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Nicotine pretreatment alleviates MK-801-induced behavioral
and cognitive deficits in mice by regulating Pdlim5/CRTC1
in the PFC
Qian Wang1, Meng-wei Wang2, Yan-yun Sun2, Xiao-yan Hu1, Pan-pan Geng1, Hui Shu2, Xiao-na Wang2, Hao Wang1, Jun-fang Zhang3,4,
Hong-qiang Cheng5, Wei Wang6 and Xin-chun Jin1,2

Increasing evidence shows that smoking-obtained nicotine is indicated to improve cognition and mitigate certain symptoms of
schizophrenia. In this study, we investigated whether chronic nicotine treatment alleviated MK-801-induced schizophrenia-like
symptoms and cognitive impairment in mice. Mice were injected with MK-801 (0.2 mg/kg, i.p.), and the behavioral deficits were
assessed using prepulse inhibition (PPI) and T-maze tests. We showed that MK-801 caused cognitive impairment accompanied by
increased expression of PDZ and LIM domain 5 (Pdlim5), an adaptor protein that is critically associated with schizophrenia, in the
prefrontal cortex (PFC). Pretreatment with nicotine (0.2 mg · kg−1 · d−1, s.c., for 2 weeks) significantly ameliorated MK-801-induced
schizophrenia-like symptoms and cognitive impairment by reversing the increased Pdlim5 expression levels in the PFC. In addition,
pretreatment with nicotine prevented the MK-801-induced decrease in CREB-regulated transcription coactivator 1 (CRTC1), a
coactivator of CREB that plays an important role in cognition. Furthermore, MK-801 neither induced schizophrenia-like behaviors
nor decreased CRTC1 levels in the PFC of Pdlim5−/− mice. Overexpression of Pdlim5 in the PFC through intra-PFC infusion of an
adreno-associated virus AAV-Pdlim5 induced significant schizophrenia-like symptoms and cognitive impairment. In conclusion,
chronic nicotine treatment alleviates schizophrenia-induced memory deficits in mice by regulating Pdlim5 and CRTC1 expression in
the PFC.
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INTRODUCTION
Approximately 50%–90% of schizophrenia patients have been
observed to have smoking habits [1]. This is significantly higher
than the ~25%–30% rate found among the general population [2].
The rate of smoking may be higher in schizophrenia patients
because patients consume tobacco to relieve schizophrenia-
induced cognitive impairment [3], which is the core symptom of
schizophrenia [4] and is linked with brain function impairment [5].
Nicotine is the critical psychoactive ingredient that promotes the
consumption of tobacco [6]. Thus, smoking-obtained nicotine is
indicated to improve cognition [7] and mitigate certain schizo-
phrenic symptoms [1, 3, 6, 8, 9]. It has been reported that by
activating the nicotine α5-acetylcholine receptor (α5-nAChRs),
nicotine reverses cognitive impairment in a schizophrenia mouse
model caused by a CHRNA5 gene mutation [10]. However, how
nicotine alleviates schizophrenia-induced cognitive impairment
remains largely unexplored.

Human genetic studies have reported that PDZ and LIM domain
5 (Pdlim5) is associated with gene expression in schizophrenia
[11], as well as the occurrence of both bipolar disorder and
schizophrenia [12]. In addition, Pdlim5 is associated with both
schizophrenia in the Chinese Han population [13] and paranoid
schizophrenia in Emirati patients [14]. Notably, Iwamoto et al. used
DNA chip analysis to explore the levels of Pdlim5 in the
postmortem brain tissue of several neuropsychiatric patients,
such as bipolar disorder, schizophrenia or depression, and found
that Pdlim5 in the prefrontal cortex (PFC) area was upregulated
[15]. In addition, the levels of Pdlim5 mRNA expression in the
peripheral leukocytes of schizophrenia patients without medica-
tion were significantly upregulated compared to the control [16].
Although Pdlim5 in neurons plays a critical role in dendritic spine
shrinkage [17], there is no direct evidence that Pdlim5 plays a role
in schizophrenia-induced cognitive deficit, and the mechanism
needs to be further investigated.
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As a transcriptional coactivator of cyclic adenosine monopho-
sphate (cAMP)-response element binding protein (CREB), CRTC1
(the CREB-regulated transcription coactivator) has been shown to
modulate learning and/or memory [18]. For example, CRTC1 has
been reported to play key roles not only in memory consolidation
but also in memory reconsolidation [8, 19]. Emerging evidence
suggests that CRTC1 dysregulation may be implicated in the
etiopathogenesis of psychiatric disorders, such as addiction,
anxiety, and mood disorders [18]; for example, CRTC1 knockout
mice were shown to exhibit depression-like symptoms and altered
expression of neuroplasticity-related genes [20]. Therefore, we
postulated that dysregulation of Pdlim5-CRTC1 signaling may
underlie the molecular mechanism for schizophrenia-like behavior
and/or cognitive impairment that is also linked with PFC
dysfunctions.
Acute MK-801 treatment has been used to induce

