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Activity-dependent insertion of the tropomyosin-related kinase B (TrkB) receptor into the plasma membrane can explain, in
part, the preferential effect of brain-derived neurotrophic factor (BDNF) on active neurons and synapses; however, the under-
lying molecular mechanisms remain obscure. Here, we report a novel function for carboxypeptidase E (CPE) in controlling
chemical long-term potentiation stimuli-induced TrkB surface delivery in hippocampal neurons. Total internal reflection fluo-
rescence assays and line plot assays showed that CPE facilitates TrkB transport from dendritic shafts to the plasma mem-
brane. The Box2 domain in the juxtamembrane region of TrkB and the C terminus of CPE are critical for the activity-
dependent plasma membrane insertion of TrkB. Moreover, the transactivator of transcription TAT-CPE452-466, which could
block the association between CPE and TrkB, significantly inhibited neuronal activity-enhanced BDNF signaling and dendritic
spine morphologic plasticity in cultured hippocampal neurons. Microinfusion of TAT-CPE452-466 into the dorsal hippocampus
of male C57BL/6 mice inhibited the endogenous interaction between TrkB and CPE and diminished fear-conditioning-induced
TrkB phosphorylation, which might lead to an impairment in hippocampal memory acquisition and consolidation but not re-
trieval. These results suggest that CPE modulates activity-induced TrkB surface insertion and hippocampal-dependent mem-
ory and sheds light on our understanding of the role of CPE in TrkB-dependent synaptic plasticity and memory modulation.
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Significance Statement

It is well known that BDNF acts preferentially on active neurons; however, the underlying molecular mechanism is not fully
understood. In this study, we found that the cytoplasmic tail of CPE could interact with TrkB and facilitate the neuronal activity-
dependent movement of TrkB vesicles to the plasma membrane. Blocking the association between CPE and TrkB decreased fear-
conditioning-induced TrkB phosphorylation and led to hippocampal memory deficits. These findings provide novel insights into
the role of CPE in TrkB intracellular trafficking as well as in mediating BDNF/TrkB function in synaptic plasticity and hippocam-
pal memory.

Introduction
It is now widely accepted that neuronal activity plays a critical
role in the modulation of the structure and function of synapses
during the development and refinement of neuronal connectivity
in adults (Katz and Shatz, 1996). However, the molecular mecha-
nisms that translate patterns of neuronal activity into specific
changes in the structures and functions of synapses remain
largely unknown. Accumulating evidence suggests that brain-
derived neurotrophic factor (BDNF) is involved in synapse de-
velopment, transmission, and plasticity in an activity-dependent
manner (Thoenen, 1995; Bonhoeffer, 1996; Gottschalk et al.,
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1998; Lu and Chow, 1999; McAllister et al., 1999). When sponta-
neous electrical activity or synaptic transmission is blocked, the
dramatic increase in dendritic arborizations elicited by BDNF is
inhibited in the developing cortex (McAllister et al., 1996), which
suggests that BDNF acts preferentially on active neurons (Du et
al., 2000).

As a diffusible molecule, how does BDNF distinguish active
and inactive neurons or synapses and restrict the action of BDNF
preferentially on active neurons/synapses? Activity-dependent
enhancement of the number of surface tropomyosin-related kinase
B (TrkB) receptors defines an important mechanism by which the
specificity of BDNF modulation is achieved (Du et al., 2000).
TrkB receptors, as high-affinity receptors for BDNF, are abundant
in the nervous system and crucial for synaptic plasticity in the
CNS (Bramham and Messaoudi, 2005; Nagappan and Lu, 2005;
Cohen and Greenberg, 2008). Studies have reported that neuronal
activity, such as depolarization by high K1 or tetanic electric stim-
uli, could enhance neuronal cell surface TrkB insertion (Meyer-
Franke et al., 1998; Du et al., 2000). Our previous work showed
that the activation of synaptic NMDA receptors by glycine stim-
ulation, a model used to induce chemical long-term potentia-
tion (cLTP) in cultured hippocampal neurons, could
significantly increase hippocampal neuronal surface TrkB
levels (Musleh et al., 1997; Lu et al., 2001; Zhao et al.,
2009). Activity-dependent TrkB membrane insertion can
explain, in part, the preferred effect of BDNF on active neu-
rons; however, the TrkB interacting trafficking molecule that
mediates its activity-dependent surface insertion has not yet
been identified.

