
Vol.:(0123456789)1 3

Cellular and Molecular Life Sciences (2018) 75:2473–2488 
https://doi.org/10.1007/s00018-017-2742-3

ORIGINAL ARTICLE

Furin promotes dendritic morphogenesis and learning and memory 
in transgenic mice

Binglin Zhu1 · Lige Zhao1 · Dong Luo1 · Demei Xu1 · Tao Tan2 · Zhifang Dong2 · Ying Tang1 · Zhuo Min1 · 
Xiaojuan Deng1 · Fei Sun3 · Zhen Yan4 · Guojun Chen1

Received: 22 September 2017 / Revised: 30 November 2017 / Accepted: 27 December 2017 / Published online: 4 January 2018 
© Springer International Publishing AG, part of Springer Nature 2018

Abstract
Furin is a proprotein convertase implicated in a variety of pathological processes including neurodegenerative diseases. 
However, the role of furin in neuronal plasticity and learning and memory remains to be elucidated. Here, we report that 
in brain-specific furin transgenic (Furin-Tg) mice, the dendritic spine density and proliferation of neural progenitor cells 
were significantly increased. These mice exhibited enhanced long-term potentiation (LTP) and spatial learning and memory 
performance, without alterations of miniature excitatory/inhibitory postsynaptic currents. In the cortex and hippocampus of 
Furin-Tg mice, the ratio of mature brain-derived neurotrophic factor (mBDNF) to pro-BDNF, and the activities of extracel-
lular signal-related kinase (ERK) and cAMP response element-binding protein (CREB) were significantly elevated. We also 
found that hippocampal knockdown of CREB diminished the facilitation of LTP and cognitive function in Furin-Tg mice. 
Together, our results demonstrate that furin enhances dendritic morphogenesis and learning and memory in transgenic mice, 
which may be associated with BDNF–ERK–CREB signaling pathway.
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Introduction

Furin is a proprotein convertase (PC) that catalyzes the pro-
teolytic maturation of proprotein substrates in the secretory 
pathway. In the living cell, furin cycles between trans-Golgi 
network (TGN), the cell surface and the early endosome [1], 
where it cleaves a variety of substrates including precursors 

of growth receptors and hormones, matrix metalloprotein-
ases, viral envelope glycoproteins and bacterial exotoxins 
[2]. Furin knockout mice are unable to survive due to cardiac 
developmental defects at 10.5 embryonic days [3]. It is sug-
gested that furin plays an important role in homeostasis as 
well as in diseases including Alzheimer’s disease, cancer, 
anthrax and Ebola fever [1].

In C. elegans, furin promotes differentiation and collat-
eral formation of sensory neurons [4, 5]. Evidence has sug-
gested that furin regulates neuronal function through brain-
derived neurotrophic factor (BDNF) [6, 7]. For instance, in 
rat astrocytes exposed to oxygen–glucose deprivation, furin 
mediates BDNF upregulation [8]. BDNF receptor activa-
tion requires intracellular proteolysis of pro-BDNF by furin 
[9]. While mature BDNF (mBDNF) plays critical role in the 
development and survival of neurons [10], pro-BDNF inhib-
its synaptic plasticity [11]. In the mammalian hippocampus, 
BDNF has emerged as a key regulator of synaptic plastic-
ity and long-term potentiation (LTP) [12, 13]. The latter is 
widely considered as the cellular mechanism underlying 
learning and memory [14–16].

We hypothesized that in mammals, furin may regulate 
neuronal development and learning and memory. We found 
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that in furin transgenic (Tg) mice, spine morphogenesis, 
LTP and spatial memory performance were enhanced, with 
the concomitant increase of the ratio of mBDNF/pro-BDNF 
and associated extracellular signal-related kinase (ERK) and 
cAMP response element-binding protein (CREB) activities. 
We further found that hippocampal knockdown of CREB 
reduced furin regulation of LTP and memory performance.

Materials and methods

Animals

To generate a line of transgenic mice that overexpress furin 
in the brain, we constructed a transcription unit by insert-
ing the coding region of the mouse furin cDNA into the 
MoPrP (mouse prion gene promoter)-polyA cassette. This 
vector was used here because it enabled relatively high levels 
of transgene expression in central nervous system (CNS) 
neurons [17]. The linearized MoPrP-furin transcription unit 
was microinjected into fertilized eggs of C57BL/6J mice 
that were then transferred to the oviducts of pseudopreg-
nant females (CasGene Biotech Co., Ltd, Beijing, China). 
The transgenic founder mice were obtained and crossed to 
C57BL/6J wild-type mice (WT) to establish transgenic lines. 
All animal handling procedures followed the guidelines for 
Laboratory Animal Research of Chongqing Medical Univer-
sity. The use of animals was approved by the Institutional 
Animal Care and Use Committee of Chongqing Medical 
University. The mice (2- to 3-month-old) were maintained in 
a constant environmental condition (temperature 23 ± 2 °C, 
humidity 55 ± 5%, and 12:12 h light/dark cycle). Furin 
transgenic mice (Tg, male) were confirmed by PCR geno-
typing with the following primer sequences: 5′-GAC CAC 
ATG ACT ACT CTG CTG ATG GG-3′ and 5′-TCA AAG GGC 
GCT CTG GTC  TTTG-3′.