schizophrenia-like behavior and cognitive impairment [21, 22],
and working memory (WM) impairment in patients has often been
referred to as a core sign of schizophrenia [23]. The delayed
alteration task (DAT) in the T-maze, which can detect WM, is a
widely used model to detect schizophrenia-induced cognitive
deficits [24], and we have previously shown that acute nicotine
treatment significantly increased the spatial WM of rats detected
by the T-maze task [9]. In the current study, we propose our
hypothesis that chronic nicotine treatment alleviates
schizophrenia-induced cognitive deficits by regulating Pdlim5
and CRTC1 in mice.

MATERIALS AND METHODS
Animals
Male 8- to 10-week-old male C57BL/6 mice (Shanghai SLAC
Company, China) were housed 4–5 per cage at a constant
temperature (23 ± 1 °C) with a 12:12 h light-dark cycle. One week
before the start of the task, all the mice were allowed to drink
freely and have a restricted diet to maintain ~85% of their body
weight. The procedures in these experiments were approved by
the Soochow University Animal Care Committee and were
performed in accordance with the NIH Laboratory Animal Care
and Use Guidelines. The efforts are aimed at minimizing animal
suffering and reducing the number of animals used.
Pdlim5−/−mice:
Pdlim5−/− mice were a gift from Professor Hong-qiang Cheng’s

lab and were generated by targeting the third exon of the murine
ENH gene [25].

Drugs and drug administration
At 0.5 h before WM testing in the T-maze, MK-801 (Sigma, St.
Louis, MO, USA) or vehicle (sterile saline) was administered
intraperitoneally (i.p.) at a dose of 0.2 mg/kg, which is an
established method for animal models of schizophrenia [26, 27].
Nicotine (Sigma, St. Louis, MO, USA) or vehicle (sterile saline) was
given subcutaneously once daily at a dose of 0.2 mg/kg [9] for
2 weeks.

Surgery and pdlim5 AAV-virus delivery
AAV vectors were designed and produced by Shanghai Gene-
Chem Co., Ltd., China. The coding sequence of the Pdlim5
(NM_001190852) gene was amplified by PCR and integrated into
the GV467 vector (CMV-betaGlobin-MCS-EGFP-3Flag-SV40 PolyA)
by BamHI. Viral particles (CMV-betaGlobin-Pdlim5-EGFP-3Flag-
SV40 PolyA) were generated by transient transfection of AAV-
293T cells with a transfer plasmid, and infection was performed
according to the manual. The empty vector (AAV-GFP) and
recombinant vectors (AAV9-Pdlim5) contained enhanced green
fluorescence protein (EGFP) as a marker to track AAV-mediated
target gene expression using fluorescence microscopy. A total of
1.37 × 1012 vg/mL virus was used to transfect the mouse PFC.

Pentobarbital sodium (2%, 5 mL/kg, i.p.) was used to anesthetize
mice, and then, the mice were mounted onto a stereotaxic frame.
AAV vectors were bilaterally (0.5 µL/side) infused into the PFC (AP:
+1.7, ML: 0.3, DV: −1.5 mm to bregma) at a speed of 0.1 µL/min,
and after the infusion was completed, the injection needle stayed
in place for another 5 min. After 3 weeks, immunofluorescence
combined with Western blotting was used to detect successful
viral infection and whether Pdlim5 was overexpressed.

Behavioral training and testing
PPI. To assess prepulse inhibition (PPI), mice were put into
acoustically isolated startle chambers (MED associates Inc. USA). Mice
received training according to the PPI procedure similar to those
reported previously [28]. PPI was calculated as the percent inhibition
of the startle amplitude caused by a single pulse: %PPI= (amplitude
in the single pulse test-amplitude in the prepulse plus pulse test)/
(amplitude on pulse alone trial) × 100.

Delayed alternation T-maze task. Mice received delayed alterna-
tion task (DAT) training in the T-maze as we have reported [29]. At
first, mice were trained to get used to a T-maze followed by a
training to learn to visit the two arms alternatively for reward.
When the mice completed one initial test and nine formal tests,
the daily session ended. Regardless of which arm they chose in
the initial experiment, the mice could be rewarded because both
arms were decoyed. During the formal experiment, the mice were
required to learn to choose the opposite arm to be rewarded. If
the WM or the ability to correct mistakes was destroyed, they
would make mistakes and choose the arm they visited without
being rewarded. After each test, the mice were returned to the
starting box and separated by a closed sliding door. The mice
could not explore the maze if the sliding door was not
removed and after an interval of 10 s (delay), and the next
experiment began after the sliding door was removed. A 75%
alcohol solution was used to wipe the maze to clean the odors
between trials.
It took ~7 days for mice to reach an 80% success rate (the

percentage of correct selections among all selections and the
correct selections are always 9). Once the mouse performance
stabilized at a success rate of ~80% in the test for three
continuous days [29], mice were systemically injected with MK-
801 followed by a WM test 4 h later. The mice must choose the
opposite arm to be rewarded during the test session. If the mice
made an error, they would receive a correction procedure by
keeping the bait in the baited arm. The counted errors are divided
into two types: Lose-shift failure is defined as the continuous
wrong choice that the mice incorrectly selected in the prior trial,
and Win-shift failure means that the mice entered the wrong arm
that was a correct choice in the prior trial [29].