Our previous work showed that the TrkB juxtamembrane
region (JM) is necessary and sufficient for activity-dependent
TrkB surface insertion (Zhao et al., 2009). By using yeast two-
hybrid screening with the JM domain of TrkB as bait, we identi-
fied carboxypeptidase E (CPE) as a candidate TrkB-associated
protein. CPE was first discovered as a prohormone/proneuro-
peptide processing enzyme that cleaves basic residues from the C
terminus of peptide intermediates liberated from the precursors
by endoproteases (Fricker and Snyder, 1982; Hook and Loh,
1984; Cawley et al., 2012), and it is also known to be important
in processing neuropeptides, sorting neuropeptides to the regu-
lated secretory pathway (RSP), and transporting peptidergic
vesicles to the membrane to facilitate peptidergic neurotransmis-
sion (Cool et al., 1997; Lou et al., 2005). The absence of CPE in
knock-out mice leads to dysfunctional BDNF-TrkB signaling in
the hippocampus (Xiao et al., 2017). CPE KO mice exhibit a
number of behavioral abnormalities, including deficient learning
and memory (Woronowicz et al., 2008) and abnormal mood and
emotional responses (Srinivasan et al., 2004; Cawley et al., 2012;
Rodriguiz et al., 2013). Hence, CPE has been shown to be a mul-
tifunctional protein that plays many essential nonenzymatic roles
in the nervous system.

In this study, we investigated whether CPE is involved in ac-
tivity-dependent TrkB neuronal surface insertion and influences
hippocampal-dependent memory.

Materials and Methods
Animals
Male C57BL/6 mice, 8 weeks old and weighing 23–25 g, were used in
the experiment. Mice were housed at 22 6 2°C on a 12 h light/dark
cycle condition. Food and water were available ad libitum. All ani-
mal procedures were conducted according to the National Institutes
of Health’s Guide for the Care and Use of Laboratory Animals and

approved by the Institutional Animal Care and Use Committee of
Shandong University.

Antibodies and reagents
The following antibodies were used: rabbit anti-Flag from Thermo
Fisher Scientific; rabbit anti c-Myc antibodies from Bethyl Laboratories;
rabbit anti-TrkB antibody from Millipore; goat anti-TrkB antibodies
from R&D Systems; mouse anti-CPE antibodies from BD Transduction
Laboratories; rabbit IgG Sepharose, mouse anti-Flag (M2) monoclonal
antibody and mouse anti-tubulin antibodies from Sigma-Aldrich; rabbit
anti-p44/42 MAP kinase, mouse anti-phospho-p44/42 (Erk1/2; Thr202/
Tyr204), mouse anti-phospho-Akt (Ser473) and rabbit anti-pTrkB anti-
bodies from Cell Signaling Technology; mouse anti-Akt1(B-1) antibody
from Santa Cruz Biotechnology; chicken anti-TrkB In pAb from
Promega; and horseradish peroxidas-conjugated goat anti-mouse or rab-
bit IgG and horseradish peroxidase-conjugated rabbit anti-goat IgG pur-
chased from Calbiochem. Rabbit anti-NeuN antibody was from Abcam;
Alexa Fluor 488- or 594-conjugated goat anti-mouse or rabbit IgG
(H1 L) was from Invitrogen; and Cy5-conjugated goat anti-mouse or
goat anti-rabbit IgG (H1 L) was from Jackson ImmunoResearch
Laboratories.