Lentiviral vector and intrahippocampal 
microinjection

The recombinant lentiviral vector of mouse CREB shRNA, 
along with the transgene for green fluorescent protein 
(GFP), was produced by Shanghai GeneChem Co., Ltd. 
(Shanghai, China). A universal scrambled sequence with 
mismatched bases was used as a control. The control 
shRNA (lenti-scr) targeting sequence is 5′-UUC UCC GAA 
CGU GUC ACG U-3′; the sequence of CREB shRNA (lenti-
shCREB) was 5′-AUA CAG CUG GCU AAC AAU GG-3′ 
[18]. WT and Tg mice were injected bilaterally into dorsal 
hippocampus with lenti-shCREB or lenti-scr. The method 
of intrahippocampus injection was carried out as previ-
ously described with minor modification [19]. In brief, 

WT and Tg mice (8–12 weeks of age) were deeply anesthe-
tized by intraperitoneal injection of 3.5% chloral hydrate 
(0.01 mL/g) and mounted on a stereotaxic frame (Stoelting 
Co. Ltd., USA). The lentiviral particles (2 × 108 TU/mL 
in 3 μL) containing empty vector or CREB were microin-
jected bilaterally into the dorsal hippocampus (anteropos-
terior (AP), − 2.0 mm; mediolateral (ML), − 1.8 mm; dor-
soventral (DV), − 2.3 mm) using a glass pipette at a speed 
of 0.2 μL/min. To prevent backflow of viral particles, the 
pipette was kept in place for 5 min after injection. Two 
weeks after injection, mice were tested on Morris water 
maze and electrophysiological recordings, and then tissue 
were collected for Western blotting analysis.

Anti-BDNF antibody injection was performed as previ-
ously described [20, 21]. The rabbit anti-BDNF and con-
trol rabbit IgG antibodies were purchased from Proteintech 
(Wuhan, China) and dissolved in 1× PBS and injected at 
0.5 μg per injection per side (the dosage of BDNF has been 
used to disrupt long-term memory consolidation when 
injected into the hippocampus) [22]. 2 days after the injec-
tion, hippocampus tissues were harvested and subjected to 
Western blotting analysis and brain slices were prepared 
for electrophysiological recordings.

Western blotting

Isolated samples from the hippocampus, cortex, mid-
brain, cerebellum, olfactory bulb, spleen, liver and kid-
ney of mice were homogenized in RIPA buffer (Beyotime, 
Haimen, China) supplemented with protease inhibitors 
(complete Mini, Roche, Indianapolis, USA). Western 
blot analysis was performed as described previously [23]. 
Protein concentrations were measured using a BCA assay 
(Dingguo, Beijing, China). Protein samples were sepa-
rated on a 8% Bis–Tris gel, transferred to a PVDF mem-
brane (Millipore, Billerica, MA, USA) and probed with 
the antibodies against furin (1:2000, Abcam, Cambridge, 
UK), PSD95 (1:1000, Proteintech, Wuhan, China), CREB 
(1:2000, Abcam), phosphor-CREB (1:2000, p-CREB, 
Abcam), CaMKII (1:3000, Abcam), phosphor-CaMKII 
(1:2000, p-CaMKII, Abcam), ERK1/2 (1:3000, Abcam), 
phosphor-ERK1/2 (1:2000, p-ERK1/2, Abcam), BDNF 
(1:500, Proteintech) and GAPDH (1:10,000, Proteintech) 
overnight at 4 °C. The blots were washed and incubated 
for 1 h with HRP-conjugated anti-rabbit or anti-mouse 
secondary antibodies (1:5000, Proteintech). Bands were 
visualized using an ECL reagent (Thermo, Marina, USA) 
and Fusion FX5 analysis system (Vilber Lourmat, Marne-
la-Vallée, France). Relative expression levels were calcu-
lated using the Quantity One software (Bio-Rad, Hercules, 
USA) with normalization to the GAPDH signal.
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Immunohistochemistry (IHC)

The brain tissue sections from WT and Tg mice were for-
malin-fixed and embedded in paraffin, and then sections 
were deparaffinized in xylene and rehydrated in a graded 
series of ethanol before staining. After antigen retrieval and 
blocking, the sections were then incubated with anti-furin 
antibody (1:100, Abcam) at 4 °C overnight. The second 
day, after washing with PBS sections were incubated with 
a biotinylated secondary goat anti-rabbit antibody (1:500, 
Zhongshan Golden Bridge, Inc.) for 30 min at 37 °C, and 
then incubated with an avidin–biotin–peroxidase complex 
(Zhongshan Golden Bridge) for 30 min at 37 °C. The sec-
tions were washed in PBS and incubated with 3,3′-diam-
inobenzidine (DAB, Zhongshan Golden Bridge) for 3 min. 
Hematoxylin was used to counterstain nuclei. A LEICA 
DM6000B automatic microscope (Leica, Germany) was 
used to collect images. Ten random visual field images for 
every section were analyzed automatically and semiquanti-
tatively using the Motic Med 6.0 CMIAS pathology image 
analysis system (Beijing Motic, Beijing, China).

Real‑time quantitative PCR

Frozen tissue from all WT and Tg mice were sonicated in a 
1:20 w/v ratio in TRIzol (Takara, Dalian, China) according 
to the manufacturer’s protocol. cDNA synthesis was per-
formed using a PrimeScript RT reagent kit (Vazyme, Nan-
jing, China). The expression of furin mRNA was detected 
by quantitative real-time PCR (qPCR) and reactions were 
performed on a Bio-Rad IQ™5 detection system (Bio-Rad) 
with an SYBR green master mix (Takara). The sequences 
of the primers were as follows: furin: 5′-TGC CAC GCC 
TCA TGT GCC -3′ and 5′-GCT CTG GCT TTG CCG GGA 
-3′; GAPDH: 5′-TTG TCA TGG GAG TGA ACG AGA-3′ and 
5′-CAG GCA GTT GGT GGT ACA GG-3′. The reaction mix-
ture (20 µL total) consisted of 10 µL 2× SYBR mix, 7.2 µL 
nuclease-free water, 0.4 µL each primer (10 µM) and 2 µL 
diluted cDNA. The reaction program was performed using 
the following steps: 95 °C 30 s, followed by 40 cycles (95 °C 
for 5 s, 60 °C for 10 s and 72 °C for 15 s). At the end of the 
cycling process, the temperature was raised from 60 to 95 °C 
to obtain the melting curve. Each reaction was performed in 
triplicate for each sample, and the average cycle threshold 
value (Ct) for housekeeping gene GAPDH was used to nor-
malize the raw cycle threshold data and calculate ΔCt. The 
fold changes were quantified using the  2−ΔΔCt method [ΔΔ
Ct = (Ctfurin − CtGAPDH)Tg − (Ctfurin − CtGAPDH)WT].