Experimental procedures
Experiment 1. The experiment determined nicotine’s effect on
MK-801-induced schizophrenia-like behavior and WM impairment.
Mice were randomly assigned to four groups: (1) saline, (2) MK-
801, (3) MK-801+nicotine, and (4) nicotine. The experimental
design is presented in Fig. 1a.

Experiment 2. The experiment aimed to explore the mechanism
of nicotine on MK-801-induced schizophrenia-like behavior and
WM impairment.

Experiment 3. This experiment examined the effect of MK-801 on
schizophrenia-like behaviors and WM in Pdlim5−/−mice. Mice
were randomly divided into two groups: (1) saline and (2) MK-801.

Experiment 4. This experiment examined the role of Pdlim5
upregulation in schizophrenia-like behavior and WM. The Pdlim5
virus was injected into the bilateral PFC.
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Cell culture
Primary neuron culture. Cervical dislocation was used to sacrifice
pregnant rats (pregnancy 17–18 days), the fetal rat brains were
removed, and the cortex was obtained. The cortex was crushed,
and 0.25% trypsin (HyClone) containing 0.02% DNase I (Solarbio)
was supplied and incubated at 37 °C for 10 min. Digestion was
terminated after culture medium containing 10% FBS was
provided. The cell suspension was filtered through a 70 μm sieve
(Biologix) followed by a 5min centrifuge at 1000 rpm. The pellet
was resuspended in DMEM/F12+ 10% FBS after the supernatant
was discarded. After counting, the cells were seeded in a 24-well
plate precoated with 20 μg/mL poly-L-lysine (PLL, Sigma) at a
density of 250,000 cells per well. Neurobasal medium (Gibco)
containing 2% B27 (Stemcell) and 1% GlutaMax (Thermo)+ 0.5%
p/s (Beyotime) was used to replace the medium 4 h later.
Primary cortical neurons on day 4 of culture were treated with

20 μM MK-801 [30], 100 ng/mL nicotine [31] or both MK-801 and
nicotine for 72 h.

SH-SY5Y cell culture. SH-SY5Y cells (American Type Culture
Collection) were cultured as we described [32].

Western blot
After the behavioral test was completed, the mice were immediately
perfused with ice-cold phosphate-buffered saline (PBS). The
hippocampus and PFC were collected for the protein expression
analysis of Pdlim5 and CRTC1 as we described [33]. In brief, tissues
were homogenized in lysis buffer, and a BCA protein assay kit
(Beyotime, Haimen, Jiangsu, China) was used to determine the
protein concentrations in the homogenates. Following electrophor-
esis and membrane transfer, the membranes were incubated with
primary antibodies against Pdlim5 (1:1000, Abcam), CRTC1 (1:1000,
Abcam), and β-actin (1:10000, Huabio, Hangzhou, Zhejiang, China)
overnight at 4 °C. After washing with PBS-T, the membranes were
incubated with horseradish peroxidase-conjugated anti-mouse or
anti-rabbit secondary antibodies (Boster, Wuhan, Hubei, China) for
2 h at room temperature. A SuperSignal West Pico HRP substrate kit
(Thermo Fisher, Rockford, IL, USA) was used to develop the
membranes, and images were captured. The intensities of the
protein bands were quantified after normalization to β-actin or
tubulin.

Immunofluorescence staining for Pdlim5 and CRTC1
After the behavioral test was completed, the mice were perfused
with PBS followed by 4% PFA. Cryosections with a 20 μm thickness
were fixed with 4% PFA to analyze Pdlim5 and CRTC1 expression, as
described previously [34]. In brief, nonspecific antibody binding was
blocked using blocking buffer containing 0.3% Triton X-100, 1% BSA,
and 5% goat serum for 2 h. Cryosections containing the PFC were
incubated with primary antibodies against Pdlim5 (1:200, Abcam)
and CRTC1 (1:200, Abcam) overnight at 4 °C, followed by an
incubation with Alexa Fluor 488-conjugated secondary antibody
(1:800) or Cy3-conjugated secondary antibodies (1:800) for 2 h at
room temperature. An LSM 700 microscope (Zeiss) was applied to
visualize the immunofluorescence, and images were captured to
show the positive signal in the PFC.
To evaluate the expression of Pdlim5, CRTC1 and p-CRTC1 in