Glycine (Gly) was obtained from AMRESCO. Human recombinant
BDNF was obtained from PeproTech. Sulfo-NHS-biotin and chemilumi-
nescence were from Pierce Biotechnology. Biotinylated transactivator of
transcription (TAT)-CPE452-466 and TAT-Con peptides was synthesized
and purified by GL Biochem. The sequence of TAT-CPE452-466 is biotin-
GRRRRRRRRR-FSERKEEEKEELMEW, and the sequence of TAT-Con
is biotin-GRRRRRRRRR-WEMLEEKEEEKRESF. TAT-like poly argi-
nine membrane permeability sequence (GRRRRRRRRRRR) allowed
peptides to penetrate into cells. The restriction enzymes were purchased
from MBI Fermentas. The other reagents were from Sigma-Aldrich, and
all the cell culture media were purchased from Life Technologies.

Plasmid constructs and small interfering RNAs
The pCDNA3.1-Flag-TrkB (TrkB with Flag antibodies), pCDNA3.1-
Flag-T1, pEGFP-Flag-TrkB-GFP, and pEGFP-Flag-T1-GFP constructs
were prepared as described previously (Chen et al., 2004; Zhao et al.,
2009). All truncated mutants of TrkB-FL including Flag-TrkBDEX, Flag-
DExDJM/DTk/DCT (JM, from Lys454 to Asn536; tyrosine kinase (TK),
from Ile537 to Leu806; C terminus (CT), from Gln807 to Gly821), Flag
DExDBox1/DBox2/DBox3 (Box1, from Lys454 to lLe470; Box2, from
Ser471 to Pro508; Box3, from Val509 to Asn536), and Flag-T1 chimeric con-
structs were subcloned into pCDNA3.1 and pEGFPN1 expression vec-
tors (Invitrogen). The N-terminal Myc epitope tag was added behind the
signal peptide of rat CPE. Myc-tagged rat CPE and all its truncated
mutants including CPEC25 (C-terminal 25 amino acids, from Phe452 to
Phe476), CPEC25D4 (deletion of Thr473 to Phe476), CPEC25D6 (deletion of
Ser471 to Phe476), CPEC25D10 (deletion of Trp467 to Phe476), CPEC25D15
(deletion of Glu462 to Phe476) were subcloned into pmRFP expression
vectors. All the TrkB, CPE deletion constructs, and the T1 chimeric
constructs were generated by two-step PCRs. The small interfering
RNA targeting the 19 nucleotides (CCTGTCGCAAGAATGATGA)
of rat CPE sequence was cloned into pSuper-GFP or pSuper-RFP
vector (Oligoengine). The same RNA oligonucleotide [FAM-CPE
small interfering RNA (siRNA)] to target CPE and negative controls
(FAM-Ctr siRNA) were purchased from GenePharma. All of these
constructs were confirmed by DNA sequencing to exclude potential
PCR-introduced mutations.

Neuronal cultures and transfection
Hippocampal neurons from timed-pregnant Sprague Dawley rats were
cultured as described previously (Chen et al., 2004; Zhao et al., 2009).
Briefly, embryos were removed from rats at 18 d of gestation and then
were placed into Hank’s Balanced Salt Solution without Ca21 and Mg21.
Hippocampal tissues were dissociated and digested with 0.05% trypsin–
EDTA for 5min at 37°C and isolated into mono cells by mechanical iso-
lation with a sterile, fire-polished glass Pasteur pipette in DMEM/F-12
(Invitrogen) plus 10% fetal bovine serum. Neurons were seeded onto
0.1mg/ml poly-D-lysine (Sigma-Aldrich) coated coverslips in sixwell
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plates in Neurobasal medium (Invitrogen) which was supplemented
with 2% B27 and 0.5 mM glutamine, and an incubator at 37°C, with 5%
CO2, and 95% humidity was used for the culture.

At 7–9 d in vitro (DIV), cultured hippocampal neurons were trans-
fected with Lipofectamine 2000 or Lipofectamine RNAiMAX reagent
following the manufacturer’s instructions (Invitrogen). Experiments
were conducted 48 h after transfection or 18–21d as indicated after
transfection.