Golgi–Cox staining

Golgi–Cox staining was conducted using the FD Rapid 
GolgiStain Kit (FD Neuro-technologies, Ellicott City, MD, 

USA) according to the manufacturer’s instructions. Mice 
were perfused intracardially with phosphate buffer under 
deep sodium pentobarbital anesthesia. Whole brain tis-
sues were rapidly removed from mice and immersed into 
Golgi–Cox solution A and B for 2 weeks in the dark, and 
then transferred to solution C for 72 h at 4 °C. Slices of 
100 μm thick were cut at − 20 °C using a cryostat microtome 
(Leica CM1950 cryostat, Leica, Germany). For Golgi–Cox 
staining, the sections were mounted on 3% gelatin-coated 
glass slides, air-dried for 7 days and then stained with solu-
tions D and E followed by alcohol dehydration, then cleared 
with xylene and mounted using a resinous medium. Den-
dritic spines were imaged using a 100× objective oil immer-
sion lens and captured with a Leica DFC 280 digital camera 
(Tokyo, Japan). For density of dendritic spine quantification, 
dendritic segments in CA1 region of the hippocampus were 
randomly selected and the counting was carried out by an 
experimenter blinded to the group of each sample.

BrdU labeling

To assess cellular proliferation of neurons, WT and Tg mice 
were given a single intraperitoneal injection of bromo-
deoxyuridine (BrdU, Sigma, 50 mg/kg, 0.1 M NaOH, NaCl 
0.9%) per day for four consecutive days. Animals were killed 
24 h after last BrdU injection, and perfused with 0.9% NaCl 
followed by 4% paraformaldehyde (PFA). Brain sections 
(30 μm) were treated with 2 M HCl for 20 min, 4%  Na2B4O7 
for 10 min, blocked with 10% normal goat serum at 37 °C 
for 30 min, and incubated with rabbit anti-BrdU antibody 
(GeneTex) and goat anti-doublecortin antibody (DCX, Santa 
Cruz Biotechnology) overnight at 4 °C. The sections were 
washed and incubated with Alexa Fluor-488 donkey anti-
goat IgG (Abbkine, California, USA) or Alexa Fluor-555 
donkey anti-rabbit IgG (Beyotime, Haimen, China) at 37 °C 
for 1 h. Sections were rinsed, mounted with Vectashield 
(Vector Labs) and visualized with confocal laser scanning 
microscopy (Leica, Wetzlar, Germany). Quantification of 
labeled cells was performed with Image J software.

Morris water maze

Morris water maze testing procedure was carried out in a 
circular swimming pool as previously described [24]. In 
training session, mice performed four trials per day for five 
consecutive days. They were allowed to swim for up to 60 s 
until the platform was found. If mice failed find the platform 
within the given time, they were gently guided to rest there 
for 10 s. The escape latency was recorded in each training 
session. In probe trials on the sixth day, the platform was 
removed, and each mouse was given 60 s to locate where 
the platform was originally placed. The time spent in target 
quadrant and the times of platform crossings were measured. 
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Performance was video-recorded and analyzed by image 
analyzing software (ANY-maze; Stoelting Co., Wood Dale, 
USA).

Electrophysiological recordings

Brain slices were prepared as described previously [25, 
26]. The hippocampal slices (400 μm) were prepared with a 
Leica (Germany) VP1200S Vibratome and then incubated 
in artificial cerebral spinal fluid (ACSF) containing (in mM) 
124 NaCl, 26  NaHCO3, 0.4 Na-vitamin C, 2 pyruvate-Na, 
2 lactate-Na, 2.8 KCl, 1.25  NaH2PO4·2H2O, 1.2  MgSO4, 
2  CaCl2 and 10 d-glucose (pH 7.4, 310 mOsm/L) at 32 °C 
saturated with 95%  O2 and 5%  CO2 for at least 1 h before 
recording.

Field excitatory postsynaptic potentials (fEPSPs) were 
recorded using borosilicate glass pipettes filled with ACSF 
at a frequency of 0.033 Hz. A bipolar stimulating electrode 
(100 μm in diameter) was inserted into stratum radiatum of 
the CA1 region to stimulate the Schaffer collateral pathway, 
and a unipolar recording electrode (1- to 2-μm tip) filled 
with 3 M NaCl was used for recording [27]. The test stim-
ulation intensity was adjusted to 50–80% of the maximal 
fEPSP amplitude ranging from 80 to 200 μA (baseline stim-
ulation). After recording stable baseline fEPSP responses 
for 30 min, long-term potentiation (LTP) was induced by a 
high-frequency stimulation (HFS; 100 Hz for 1 s) and then 
the fEPSPs were continuously recorded for 1 h.