MK-801-treated SH-SY5Y cells, cells were fixed with 4% PFA for
30min followed by blocking nonspecific binding by incubating
the cells with a 10% goat serum and 0.03% Triton X-100 solution
for 2 h at room temperature. Cells were incubated with rabbit anti-
Pdlim5 (1:200, Abcam), rabbit anti-CRTC1 (1:200, CST) or rabbit
anti-p-CRTC1 (1:200, CST) in blocking solution at 4 °C overnight.
Next, the cells were incubated with an Alexa Fluor 488-conjugated
secondary antibody (anti-rabbit, 1:800) for 2 h at room tempera-
ture. Immunostaining was visualized under an LSM 700 confocal
laser scanning microscope (Zeiss).

Real-time RT‒PCR
According to the manufacturer’s procedure and our previous
study [8], total RNA was isolated using TRIzol reagent (Invitrogen).
In brief, TaqMan® Reverse Transcription Kits (Applied Biosystems)
were used to reverse transcribe (RT) RNA (0.5 μg) with random
primers in a 20 μL final reaction volume. SYBR® Green PCR Master
Mix (Applied Biosystems) was used to amplify the RT products
(0.5 μL) in a 10 μL final reaction volume by the 7900HT Fast Real-
Time PCR System (Applied Biosystems). The conditions were 50 °C
for 2 min and 95 °C for 10 min, followed by 40 cycles at two
temperatures (95 °C for 15 s and 60 °C for 1 min). Primers
(Integrated DNA Technologies) for miRNA-21 and U6 were
designed based on known sequences of mouse; miRNA21 (M)-
forward: 5′-TGTCGGGTAGCTTATCAGAC-3′; miRNA21 (M)-reverse:
5′-TTCAGACAGCCCATCGACTG-3′; U6(M) - forward: 5′-CTCGCTTC
GGCAGCACA-3′: U6(M)-reverse: 5′-AACGCTTCACGAATTTGCGT-3′;
miRNA21 (H)- forward: 5′-GCCGCTAGCTTATCAGACTGA-3′; miRNA
21(H)- reverse: 5′-GTGCAGGGTCCGAGGT-3′. SDS Enterprise Data-
base software (Applied Biosystems) was used to calculate the
fluorescence threshold value (Ct value). The comparative ΔΔCt
method was used to calculate the relative mRNA expression as
described previously [35]. Briefly, mean Ct values were normalized
to the internal control GAPDH, and the difference was defined as
ΔCt. The difference between the mean ΔCt values of treated and
untreated cells was calculated and defined as ΔΔCt. The level of
comparative mRNA expression was calculated as 2−ΔΔCt.

Statistical analysis
One-way or two-way ANOVA was used to analyze the data, and
the source of significance was detected using Bonferroni post hoc
tests. Statistical significance was defined as a probability level of
<0.05. SPSS 18.0 statistical programs (SPSS, Chicago, IL, USA) were
used to perform the statistical analysis. Data in the text and figures
are expressed as the mean ± SEM.

RESULTS
Chronic nicotine treatment alleviates MK-801-induced
schizophrenia-like behaviors and cognitive impairment
In rodent models, MK-801 has often been applied to induce
schizophrenia-like behavior [36] and cognitive deficits [37].
Here, the experimental procedure with a detailed description is
provided in Fig. 1a. The PPI test was used to verify the
successful establishment of MK-801-induced schizophrenia-like
behavior [36]. As shown in Fig. 1b, systemic administration of
MK-801 significantly decreased mouse performance in the PPI
task, and nicotine treatment significantly inhibited this effect.
Three-way ANOVA results showed a main effect of MK-801 (F
(1,121)= 5.373, P= 0.022) and nicotine (F (1,121)= 31.479,
P < 0.001) and an interaction of MK-801×nicotine (F
(1,121)= 18.588, P < 0.001) but no main effect of dB (F
(2,121)= 1.669, P= 0.19).
To detect schizophrenia-induced cognitive deficits, a delayed