Coimmunoprecipitation assay and Western blot analysis
For exogenous coimmunoprecititaton (co-IP), HEK293 cells were elec-
troporated with the indicated constructs (Amaxa). Forty-eight h after
transfection, cells were harvested with TNE buffer (10 mM Tris, pH 8.0,
150 mM NaCl, 1 mM EDTA, 1% NP-40, and 10% glycerol with protease
inhibitors). Lysates were clarified by centrifugation at 14,000 � g for
15min at 4°C. For Flag-tagged protein pull-down, the supernatants were
incubated with anti-Flag M2 Affinity Gel overnight at 4°C. For c-Myc-
tagged protein pull-down, mouse anti-c-Myc antibody was used. Then
the immunocomplex was precipitated with protein G-Sepharose (Sigma)
overnight at 4°C. After washing with TNE buffer five times, the beads
were eluted by boiling in sample buffer and then subjected to separation
on sodium dodecyl sulfate-polyacrylamide gel electrophoresis and
immunobloted with the indicated antibodies.

For endogenous co-IP, mouse hippocampal tissues was homogenized
and lysed in TNE buffer containing protease inhibitors (8 ml TNE/g
brain lysate) and clarified by centrifugation at 14,000 � g for 15min at
4°C. The proteins were quantified by bicinchoninic acid protein assay.
Tenmilligrams of mouse brain lysates incubated with rabbit anti-TrkB
antibodies for 2 h, followed by an additional incubation with protein A/
G plus agarose beads overnight at 4°C, and the same amount of lysates
incubated with rabbit IgG was used as the negative control group. The
same procedure was performed as above.

Surface biotinylation
Membrane surface insertion of endogenous TrkB receptors induced by
cLTP were performed as previously described (Zhao et al., 2009). Briefly,
hippocampal neurons transfected with CPE siRNA or Ctr siRNA were
serum starved overnight and then stimulated with or without 200 mM

glycine in the Mg21-free bathing solution containing the following (in
mM): 140 NaCl, 1.3 CaCl2, 5.0 KCl, 25 HEPES, 33 glucose, 0.0005 TTX,
0.001 strychine, and 0.02 bicuculline methiodide, pH 7.4, for 10min to
induce cLTP in an incubator at 37°C, 5% CO2, and 95% humidity. At
the end of the stimulation, neurons were washed three times with ice-
cold PBS buffer (pH 7.4, with 0.1 mM Ca21 and 1 mM Mg21), and then
incubated in sulfo-NHS-biotin (0.3mg/ml in cold PBS; Pierce) for 1 h at
4°C to biotinylate surface proteins. Unreacted biotin was quenched and
removed by washing twice for 10min with ice-cold Tris-buffered saline
containing 0.1 mM Ca21, pH 7.4. Cells were then lysed in TNE buffer,
which contains 150 mM NaCl, 10 mM Tris, 1 mM EDTA, and 1% NP-40
with protease and phosphatase inhibitors. Extracts were clarified by cen-
trifugation (14,000 � g for 15min) and an aliquot of each sample was
used for the isolation of biotinylated proteins with 30ml of streptavidin-
conjugated Sepharose beads (Pierce) by incubating overnight at 4°C with
gentle rotation. The beads were washed three times in TNE Buffer.
Biotinylated proteins were eluted from beads by boiling in 4� SDS sam-
ple buffer (Invitrogen), and eluted proteins were analyzed by Western
blot. The polyvinylidene difluoride membranes were probed with a
monoclonal anti-TrkB antibody (1:1000; BD Biosciences) and immuno-
reactive bands visualized by enhanced chemiluminescence (Pierce) and
quantified by ImageJ software (National Institutes of Health).

Immunofluorescence staining
Colocalization studies. To investigate the subcellular colocalization

of TrkB and CPE, cultured hippocampal neurons (DIV 7) cotransfected
with Flag-TrkB and Myc-CPE, neurons were fixed with 4% paraformal-
dehyde and permeabilized with 0.4% Triton X-100 in PBS, then stained
with mouse anti-Flag M2 antibody (1:1000; Sigma) and rabbit anti-c-
Myc antibody combined with the corresponding green or red fluoro-
chrome-conjugated secondary antibody.