mEPSCs were recorded in voltage clamp at a membrane 
potential of − 70 mV in the presence of 1 μM tetrodotoxin 
(TTX) and 100 μM picrotoxin (PTX) using an intracellu-
lar solution composed of the following (in mM): 130 Cs-
methanesulfonate, 10 HEPES, 10 CsCl, 4 NaCl, 1  MgCl2, 
1 EGTA, 5 NMG, 5 MgATP, 0.5  Na2GTP and 12 phospho-
creatine (pH 7.2, 275–290 mOsm/L). Recording of mIP-
SCs was carried out at a membrane voltage of − 70 mV in 
the presence of 1 μM TTX, 10 μM 6,7-dinitroquinoxaline-
2,3(1H,4H)-dione (DNQX) and 50 μM dl-2-amino-5-phos-
phonovaleric acid (DL-APV) using an intracellular solution 
composed of the following (in mM): 100 CsCl, 10 HEPES, 
1  MgCl2, 1 EGTA, 30 N-methyl-d-glucamine (NMG), 5 
MgATP, 0.5  Na2GTP, 12 phosphocreatine (pH 7.2–7.3, 
270–280 mOsm/L). mEPSCs and mIPSCs were analyzed 
using Mini Analysis 6.0.1 and Clampfit10.3.

Statistical analysis

In the Morris water maze test, a mixed analysis of variance 
(ANOVA) analysis was performed to analyze the escape 
latencies to find the platform during training sessions. The 
statistical differences between groups were analyzed using 
Student’s t test. All data in the figures are presented as 
the mean ± SEM, and P < 0.05 is considered statistically 
significant.

Results

Verification of furin transgenic mice

We generated furin transgenic (Tg) mice using the MoPrP 
promoter to drive expression of full-length, wild-type mouse 
furin (Fig. 1A). Genotyping involved extracting genomic 
DNA from mouse tails and carrying out PCR with Tg prim-
ers, producing either a 1147-bp (containing two introns) 
or 827-bp (introns deletion, MoPrP-furin/+) PCR prod-
uct (Fig. 1B). Compared to WT mice, Tg mice showed an 
increase of furin protein (Fig. 1C, D) and mRNA expression 
(Fig. 1E). Immunohistochemical results showed that furin 
protein was expressed primarily in the cytoplasm of neurons 
in hippocampus and cortex of WT and Tg mice (Fig. 1F). 
Student’s t test revealed that the mean integral optical den-
sity (IOD) of furin was significantly higher in the hippocam-
pus (P < 0.001) and cortex (P < 0.01) of Tg mice than in 
those of WT mice (Fig. 1G). To assess the range of tissues 
in which furin protein was expressed, the other six different 
organs (cerebellum, olfactory bulb, midbrain, spleen, liver 
and kidney) were also harvested and subjected to Western 
blotting analysis using anti-furin antibody. Results indicated 
that furin was overexpressed in the cerebellum and olfac-
tory bulb (OB), with no changes in midbrain and peripheral 

Fig. 1  Furin expression is significantly increased in transgenic 
mice. A Schematic of furin construct. Full-length cDNA for mouse 
furin was cloned into MoPrP vector. B Germline transmission of the 
transgene was checked by PCR analysis of tail DNA using trans-
genic primers. 1–6, tail snip genomic DNA; 7, positive control vector 
DNA; M, DNA molecular weight standards. Yellow arrow indicated 
MoPrP-furin/+. Representative Western blots (C) and quantifica-
tion (D) of furin protein levels in the hippocampus (hippo) and cor-
tex in wild-type (WT) and furin transgenic (Tg) mice, respectively 
(data were analyzed by Student’s t test; n = 6. Error bars are SEM; 
*P < 0.05). The molecular weight of protein marker in kDa is shown 
to the right of each Western blot panel. E mRNA level of furin was 
determined by real-time PCR in WT and Tg mice (data were ana-
lyzed by Student’s t test; n = 6. Error bars are SEM; *P < 0.05). F 
Representative immunohistochemistry images from WT and Tg mice 
(a–f). Expression of furin is in the cytoplasm of neurons in the hip-
pocampus (a, d) and cortex (c, f). Magnification of the marked area is 
shown (b, e). Scale bar: 100 µm. G A bar graph of the mean integral 
optical density (IOD) of furin shows a significant increase in the hip-
pocampus (hippo) and cortex in Tg mice compared to WT mice. Data 
represent the mean ± SEM of four slices per genotype. **P < 0.01, 
***P < 0.001 using Student’s t test. H Representative Western blot 
and quantification of furin protein level normalized to GAPDH in the 
cerebellum, olfactory bulb (OB) and midbrain from WT and Tg mice 
(data were analyzed by Student’s t test; n = 6. Error bars are SEM; 
*P < 0.05). I Representative Western blot and quantification of furin 
protein level normalized to GAPDH in the spleen, liver and kidney 
from WT and Tg mice (data were analyzed by Student’s t test; n = 6. 
Error bars are SEM)

◂
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(spleen, liver and kidney) in Tg mice relative to WT mice 
(Fig. 1H, I), indicating that the brain-specific transgenic 
model is successful.

Dendritic spine density was increased in Tg mice

Furin is known to promote dendritic arborization of sen-
sory neurons in C. elegans [4, 5], and spine morphogenesis 
is essential for synaptic plasticity and learning and mem-
ory [28, 29]. Thus, we examined whether furin may affect 
dendritic morphogenesis in CA1 neurons. Representative 
photomicrographs of dendritic spines in hippocampal CA1 
are shown in Fig. 2A. Compared with WT mice, the den-
dritic spine density in the hippocampal CA1 region of Tg 
mice was significantly increased (WT: 0.67 ± 0.03/10 μm, 
n = 8; Tg: 0.97 ± 0.02/10 μm, n = 8, P < 0.05, Fig. 2B). 
However, no differences were observed in size (WT: 
274.35  ±  11.61  μm2, n  =  40; Tg: 264.76  ±  8.78  μm2, 
n  =  42, P  >  0.05, Fig.  2C), perimeter of  soma (WT: 
68.29 ± 1.56 μm, n = 40; Tg: 68.52 ± 1.49 μm, n = 42, 
P  >  0.05, Fig.  2D), maximum distance from dendritic 
terminal to soma (WT: 156.36 ± 11.21 μm, n = 40; Tg: 
162.56 ± 17.16 μm, n = 42, P > 0.05, Fig. 2E) and number 
of intersections (WT: 6.84 ± 0.12, n = 40; Tg: 8.21 ± 0.2, 
n = 42, P > 0.05, Fig. 2F) in the two groups. These results 
indicated that furin enhanced neuronal spine densities with-
out affecting dendritic arborization.

