8 mm (Figs. 4B and 5A).
Bilateral intra-CPu infusion of Ro 25-6981 restored the
repeated nicotine-induced decrease in the number of
mushroom spines (Fig. 5B, C: drug effect, F(1, 12)=71.30,
»<0.0001; nicotine effect, F(1, 12)=29.82, p=0.0001,
two-way ANOVA), while it restored the repeated nico-
tine-induced increase in the number of thin spines/filo-
podia (Fig. 5B, C: drug effect, F(1, 12)=62.26, p<0.0001;



Kim et al. Behavioral and Brain Functions (2024) 20:27 Page 9 of 14
BS®
A -
kDa Con Sal Nic 3001 O Saline (N=4)
B Surface 5 * @ Nicotine (N=4)
300- GIuN2B g € 200 °
z 38 *
> (5)
— B o
Intracellular  © £ 100-
- — o
100y - GIuN2B St o
100-
. 0
45- p-actin Surface Intracellular
B Bregma: AP C pCOfI|In
+1.2 mm . L
25% . 7 Y N Saline  Nicotine 150 1
kDa Veh Ro Veh Ro _
. o
+1.0 mm N\ 10~ e s . s pCofilin < 1001p O Vehicle + saline (N=3)
63% ¥ 7 Y s 10— wws s —— Cofilin 8 © Ro + saline (N=3)
k] 50.- @ Vehicle + nicotine (N=3)
+0.8 mm . 35- GAPDH X @ Ro + nicotine (N=3)
12% . ? Y *

0-

Fig. 4 Blockade of GIUN2B subunits restores the nicotine-induced increase in cofilin activity. (A) Repeated nicotine exposure increased the expression
of both surface- and intracellular GIuUN2B subunits. N=4 rats per group. (B) Bilateral intra-CPu infusion of the GIuN2B subunit antagonist, Ro 25-6981
(Ro), was confirmed by reconstructing microinjection placements. (C) Blockade of the GIuN2B subunits with Ro elevated the repeated nicotine-induced

decrease in pCofilin-IR. N=3 rats per group. *p <0.05

nicotine effect, F(1, 12)=70.03, p<0.0001, two-way
ANOVA). However, blockade of GIuN2B subunits by
infusing Ro 25-6981 did not affect stubby spines (Fig. 5B,
C). There was no difference in the total number of den-
dritic spines after blocking the subunits (Fig. 5D). The
infusion of Ro 25-6981 restored the proportion of mush-
room spines and thin spines/filopodia among all spines
from 7.1 to 20.5% and 79.9-62.2%, respectively, which
was similar to the saline control groups (Fig. 5E: vehicle
saline vs. vehicle nicotine, x* = 212.4, df=2, p<0.0001,
chi-square test; vehicle nicotine vs. Ro 25-6981 nicotine,
X =239.4, df=2, p<0.0001, chi-square test).

Inhibition of cofilin regulates the nicotine-induced
behavioral sensitization in rats

This study determined the contribution of cofilin-
induced synaptic remodeling in the rat CPu to changes
in behavioral sensitization after repeated nicotine expo-
sure (Fig. 6A). Since cofilin activation is linked to the
increase in the expression of GIuN2B subunits after
repeated exposure to nicotine, involvement of actin-
cofilin interaction in regulating locomotor sensitization
was determined. A reconstruction of microinjection
placements showed that the majority of the bilateral
intra-CPu infusion of CytoD was confined to the cen-
ter of the CPu (Fig. 6B). The bilateral intra-CPu infusion
of CytoD (12.5 pg/uL/side), prior to the final injection
of nicotine decreased the repeated nicotine-induced

increase in total distance travelled over 90 min (Fig. 6C:
time effect, F(6, 120)=8.565, p<0.0001; drug effect, F(3,
20)=23.04, p<0.0001, RM two-way ANOVA). On the
last day of nicotine injection, CytoD decreased the dura-
tion of the effects of nicotine on the locomotor activity
(Fig. 6D: time effect, F(20, 400)=25.09, p<0.0001; drug
effect, F(3,20)=10.87, p=0.0002, RM two-way ANOVA).
However, the bilateral intra-CPu infusion of CytoD did
not affect the total distance traveled following repeated
exposure to saline (Fig. 6C, D).