Live cell imaging. The hippocampal neurons were seeded in Nunc
Glass Base 27 mm dishes (Thermo Fisher Scientific) that had been
coated with 0.1mg/ml poly-D-lysine and were observed with an Andor
Dragonfly spinning disk confocal microscope with a motorized Z drive
and a 63�, 1.4 numerical aperture (NA) oil-immersion objective lens.
The images were acquired every 20 s continuously for 700 s, and the
TrkB-GFP and CPE-RFP positive vesicles were tracked and processed
with Fusion software. The videos were produced and kymographs gener-
ated with ImageJ software.

Surface TrkB receptor fluorescence ratiometric assay. To measure the
cell surface TrkB level, a surface TrkB receptor fluorescence ratiometric
assay was used as previously described (Zhao et al., 2009). Briefly, Flag-
TrkB-GFPs were transfected or cotransfected with other indicated plas-
mids into hippocampal neurons; after treatments hippocampal neurons
were fixed and stained with M2 antibody (1:500; Sigma) without perme-
abilization and then incubated with Alexa Fluor 594-conjugated or Cy5-
conjugated secondary antibody, which represents surface TrkB level, and
the GFP fluorescence represented the total TrkB amount.

Surface TrkB internalization measurement. The internalization of
TrkB-FL was assessed as described previously (Liu et al., 2015). Cultured
hippocampal neurons (7–9 DIV) were cotransfected with Flag-TrkB and
the indicated siRNA constructs 48 h before. Neurons were serum starved
overnight. Then, the total pool of TrkB initially present at the cell surface
was labeled with anti-Flag antibody (M2) conjugated to Alexa Fluor 594
(594-M2) at 4°C for 15min. After BDNF (50ng/ml) treatment at 37°C
for 15min, neurons were fixed by 4% PFA followed by labeling with cy5
anti-mouse IgG secondary antibody under nonpermeabilizing condi-
tions. The ratio of cy5/Alexa 594 fluorescence was calculated. The mean
cy5/Alexa 594 ratio of the internalized group (I) represented the uninter-
nalized TrkB. For each experiment, there was a parallel control group in
which neurons were fixed immediately after the 15min incubation with
594-M2 and labeled with cy5 anti-mouse IgG antibody, and the mean
cy5/Alexa 594 ratio of this group (C) represented the 100% surface
TrkB. Thus, the percentage of internalized TrkB receptors was calculated
using the following formula: (1 – I/C)� 100.

Localization analysis of TrkB receptors in spines using fluorescence
microscopy. To measure the ratio of total TrkB in the spine versus in the
corresponding dendritic shaft, CPE siRNA, or Ctr siRNA coupled with
GFP was transfected into hippocampal neurons. Neurons were then
raised to 18–21 DIV and serum starved overnight, followed by pretreat-
ment with glycine for 10min, and then were fixed and permeabilized fol-
lowed by primary antibodies incubation with chicken anti-TrkB in pAb
(Promega) and rabbit anti-GFP combined with Alexa 405-conjugated
donkey anti-chicken and Alexa 488-conjugated donkey anti-rabbit sec-
ondary antibody.

For detection of the spine density or morphology changes, hippo-
campal neurons pretreated with TAT-Con or TAT-CPE452-466 for
30min were fixed and performed immunofluorescence staining against
GFP as in the above methods.

For NeuN immunohischemstry staining, mice brain slides (40mm/
section) were incubated in 0.4%PBST-diluted donkey serum to 10% to
block nonspecific staining for 1 h under room temperature. Then brain
slides were stained with Anti-NeuN (1:500; Abcam) as the primary anti-
body overnight at 4°C, and after that, 0.4%PBST were used to wash them
three times, and the slides were incubated in secondary antibody
(1:1000; Invitrogen) at room temperature for 1 h. After washing in 0.4%
PBST three times, the slides were mounted with cover glasses, n = 4 per
group. All the images were captured with a Zeiss LSM 880 confocal
microscope at the Translational Medicine Core Facility of Shandong
University. Images were analyzed using ImageJ.