Neuronal proliferation was enhanced in Tg mice

To further determine whether the increased spine density 
may be associated with neuronal proliferation, we meas-
ured the hippocampal immunostaining of BrdU and DCX, 
the markers of proliferation and blast/immature neurons, 
respectively [30]. As shown in Fig. 2G, H,  BrdU+ cells 
were significantly increased in the hippocampus of Tg 
mice compared with WT mice (P < 0.05). Double immu-
nostaining with BrdU and DCX revealed that the number of 
 BrdU+–DCX+ cells was significantly increased in Tg mice 
(P < 0.01, Fig. 2I). However, the ratio of neuronal differen-
tiation, defined as the proportion of  BrdU+–DCX+ to total 
 BrdU+ cells, was unchanged in the two groups (Fig. 2J). 
These results indicated that furin positively regulated neural 
progenitor cells (NPC) proliferation, but did not affect the 
early differentiation of NPC into immature neurons.

Furin enhanced hippocampal LTP but not synaptic 
transmission

Long-term potentiation (LTP) is a well-characterized form 
of synaptic plasticity, which has been considered as a cellu-
lar correlate of learning and memory [14–16]. To understand 
the role of furin in synaptic plasticity, LTP was analyzed in 

Schaffer Collateral (SC)-CA1 region of hippocampal slices. 
Following a stable 30-min baseline recording of field excita-
tory postsynaptic potential (fEPSP), a high-frequency stimu-
lation (HFS; 100 Hz for 1 s) was applied to induce LTP. As 
shown in Fig. 3A, a strong potentiation was observed in 
slices of Tg mice compared with WT mice (last 10 min of 
recording, Tg, 165.5 ± 4.25%; WT, 143.8 ± 4.51%, n = 6/6 
mice, P < 0.05, Fig. 3B). It is reported that LTP involves 
the functional role of glutamate receptors AMPAR and 
NMDAR [31]. Thus, we next investigated the influence of 
furin on synaptic transmission in the CA1 pyramidal neu-
rons. As shown in Fig. 3C–H, the amplitude and frequency 
of mEPSCs and mIPSCs were not significantly different in 
both groups (n = 6/6 mice). Taken together, these results 
indicated that furin enhanced hippocampal LTP, but did not 
affect excitatory/inhibitory synaptic transmission.

Furin improved spatial learning and memory in Tg 
mice

To further validate that the enhanced LTP is associated 
with learning and memory, Morris water maze test was 
used to assess behavioral performances in Tg and WT 
mice [32]. As shown in Fig. 4A, Tg mice showed signifi-
cantly shorter escape latency to find the hidden platform 
compared to WT mice on day 5 (WT: 38.14 ± 2.94 s; Tg: 
21.86 ± 2.82 s, P < 0.001) and day 6 (WT: 32.82 ± 3.12 s; 
Tg: 16.45 ± 2.87 s, P < 0.001). In the probe trial test, Tg 
mice exhibited an increased number of platform crossing 
(WT: 1.61 ± 0.36; Tg: 2.67 ± 0.32, P < 0.05, Fig. 4B), 
and more times spent in the target quadrant (TQ) (WT: 
23.46 ± 4.35 s; Tg: 32.04 ± 4.63 s, P < 0.05, Fig. 4C) com-
pared to WT mice. Representative probe trial trajectories 
for both groups are shown (Fig. 4D). These results indicated 
that furin promoted the learning and memory performance, 
which was consistent with the LTP enhancement in Tg mice.

mBDNF/proBDNF ratio and CREB phosphorylation 
were elevated in Tg mice

The molecular mechanisms underlying LTP and memory 
formation have been intensively studied [33, 34]. Synap-
tic remodeling, CaMKII, and BDNF–ERK–CREB sign-
aling are considered as the key molecular regulators for 
synaptic plasticity and memory [35–38]. To validate that 
the increased spine density in Tg mice is associated with 
postsynaptic marker PSD95, we first assessed the expression 
level of PSD95 in the cortex and hippocampus of Tg mice. 
As expected, PSD95 protein was significantly elevated in the 
hippocampus (P < 0.05) and cortex (P < 0.01) of Tg mice, 
compared with WT mice. In addition, the ratio of mBDNF 
to pro-BDNF and the phosphorylation of ERK and CREB 
(p-ERK and p-CREB, respectively) were also consistently 
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Fig. 2  Furin increases dendritic spine density and neuronal prolifera-
tion. A Representative photomicrographs of dendritic spines in CA1 
area of WT and Tg mice. Scale bar: 5 μm. B–F Quantification of den-
dritic spine density (total number per 10 μm) (B, n = 8 mice in each), 
size of soma (C, n  =  40 in WT/42 in Tg), perimeter of  soma (D, 
n = 40 in WT/42 in Tg), maximum distance from dendritic terminal 
to soma (E, n = 40 in WT/42 in Tg) and cross number with soma (F, 
n = 40 in WT/42 in Tg) in CA1 region of WT and Tg mice (data were 
analyzed by Student’s t test; error bars are SEM; *P < 0.05). G Rep-