alteration T-maze (DAT) task was used to test WM performance in
rodents [23, 24]. Administration of MK-801 significantly impaired
mouse WM, and pretreatment with nicotine significantly alleviated
this effect. For correct choice (Fig. 1c), a two-way ANOVA revealed
a main effect of MK-801 F(1,47)= 9.571, P= 0.003) and nicotine
(F(1,47)= 2.656, P= 0.110) and an interaction of MK-801×nicotine
(F (1,47)= 4.501, P= 0.039). For Lose-shift failure (Fig. 1d), two-
way ANOVA revealed a main effect of MK-801 (F(1,48)= 13.172,
P= 0.001) and nicotine (F(1,48)= 3.724, P= 0.060) and an
interaction of MK-801×nicotine (F (1,48)= 10.134, P= 0.003). For
Win-shift failure (Fig. 1e), two-way ANOVA revealed no main effect
of MK-801 (F(1,47)= 2.454, P= 0.124), nicotine (F(1,47)= 0.572,
P= 0.453), or MK-801×nicotine interaction (F(1,47)= 1.153,
P= 0.288).
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Nicotine treatment inhibited MK-801-induced Pdlim5
upregulation and CRTC1 downregulation
The expression of Pdlim5 in the PFC and hippocampus was
explored. MK-801 treatment significantly increased the expression
of Pdlim5 in the PFC, and nicotine treatment significantly
alleviated this change (Fig. 2a, b). Two-way ANOVA revealed a
main effect of MK-801 (F(1,21)= 4.992, P= 0.037, Fig. 2b) and
nicotine (F(1,21)= 9.154, P= 0.007, Fig. 2b) and an interaction of
MK-801×nicotine (F(1,21)= 5.971, P= 0.024). MK-801 treatment
did not significantly change Pdlim5 expression in the hippocam-
pus. Two-way ANOVA revealed no main effect of MK-801
(F(1,17)= 0.076, P= 0.786, Fig. 2c) or nicotine (F(1,17)= 0.224,
P= 0.643, Fig. 2c) or an interaction of MK-801×nicotine (F(1,
17)= 0.001, P= 0.978). Since only significant changes in Pdlim5
expression were detected in the PFC, double staining for Pdlim5
and NeuN was performed to check the distribution of Pdlim5
expression in the PFC. As shown in Fig. 2a, Pdlim5 was observed in
both the cell bodies and terminals of neurons in the PFC. MK-801
significantly increased the expression of Pdlim5 in the PFC, and
pretreatment with nicotine decreased its expression, indicating
that chronic nicotine treatment improved MK-801-induced
memory deficits by modulating the expression of Pdlim5 in the
PFC.
CREB-regulated transcription coactivator 1 (CRTC1), which has

been shown to be distributed in the brain [18], has been
reported to be critically involved in memory processes [38].
Next, the expression of CRTC1 in the PFC and hippocampus was
determined. Figure 2d shows that MK-801 treatment caused a
significant decrease in the expression of CRTC1 in the PFC, and
nicotine pretreatment prevented this reduction. Two-way
ANOVA showed a main effect of MK-801 (F(1,21)= 4.899,

P= 0.039) and nicotine (F(1, 21)= 13.040, P= 0.002) and an
interaction of MK-801×nicotine (F(1,21)= 5.802, P= 0.026). MK-
801 treatment did not significantly alter CRTC1 expression in
the hippocampus (Fig. 2e). Two-way ANOVA revealed no main
effect of MK-801 (F(1,17)= 0.761, P= 0.396) or nicotine (F
(1,17)= 0.857, P= 0.368) and an interaction of MK-801×nicotine
(F (1,17)= 0.006, P= 0.941). Together, we found that both
upregulated Pdlim5 and downregulated CRTC1 specifically in
the PFC, not the hippocampus, were involved in MK-801-
induced behavior deficits, which could be alleviated by chronic
nicotine treatment.

In Pdlim5−/− mice, MK-801 did not impair PPI, working memory or
CRTC1 expression
To test the essential role of Pdlim5 in MK-801-induced behavioral
impairment, we next applied Pdlim5 knockout mice in the study
(Fig. 3a). Importantly, we found that MK-801 treatment did not
induce PPI impairment in Pdlim5−/− mice (Fig. 3b). Two-way
ANOVA showed no main effect of MK-801 (F(1,64)= 2.252,
P= 0.138), dB (F(2,64)= 0.560, P= 0.574), or MK-801×dB
(F(2,64)= 0.096, P= 0.909). Moreover, MK-801 treatment did not
produce WM impairment in Pdlim5−/− mice (Fig. 3c, d, e). One-
way ANOVA showed no significant difference in correct choices
(F(1,21)= 1.177, P= 0.678), Lose-shift failure (F (1,21)= 0.072,
P= 0.791) and Win-shift failure (F (1,21)= 0.361, P= 0.55)
between the MK-801 and saline groups.
We examined CRTC1 expression in the PFC and hippocampus of

Pdlim5−/− mice to further determine whether schizophrenia-
induced impairment of WM was mediated by Pdlim5-CRTC1
signaling. Figure 3f, g shows that MK-801 treatment did not
significantly alter the expression of CRTC1 in the PFC

Fig. 1 Nicotine pretreatment significantly reduced MK-801-produced schizophrenia-like behaviors and WM impairment. a The
experimental procedure. b MK-801 treatment significantly impaired PPI in wild-type mice (*P < 0.05 vs. Saline group), and chronic nicotine
treatment significantly reduced this inhibition (###P < 0.001 vs. MK-801 group). c MK-801 treatment significantly reduced the percentage of correct
choices (**P < 0.01 vs. Saline group), and nicotine treatment reduced this inhibition (#P < 0.05 vs. MK-801 group). d MK-801-treated mice had a
significant upregulation of Lose-shift failure (**P < 0.01 vs. Saline group), and nicotine treatment reduced this change (##P < 0.01 vs. MK-801 group).
e MK-801 and nicotine induced no significant change in Win-shift failure (P > 0.05 vs. MK-801 group, n= 8/group).