Discussion
The present study shows that changes in cofilin activity
by stimulating the GluN2B subunits of the NMDA recep-
tors are necessary for remodeling the dendritic spines in
the MSN of the CPu and simultaneous behavioral sensi-
tization after chronic nicotine exposure in rats. Repeated,
but not acute, nicotine exposure induces shrinkage of
the spine heads, which is characterized by changes in the
types of spines from mushroom to thin spines/filopodia.
Cofilin induces the disassembly and reorganization of
F-actin through its severing activity, playing a pivotal role
in promoting actin turnover and shaping spine morphol-
ogy [19, 41, 42]. In the present study, repeated nicotine
exposure reduces cofilin phosphorylation, resulting in
the activation of cofilin. The inhibition of cofilin activ-
ity by disrupting the actin-cofilin interaction restores
the cofilin-dependent shrinkage of spine heads. Similar
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finding has been reported by a previous study investi-
gating the cofilin-mediated increase in thin spines in
the NAc after repeated cocaine exposure [22]. However,
inhibition of cofilin activity does not affect the morpho-
logical changes to the stubby spines induced by repeated
nicotine exposure. These findings suggest that the actin-
cofilin interaction leads to the shrinkage of spines from
mushroom-shaped to thin spines/filopodia by depoly-
merizing branch structures in the spine heads. Therefore,
it can be inferred that cofilin is responsible for changes
in the morphology of dendritic spines by altering branch
formation and the diameter of the spine heads in the
MSN of the CPu.

Parallel to these findings, repeated nicotine exposure
decreases the phosphorylation of LIMK1, an upstream

regulator of cofilin in the CPu. Previous studies have
demonstrated that LIMK1 is the direct upstream regu-
lator of the actin-depolymerizing activity of cofilin in
vitro and in vivo [43-45]. Furthermore, the severing
activity of cofilin through LIMKI1 contributes to changes
in the synaptic structure and behaviors in response to
cocaine exposure [22, 46, 47]. For instance, reinstate-
ment of cocaine-seeking behavior is potentiated when
actin cycling is disrupted by either upregulating actin
depolymerization by inhibiting LIMK1 or polymerizing
actin [46]. The inhibition of cofilin activity attenuates the
repeated nicotine-induced increase in behavioral sensiti-
zation in rats in the present study. Taken together, these
findings suggest that the activation of cofilin directed by
LIMK]1 in response to repeated nicotine enhances actin
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turnover, which leads to nicotine dependence via changes
in the spine morphology.

Dendritic spines are small protrusions in the dendrites
of neurons, which form the postsynaptic component
of most excitatory synapses in the brain. The present
study monitored the changes in the secondary and ter-
tiary dendrites of MSN that lead to cellular and behav-
ioral changes after psychostimulants exposure [32, 40,
48, 49]. The changes in morphology and the density of
spines induce synaptic remodeling in the NAc and pre-
frontal cortex after nicotine or cocaine exposure [40,
50-52]. In the present study, however, repeated nico-
tine exposure does not affect the density and total num-
ber of dendritic spines. Instead, it alters the proportion

of each spine type only. Approximately 80% of the total
spines were thin spines/filopodia, while approximately
9% were mushroom spines in response to repeated expo-
sure to nicotine. The distal branches, such as the fifth-
and sixth-order branches or beyond, could provide the
effect of repeated nicotine on changes in the density and
morphology of spines [48, 53]. While this study employs
the traditional classification of spines into distinct types—
mushroom, stubby, and thin/filopodia—it is essential to
recognize that spine morphology exists as a continuum
rather than fitting neatly into discrete categories [54—56].
Considering this continuum-based perspective, the dis-
tinctions between spine types in the present study may
represent momentary changes in the synaptic adaptation
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process in response to nicotine exposure. Therefore,
cofilin seems to upregulate synaptic plasticity by chang-
ing the shape of the spine heads rather than the density
of spines in the MSN of the CPu after repeated exposure
to nicotine.