resentative confocal microscopic images showing the immunostain-
ing of BrdU (red) and DCX (green) and merged images (yellow) in 
hippocampal slices from WT and Tg mice, respectively. Scale bar: 
100 μm. Quantification of the total number of  BrdU+ (H) and  DCX+ 
neurons (I) (data were analyzed by Student’s t test; n = 5. Error bars 
are SEM; *P < 0.05, **P < 0.01). J The ratio of  BrdU+–DCX+/total 
 BrdU+ cells is not significantly different between WT and Tg mice 
(data were analyzed by Student’s t test; n = 5. Error bars are SEM)
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increased, both in the hippocampus and cortex of Tg mice 
(P < 0.05 in each group, Fig. 5A–D). Although CaMKII 
has been implicated in LTP and spatial learning [39, 40], 
CaMKII activity defined by the ratio of p-CaMKII/CaM-
KII was not significantly changed in Tg mice (Fig. 5A–D). 
These results suggested that BDNF and downstream signal-
ing molecules ERK and CREB play a key role in learning 
and memory of Tg mice.

LTP induction was decreased by CREB knockdown 
and anti‑BDNF antibody in Tg mice

To further test whether direct manipulation of CREB may 
affect learning and memory of Tg mice, we assessed the 
LTP in WT and Tg mice when CREB gene was knocked 
down. Western blotting analysis showed that the expression 
of CREB was significantly decreased in all mice treated with 
lenti-shCREB compared with vector containing scrambled 
sequence (lenti-scr, P < 0.01, Fig. 6A), indicating that the 
lentiviral vector was successfully delivered. As shown in 
Fig.  6B, LTP amplitude was significantly decreased in 
Tg mice treated with lenti-shCREB (Tg-lenti-shCREB) 
compared with lenti-scr (164.4 ± 1.46% in Tg-lenti-scr; 
146.9 ± 1.33% in Tg-lenti-shCREB, P < 0.01, data were 
taken from the last 10 min of recording, Fig. 6C), whereas 
WT-lenti-shCREB did not cause changes of fEPSP com-
pared with WT-lenti-scr, indicating that CREB knockdown 
reduced hippocampal LTP induction in Furin-Tg mice rather 
than under basal condition.

To determine whether furin enhancement of LTP was 
mediated by BDNF, we assessed LTP in the hippocampus 
of Tg mice bilaterally injected with anti-BDNF antibody. As 

Fig. 3  Tg mice show enhanced LTP but not excitatory/inhibitory 
neurotransmission. A Time-course of fEPSP in CA1 neurons of WT 
(n  =  6) and Tg mice (n  =  6). LTP is induced after high-frequency 
stimulation (HFS; 100 Hz for 1 s) at the indicated time by the arrow. 
Representative traces of the fEPSP before (1) and 1 h after (2) HFS 
are shown on the top. Scale bar: 0.5 mV/10 ms. B Bar graphs com-
paring LTP observed during the last 10 min in WT and Tg mice (data 
were analyzed by Student’s t test; n = 6/6 mice. Error bars are SEM; 
*P < 0.05). C–H Representative trace of mEPSC (C) or mIPSC (F) 
of WT and Tg mice in CA1 pyramidal cells, scale bar: 10  pA/5  s. 
Cumulative fractions and bar plots (insets) of mEPSC (D, E) or 
mIPSC (G, H) amplitude and frequency (inter-event intervals) in WT 
and Tg mice (data were analyzed by Student’s t test; n = 6/6 mice. 
Error bars are SEM)

◂

Fig. 4  Spatial learning and memory performance are improved in Tg 
mice. Morris water maze test showing the mean escape latency from 
day 1 to 6 (A), the number of crossing (B) and the time spent in target 
quadrant (TQ) (C) (data were analyzed by Student’s t test; n = 14 in 

each group. Error bars are SEM; *P < 0.05, ***P < 0.001). D Typi-
cal pathlengths showing the movement trajectory of mice in hidden 
platform experiment on the fifth day. The circle represents the previ-
ous location of the platform
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shown in Fig. 6D, E, BDNF antibody significantly inhibited 
LTP, compared with control IgG (last 10 min of record-
ing, anti-IgG, 158.9 ± 2.00%; anti-BDNF, 136.2 ± 3.38%, 
n = 6/6 mice, P < 0.01). Consistently, inhibition of BDNF 
signaling by BDNF antibody also led to significantly 

reduced p-CREB level relative to control IgG (P < 0.01, 
Fig. 6F). These results suggested that the blockade of BDNF 
function through anti-BDNF antibody injection in the hip-
pocampus of Tg mice reduces the enhanced LTP.

Fig. 5  Furin-associated proteins are altered in Tg mice. Representa-
tive Western blots (A) and quantitative analysis (B) of furin-related 
proteins in the hippocampus of WT and Tg mice, respectively (data 
were analyzed by Student’s t test; n = 8 in each group. Error bars are 
SEM; *P < 0.05). The molecular weight of protein marker in kDa is 
shown to the right of each Western blot panel. Representative West-

ern blots (C) and quantitative analysis (D) of furin-related proteins in 
the cortex of WT and Tg mice, respectively (data were analyzed by 
Student’s t test; n = 8 in each group. Error bars are SEM; *P < 0.05, 
**P  <  0.01). The molecular weight of protein marker in kDa is 
shown to the right of each Western blot panel
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CREB knockdown reduced cognitive improvement 
in Tg mice