Nicotine alleviates MK-801-induced memory deficits
Q Wang et al.

783

Acta Pharmacologica Sinica (2023) 44:780 – 790



Fig. 2 Chronic nicotine treatment alleviated MK-801-induced Pdlim5 upregulation and CRTC1 decrease. a Representative photomicro-
graphs of immunofluorescence staining for Pdlim5 in the PFC. MK-801 treatment significantly upregulated Pdlim5 expression in the PFC, and
chronic nicotine treatment prevented this upregulation, n= 3/group, scale bar= 100 μm. b A representative immunoblot demonstrated that
MK-801 treatment significantly increased Pdlim5 expression in the PFC. Pdlim5 expression was quantified by detecting the relative band
intensities, and nicotine treatment significantly alleviated this change (*P < 0.05 vs. saline group, #P < 0.05 vs. MK-801 group, n= 6). c A
representative immunoblot showed that MK-801 did not significantly affect Pdlim5 expression in the hippocampus. Pdlim5 expression was
quantitated by detecting the relative band intensities (P > 0.05, n= 5). d A representative immunoblot demonstrated that treatment with MK-
801 significantly decreased CRTC1 expression in the mouse PFC (*P < 0.05 vs. Saline group), and chronic nicotine treatment prevented this
decrease (##P < 0.01 vs. MK-801 group, n= 6). e MK-801 did not significantly affect CRTC1 expression in the hippocampus (P > 0.05, n= 5).
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(F(1,14)= 4.290, P= 0.057, Fig. 3f) or the hippocampus
(F(1,14)= 1.130, P= 0.306, Fig. 3g) of Pdlim5−/− mice.

Pdlim5 overexpression in the PFC mediated by AAV-Pdlim5
induced schizophrenia-like behavior and cognitive deficits and
decreased CRTC1 levels in the PFC of WT mice
AAV-Pdlim5 was injected into the PFC of WT mice to determine the
association between Pdlim5 upregulation and schizophrenia-induced
memory impairment. We first confirmed that AAV-Pdlim5 induced
Pdlim5 overexpression in the PFC using immunofluorescence

staining (Fig. 4a) and Western blotting (Fig. 4b). Pdlim5-AAV induced
overexpression of Pdlim5 in the PFC but not in the hippocampus of
the mice (Fig. 4c) and decreased CRTC1 expression in the PFC
(Fig. 4d) but not in the hippocampus (Fig. 4e). The PPI and DAT
T-maze were used to detect schizophrenia-like behaviors and WM,
respectively. Based on our results, overexpression of Pdlim5 in the
PFC significantly impaired performance on the PPI task (Fig. 4f) and
DAT task (Fig. 4g–i). Thus, our results indicated an important role of
Pdlim5-CRTC1 signaling in MK-801-induced schizophrenia-like beha-
vior and cognitive impairment.

Fig. 3 Effect of MK-801 treatment on cognitive performance and CRTC1 expression in Pdlim5−/− mice. a The experimental protocol. b MK-
801 did not induce schizophrenia-like behaviors in Pdlim5−/− mice (P > 0.05). MK-801 did not affect the correct choices (c), or Lose-shift failure
(d), Win-shift failure (e) of Pdlim5−/− mice in the DAT task. n= 11–12. f A representative immunoblot revealed that MK-801 treatment did not
alter the CRTC1 level significantly in the PFC of Pdlim5−/− mice. CRTC1 expression was quantified by detecting the relative band intensities.
P > 0.05 vs. saline group, n= 8. g MK-801 had no significant effect on CRTC1 levels in the hippocampus of Pdlim5−/− mice (P > 0.05). n= 8/
group.
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Nicotine treatment reduced MK-801-induced Pdlim5 upregulation
and CRTC1 downregulation in neurons
To further confirm the effect of MK-801 and nicotine treatment on
Pdlim5 and CRTC1 expression in neurons, primary cortical neurons
on day 4 of culture were exposed to 20 μM MK-801 for 72 h [30],

and immunostaining was used to detect the expression of Pdlim5,
CRTC1 and p-CRTC1 levels in neurons. MK-801 increased Pdlim5
and p-CRTC1 levels and decreased CRTC1 expression in cortical
neurons (Fig. 5a). Nicotine treatment attenuated the MK-801-
induced downregulation of CRTC1 expression in the nucleus of
primary cortical neurons (Fig. 5b).