The present study further demonstrates that stimula-
tion of the GIuN2B subunits integrates changes in the
morphology of the dendritic spines of MSN by upregulat-
ing the cofilin activity in response to nicotine exposure.
Repeated nicotine exposure increases the overall expres-
sion of the GIuN2B subunits in the CPu, particularly
on the membrane surface. Consistent with the present
findings, previous studies have demonstrated a correla-
tion between synaptic GluN2B subunits and alterations
in spine morphology of striatal neurons following expo-
sure to cocaine or nicotine [40, 52, 57, 58]. Rats in early
withdrawal from cocaine self-administration increase
excitatory inward ion currents that are mediated by stim-
ulating the GluN2B subunits [33]. In addition, chronic
nicotine exposure has been shown to elevate ion con-
ductance from the GIuN2B subunits in the CPu [17]. In
this study, blockade of the GIuN2B subunits restores the
repeated nicotine-induced increase in cofilin activity by
decreasing its phosphorylation, suggesting that the sub-
units are likely coupled to form thin spines/filopodia
instead of mushroom spines. Similar to the present data,
a recent study demonstrates that stimulation of NMDA
receptors drives the shrinkage of dendritic spines via
the cofilin-dependent severing of the actin cytoskeleton
in the hippocampal CA1l neurons [59]. Taken together,
these findings suggest that repeated nicotine exposure
increases the membrane expression of the GluN2B sub-
units in dendrites followed by the receptor-coupled
activation of LIMK]1, leading to the elevation of actin
turnover in a cofilin-dependent manner in MSN of the
CPu.

The dynamic changes in F-actin filaments are mediated
by the stimulation of GIuN2B subunits, through which
cofilin is closely linked to the structural flexibility and
adaptive changes [3, 4, 47, 60, 61]. Viral overexpression of
active cofilin mimics the cocaine-induced increase in the
thin spines of MSN in the NAc, potentiating the cocaine-
induced conditioned place preference [22]. The previ-
ous study has also demonstrated that an increase in both
actin cycling and the spine diameter in the NAc influ-
ences the challenge cocaine-induced locomotor sensiti-
zation [25]. Similarly, the present study shows a potential
linkage between the repeated nicotine-induced shrinkage
of the spine head and the development of behavioral sen-
sitization. Therefore, these findings suggest that morpho-
logical changes in the dendritic spines mediated by cofilin
have been implicated in the long-term changes of the
glutamate synapses in the CPu, which appears to drive
habitual behaviors after chronic exposure to nicotine.
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Fig. 7 A diagram illustrating the nicotine-induced spine remodeling via
GIUN2B subunits-linked cofilin activity in the MSN. The elevation of glu-
tamate release after repeated nicotine exposure leads to a reduction of
pLIMK and subsequent pCofilin, which enables the active state of cofilin
from its inactive state. Activation of cofilin in turn drives spine shrinkage
from mushroom spines into thin spines/filopodia by increasing actin
turnover

Conclusions

As depicted in Fig. 7, stimulation of GluN2B subunits of
NMDA receptors after repeated nicotine exposure acti-
vates cofilin by reducing its phosphorylation state prob-
ably via LIMK1 inhibition. Activated cofilin seems to
shift the formation of more thin spines/filopodia from
mushroom types of spines by potentiating actin turn-
over. The cofilin-mediated decreases in head diameter
and the transition from mushroom to thin spines/filopo-
dia simultaneously affect the development of locomotor
sensitization. The novel findings presented in the pres-
ent study may provide insight into the understanding of
nicotine dependence that underlies synaptic remodeling
by disturbing the glutamatergic synapses in the CPu after
chronic exposure to nicotine in rats.
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