We then investigated the effect of CREB knockdown on spa-
tial learning and memory in WT and Tg mice. The escape 
latency in Tg-lenti-shCREB mice was significantly higher 
than that in Tg-lenti-scr mice from day 2 to day 6 (P < 0.05, 
Fig. 7A). In the probe trials when the platform was removed, 
the time stayed in TQ was significantly shorter in Tg-lenti-
shCREB mice than that in Tg-lenti-scr mice (19.48 ± 4.75 s 
in Tg-lenti-shCREB and 29.13 ± 4.28 s in Tg-lenti-scr; 
P < 0.05, Fig. 7B). However, the passing times crossing 
over target site (number of platform crossing) was compa-
rable between these mice (1.72 ± 0.52 in Tg-lenti-shCREB 
and 1.89 ± 0.48 in Tg-lenti-scr; P > 0.05, Fig. 7C). No sig-
nificant difference was observed between Tg-lenti-shCREB 
and WT mice (WT-lenti-shCREB, WT-lenti-scr) in escape 
latency (Fig. 7A), staying time (Fig. 7B) and passing times 
(Fig. 7C), respectively. Representative probe trial trajecto-
ries for both groups are shown (Fig. 7D), illustrating infe-
rior learning performance in Tg-lenti-shCREB mice. These 
results suggested that CREB activity was involved in furin-
mediated enhancement of cognitive function.

Discussion

In the present study, we have found that furin promotes spine 
morphogenesis, LTP and spatial memory. These changes are 
consistent with the increased mBDNF formation and down-
stream ERK and CREB activities in the brain. Moreover, 
CREB knockdown reduces furin-mediated electrical and 
behavioral effects. Thus, our study provides evidence that 
in mammals, furin facilitates learning and memory through 
CREB-dependent mechanisms.

Dendritic spine morphogenesis involves an array of fac-
tors [41]. In addition to the activity-dependent activation of 
NMDAR and AMPAR, BDNF seems to play a role in trig-
gering actin rearrangement and spine growth [29]. In line 
with this, BDNF increases synaptic spine density in CA1 
pyramidal neurons without affecting dendritic branching 
[42]. In a mouse model of autism, deregulation of BDNF 
signaling also influences spine morphogenesis [43]. It is 
worth noting that pro-BDNF and its receptor  p75NTR nega-
tively regulate spine density, and this effect is rescued by 
 p75NTR antibody [44, 45]. In our study, the elevated spine 
density in Tg mice is consistent with the increased ratio of 
mBDNF over pro-BDNF, as well as the spine density marker 
PSD95 [46], supporting the role of BDNF in furin enhance-
ment of spine density. However, BDNF may not be the only 
one substrate of furin that promotes neurogenesis [27]. It is 
reported that Notch1, another furin substrates involved in 

neurogenesis [47, 48], is required for hypoxia-induced spine 
morphogenesis in the hippocampus [49].

LTP can be categorized into three forms, LTP1, LTP2 
and LTP3, which may be associated with discrete mecha-
nisms [34]. LTP1 and LTP2 are short-lasting (1–3 h) and are 
dependent on post-translational and translational modifica-
tion of synaptic proteins, respectively. LTP3 lasts for hours 
to weeks and is both translation- and transcription-dependent 
[50]. While AMPAR, NMDAR and CAMKII are actively 
involved in short-lasting of LTP, CREB activation associ-
ated with gene transcription may play more important role in 
long-lasting LTP [34]. Interestingly, these mechanisms seem 
to be closely associated with BDNF, as it is well-documented 
that BDNF regulates NMDAR and AMPAR as well as LTP 
[12, 51]. However, it should be noted that BDNF effect on 
neurotransmission differs in time and experimental condi-
tion. Acute application of BDNF potentiates mEPSC and 
mIPSC [52]. In cultured neurons, chronic administration of 
BDNF (100 ng/mL) increased mEPSC amplitude, whereas 
TrKB-IgG was without effect [53, 54]. It is also reported 
that in  BDNF+/− mice, mEPSC was not altered whereas 
LTP is abolished in brain slices [55], which may be more 
relevant to our in vivo experimental conditions. In line with 
this, the amplitude and frequency of mEPSC/mIPSC are 
not altered in our study, and CaMKII activity also remains 
unchanged (Figs. 3, 5). The long-term effect of BDNF has 
been demonstrated in BDNF- or TrkB-KO mice, in which 
dendritic translation of proteins promoting cellular process 
of memory consolidation has been suggested [56–58]. The 
role of BDNF in LTP has been well-documented [14, 51]. 
BDNF exerts its biological function upon binding to tyrosine 
kinase receptor B (TrkB), which initiates intracellular sign-
aling cascades, including ERK and CREB activation [35, 
59–61]. ERK activation is known to be closely associated 
with LTP [62, 63], while CREB is targeted by ERK in con-
trolling LTP-dependent gene transcription [64, 65]. There-
fore, CREB activation that is associated with BDNF seems 
to be essential for furin regulation of LTP. This assumption 
is supported by the following findings in our study: (1) the 
ratio of mBDNF to pro-BDNF is significantly elevated in 
the brain of Tg mice, indicating that furin effectively exerts 
the proprotein convertase activity [8, 66]; (2) BDNF down-
stream signaling ERK and CREB are activated, as revealed 
by the increased p-ERK and p-CREB levels; (3) inhibition 
of BDNF signaling by BDNF antibody attenuated LTP and 
p-CREB in Tg mice, and (4) hippocampal knockdown of 
CREB reduces furin-mediated LTP induction and cognitive 
enhancement.