Nicotine restored MK-801-induced upregulation of Pdlim5-related
miRNA-21 expression
Notably, miRNA-21 (miR-21) has been shown to downregulate
Pdlim5 [39]. To determine the role of miRNA-21 in MK-801-
induced upregulation of Pdlim5, the expression of miRNA-21 was
detected in vivo and in vitro after nicotine and MK-801 treatment
using real-time PCR. Our data demonstrated that MK-801
significantly decreased the levels of miRNA-21 in the PFC
(F(1,8)= 71.906, P < 0.001, Fig. 6a) and SH-SY5Y cells
(F(1,11)= 18.028, P= 0.002, Fig. 6b), and nicotine treatment
significantly inhibited these changes.

DISCUSSION
In the present study, our results demonstrated that MK-801
produced schizophrenia-like behavior and WM deficits by
upregulating Pdlim5 and downregulating CRTC1 in the PFC but
not the hippocampus, and chronic nicotine treatment significantly
alleviated these changes. Notably, overexpression of Pdlim5 in the
PFC by Pdlim5-AAV significantly induced schizophrenia-like
symptoms and cognitive impairment, whereas MK-801 induced
neither schizophrenia-like behavior nor WM impairment in
Pdlim5−/− mice (Fig. 7).
To our knowledge, the current treatments for positive

symptoms (hallucinations and delusions) of schizophrenia have
been quite successful, but strategies for treating negative
symptoms (blunting affect, poverty of speech and thought, loss
of motivation) and cognitive impairment remain to be explored.
Moreover, cognitive deficit is considered the key injury of
schizophrenia [4] and is closely related to brain functional
impairment [5]. As these impairments induce severe life difficulties
and result in chronic mental disability [40], the underlying
mechanism is not well known; therefore, there is no therapeutic
strategy to alleviate the symptoms and cure the disease.
Patients with schizophrenia are highly linked with the smoking

population. In other words, compared to the general population,
patients with schizophrenia are more prone to severe smoking
and nicotine dependence [1, 41]. Tobacco consumption has been
reported to improve spatial WM and attentional deficits in
smokers with schizophrenia [42]. In addition to tar and nitric
oxide, which are toxic to cells, another important component of
tobacco is nicotine. Previous studies have shown that long-term
smokers have a plasma nicotine content of ~100 ng/mL, while

Fig. 4 Effect of Pdlim5 overexpression (OE) by intra-PFC infusion
of AAV-Pdlim5 on CRTC1 expression, schizophrenia-like behaviors
and cognitive performance in WT mice. a Representative photo-
micrographs of immunofluorescence staining of Pdlim5 expression
after intra-PFC infusion of AAV-Pdlim5. A representative immunoblot
demonstrated that AAV-Pdlim5 significantly increased Pdlim5
expression in the PFC, scale bar= 50 μm (b) but not in the
hippocampus (c). Pdlim5 expression was quantified by detecting
the relative band intensities. Pdlim5-AAV decreased CRTC1 expres-
sion in the PFC (d) but not in the hippocampus (e) of the mice.
*P < 0.05 vs. NC group. f Pdlim5 OE decreased the performance on
the PPI task. *P < 0.05 vs. the NC group. g Pdlim5 OE decreased
correct choices. *P < 0.05 vs. the NC group. h Pdlim5 OE caused
significantly more Lose-shift failure than the NC group. *P < 0.05 vs.
the NC group. i Pdlim5 OE did not affect Win-shift failure compared
to mice in the NC group, n= 9 for the NC group, n= 10 for the
OE group.
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nicotine affects cell viability only when its concentration exceeds
1 μg/mL [31]. Numerous studies have demonstrated that nicotine
significantly improves cognitive function [43]. For example,
nicotine has been shown to attenuate maternal lipopolysacchar-
ide exposure-induced schizophrenia-like memory impairment
[44, 45]. In addition, administration of nicotine through sub-
cutaneous injection increased the alertness of individuals with
schizophrenia in continuous performance tests [46]. Furthermore,
Hambsch et al. showed that chronic nicotine selectively improved
short-term memory in a G72 mouse model of schizophrenia [47].
Our current study provided evidence that chronic nicotine
treatment alleviated MK-801-induced schizophrenia-like behavior
and WM deficits, further supporting that schizophrenia patients
smoke to relieve their cognitive deficits via nicotine intake.
We have previously reported that acute nicotine treatment

improves spatial WM by reducing the Win-Shift Failure in the
T-maze task rather than the Lose-Shift Failure [9]. In the control
group of the current study, chronic nicotine treatment did not
improve WM because the correct choice rate was already 80%,
while in our nicotine-enhanced WM study, the correct choice rate
was 70%. In the current study, the result was probably due to
ceiling effects, and nicotine could no longer enhance WM.