The role of CREB in LTP and memory has been inten-
sively investigated [67]. CREB knockdown does not alter 
LTP in hippocampal slices under basal condition, and the 
slight alteration of spatial memory does not occur in the 
consecutive recording for 11 days until the 12th day [68]. 
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Interestingly, this same study reveals that CREB knockdown 
prevents PKA agonist forskolin- and dopamine D1 agonist 
chlo-APB-induced LTP [68]. It seems that CREB may alter-
natively affect LTP-associated mechanism in primed condi-
tion. In line with this, CREB antisense is found to prevent 
estrogen-induced spine formation in cultured neurons [69]. 
In Aplysia sensory neurons, serotonin-induced long-term 
facilitation is dependent on CREB [70]. It is reported that 

CREB is considered as a major mediator of BDNF signaling 
[71]. It seems that CREB may alternatively affect LTP-asso-
ciated mechanism in “primed” condition. The primed condi-
tion may be resembled by the enhanced level of mBDNF in 
Furin-Tg mice but not in WT mice in our study; in Tg mice 
CREB knockdown leads to the attenuated LTP and cogni-
tive function.
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Dendritic morphogenesis and LTP induction may be related 
to each other. Protein synthesis in dendrites plays a critical 
role in LTP induction, which requires actin dynamics and 
translation of local mRNA [56, 72]. Defect of actin-binding 
protein synaptopodin in the spine apparatus results in impaired 
LTP [50]. Knockdown of PSD95, a well-known determinant 
of PSD size and synaptic strength, blocks LTP in superior 
colliculus [73–75]. Conversely, chemical or electrical LTP-
generating stimulations lead to spines to rapidly expand and 
the formation of new spines [41]. Evidence has suggested that 
these processes are closely related to BDNF signaling [76]. For 
instance, BDNF injection induces stable LTP and enhanced 
hippocampal cell proliferation exhibited by increased  BrdU+ 
cell numbers [27]. PSD95 is among those translocated to den-
dritic spines by BDNF [77]. BDNF-induced dendritic mor-
phogenesis is critically dependent on ERK and actin dynam-
ics [42]. CREB activation, an essential step in the cascade of 
new dendritic spines during LTP [69, 78], is responsible for 
BDNF regulation of LTP [71]. It is tempting to speculate that 
the elevated formation of mBDNF catalyzed by furin is a key 
step, which leads to dendritic morphogenesis and LTP induc-
tion, resulting in the enhancement of cognitive function.

Fig. 6  CREB knockdown and anti-BDNF antibody inhibit LTP in Tg 
mice. A CREB protein levels in the hippocampus of WT and Tg mice 
injected with lentivirus bearing scrambled sequence (WT-lenti-scr, 
Tg-lenti-scr mice, n  =  8) or shCREB (WT-lenti-shCREB, Tg-lenti-
shCREB, n = 9) (data were analyzed by Student’s t test; error bars are 
SEM; **P  <  0.01). The molecular weight of protein marker in kDa 
is shown to the right of each Western blot panel. B Time-course of 
fEPSP in CA1 neurons of WT and Tg mice treated with lenti-scr and 
lenti-shCREB. LTP is induced after high-frequency stimulation (HFS; 
100 Hz for 1 s). Representative traces of the fEPSP before (1) and 1 h 
after (2) HFS are shown on the top. Scale bar: 0.5 mV/10 ms. C Bar 
graphs comparing LTP during the last 10  min in Tg-lenti-shCREB 
(n = 9), WT-lenti-shCREB (n = 9), Tg-lenti-scr (n = 8) and WT-lenti-
scr mice (n = 8) (data were analyzed by Student’s t test; error bars are 
SEM; **P < 0.01). D Time-course of fEPSP in CA1 neurons of Tg 
mice injection with control rabbit IgG (anti-IgG, n  =  6) and BDNF 
antibody (anti-BDNF, n  =  6). LTP is induced after high-frequency 
stimulation (HFS; 100 Hz for 1 s). Representative traces of the fEPSP 
before (1) and 1  h after (2) HFS are shown on the top. Scale bar: 
0.5 mV/10 ms. E Bar graphs comparing LTP during the last 10 min 
in anti-IgG and anti-BDNF mice. Data were analyzed by Student’s t 
test; n = 6/6 mice. Error bars are SEM; **P < 0.01. F Representative 
Western blots and quantitative analysis of p-CREB protein in the hip-
pocampus of Tg mice injected with either IgG (n = 6) or antibody to 
BDNF (n = 6) (data were analyzed by Student’s t test; error bars are 
SEM; **P < 0.01). The molecular weight of protein marker in kDa is 
shown to the right of each Western blot panel

◂

Fig. 7  CREB knockdown 
inhibits cognitive function in 
Tg mice. Morris water maze 
test showing the mean escape 
latency from day 1 to 6 (A), 
time spent in the target quadrant 
(B) and the number of crossing 
(C) (data were analyzed by 
Student’s t test; n = 14 in each 
group. Error bars are SEM; 
*P < 0.05). D Typical path-
lengths showing the movement 
trajectory of mice in hidden 
platform experiment on the 
fifth day. The circle represents 
the previous location of the 
platform
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In our study, the role of NMDAR and AMPAR in spine 
density and LTP seems to be dispensable, as mEPSC and 
mIPSC remain unchanged. Alternatively, we have identified 
that CREB is a critical mediator, as hippocampal knockdown 
of CREB reduces furin regulation of LTP and spatial mem-
ory. This could be attributed to, at least in part, the increased 
mBDNF formation relative to the catalytic activity of furin. 
However, the current study does not exclude the involvement 
of other furin substrates including Notch1. Nonetheless, 
furin expression is decreased in the brain of patients with 
Alzheimer’s disease (AD), in which mBDNF/pro-BDNF 
ratio is decreased [79]. The molecular mechanisms asso-
ciated with furin regulation of learning and memory may 
provide new insight into the understanding and treatment 
strategy of neurological diseases such as AD.
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