Although the hippocampal-prefrontal neural circuit has been
shown to play an important role in WM in the T-maze task [48],
PFC dysfunction may underlie the mechanism for debilitating
consequences that lead to schizophrenia and other neuropsychia-
tric diseases [49, 50]. In addition, functional neuroimaging and
molecular studies mainly point to PFC abnormalities in schizo-
phrenia patients [51]. In this study, MK-801 increased PFC-
dependent Lose-shift failure without affecting hippocampus-
dependent Win-Shift Failure. In addition, we showed that Pdlim5
upregulation and CRTC1 downregulation in the PFC but not in the
hippocampus are responsible for MK-801-induced behavioral
deficits, further supporting that the PFC plays a more critical role
in schizophrenia-induced cognitive deficits.
Pdlim5 has been reported to be associated with schizophrenia

and bipolar disorder [52], Alzheimer’s disease [53], and depression
[54]. For example, a previous postmortem study showed that the
Pdlim5 gene was upregulated in the PFC of patients with
schizophrenia (Iwamoto et al., 2004). In addition, chronic but not
acute methamphetamine injection could upregulate Pdlim5
expression in the PFC of mice [55], suggesting that increased
Pdlim5 levels in the PFC may cause neuropsychiatric behavioral
phenotypes [52]. Our results showed that MK-801 upregulated

Fig. 5 MK-801 treatment induced Pdlim5 upregulation and CRTC1 downregulation in neurons. a Representative immunofluorescence
staining showed that MK-801 increased Pdlim5 (upper panel), decreased CRTC1 levels (middle panel) and increased p-CRTC1 levels (bottom
panel) in primary cortical neurons. Pdlim5 expression was quantified by detecting the relative immunofluorescence intensities (*P < 0.05
vs. Vehicle group). b MK-801 downregulated CRTC1 expression in the nucleus of primary cortical neurons. Nicotine treatment attenuated this
change. **P < 0.01 vs vehicle. ##P < 0.01 vs MK-801.
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Pdlim5 in the PFC and that overexpression of Pdlim5 in the PFC
induced PPI and WM deficits, indicating that Pdlim5 played an
important role in schizophrenia-induced memory deficits. Notably,
MK-801 did not induce PPI and WM impairment in Pdlim5−/−

mice, which is consistent with a previous study showing that
Pdlim5 deficiency in heterozygous animals showed a protective
effect against methamphetamine-induced PPI deficits and loco-
motor hyperactivity in the open field and that Pdlim5 inhibition
with PKCE-TIP also showed a protective effect on PPI in wild-type
mice [55]. These results suggest that suppression of Pdlim5 levels
may be a possible therapeutic direction for treating schizophrenia
or other neuropsychiatric disorders.
The subcellular distribution of CRTC1 is regulated by phosphor-

ylation status. Under basal conditions, they are phosphorylated
and sequestered in the cytoplasm by scaffolding the proteins of
14-3-3, and nuclear translocation requires the activation of both
calcium and cAMP signaling pathways [18]. Notably, CRTC1
nuclear translocation is essential for memory consolidation [18].
CRTC1 not only plays an important role in memory disorder in
Alzheimer’s disease [56] and fear memory [38] but also contributes
to ischemic stroke-induced memory impairment [34]. In this study,
we found that MK-801 treatment induced significant down-
regulation of CRTC1 in WT mice but not Pdlim5−/− mice. In
addition, Pdlim5 overexpression suppressed CRTC1 expression,
suggesting that CRTC1 is involved in MK-801-induced memory
deficits and Pdlim5 signaling.
It has been reported that the posttranscriptional regulator miR-

21, which has been reported to play an important role in

neuroplasticity and schizophrenia pathology [39, 57–59], can be
induced in neurons by prolonged N-methyl-D-aspartic acid
receptor (NMDAR) stimulation [60]. Here, we showed that the
NMDAR antagonist MK-801 produced a significant decrease in
miR-21 and that MK-801 may decrease miR-21 by blocking the
interaction of NMDA with the receptor. In addition, our results
showed that nicotine alleviated MK-801-induced miR-21, which is
consistent with a previous study showing that nicotine upregu-
lates miR-21 [61]. Nuclear factor kappa-B (NF-κB) binding sites
were located in miR-21 gene transcriptional elements, and
nicotine enhanced the binding of NF-κB to the promoters of
miR-21. Knockdown of NF-κB markedly suppressed nicotine-
induced cell proliferation and upregulation of miR-21 [62].
Therefore, nicotine may alleviate MK-801-induced miR-21 through
regulating NF-κB.
Overall, our results indicate that MK-801 induced WM impair-

ment in mice with schizophrenia and elevated Pdlim5 expression
and decreased CRTC1 expression in the PFC but not in the
hippocampus. Chronic nicotine pretreatment reduced Lose-Shift
failure to attenuate WM impairment in mice with MK-801-induced
schizophrenia, which was mediated by downregulating Pdlim5
expression and upregulating CRTC1 expression.
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