Total internal reflection fluorescence microscopy
To observe TrkB and CPE cell membrane-trended vesicles trafficking,
hippocampal neurons were seeded onto 0.1mg/ml poly-D-lysine
(Sigma-Aldrich) coated coverslips in six-well plates at a cell density of 3
� 105 cells/ml, and the cells were cotransfected with TrkB-GFP and
CPE-RFP with Lipofectamine 2000 according to the manufacturer’s
instructions (Invitrogen) at DIV 7. Then neurons were serum-free
starved overnight and then stimulated with glycine for 10min in the
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bathing solution at DIV 10. Neurons were fixed with 4% paraformalde-
hyde. Neurons were imaged by a high-numerical aperture objective lens
[100�, NA = 1.49] that was mounted on an inverted total internal reflec-
tion fluorescence (TIRF) microscope (Olympus) equipped with a 488 nM
and 561 nM laser, an electron multiplying charged-coupled device
(CCD) digital camera, and cellSens Dimension software. All images
underwent a transformation to correct for optical cross-talk. Local back-
ground, caused by residual out-off focus fluorescence and nonspecific
staining, was removed.

Correlation coefficient. We have analyzed the changes in the replica-
tion patterns in time by estimating the degree of overlap of the red and
green spots. For this we used Pearson’s correlation coefficient (r)
between the red and the green component of each dual-channel image
in the following:

r ¼

X

i

ðRi � RavÞ � ðGi � GavÞ

f
X

i

ðRi � RavÞ2 �
X

i

iðGi � GavÞ2g
1
2

;

where Ri and Gi are the red and green intensities of voxel i, respectively,
and Rav and Gav the average values of Ri and Gi, respectively.

TrkB and downstream signaling Erk1/2 and Akt activation assays
Cultured primary hippocampal neurons were serum-free starved over-
night and were then pretreated with TAT-Con or TAT-CPE452-466 for
30min, followed by glycine stimulation for 10min and BDNF (50ng/
ml) for 10min. To detect TrkB phosphorylation, cell lysates were
collected and followed by Western blot probed with rabbit anti-
pTrkB antibodies (Cell Signaling Technology) and rabbit anti-
TrkB antibodies (Millipore), respectively. To detect MAPK/PI3K
activation, the membrane was probed with rabbit anti-p44/42
MAP kinase and mouse anti-phospho-p44/42 or mouse anti-phos-
pho-Akt (Ser473) and mouse anti-Akt1(B-1) antibodies. All the
above experiments were conducted at least in triplicate. For quan-
titative analysis of the phosphorylation level of TrkB/Erk1/2/Akt,
immunoreactive bands were scanned and performed with densito-
metric analysis using ImageJ (Scion Image).

Microscopic quantitative analysis
To investigate the surface TrkB expression level, the same methods were
adopted as we previously reported (Zhao et al., 2009). In summary, fluo-
rescence images were acquired by a Nikon Eclipse TE 2000-U micro-
scope equipped with a HQ2 cool CCD camera and a motorized Z drive.
All the images were acquired through a 63�, 1.4 NA oil-immersion
objective lens and processed by MetaMorph software (Universal
Imaging). In each experiment,.25 cells were examined at random. The
fluorescence intensities of different channels were measured by
MetaMorph software by selecting a region of interest. In each experi-
ment, the consistent set of acquisition parameters was used for each set
of images. The ratio of the receptor surface versus total fluorescence was
measured as previously described (Zhao et al., 2009).

The entire dendritic spine images were acquired with an inverted
Carl Zeiss LSM 780 confocal scanning microscope (hardware and soft-
ware from Carl Zeiss) equipped with a 63�, 1.4 NA oil-immersion
objective lens. Dendritic spines on a length of secondary or tertiary prox-
imal dendrites of hippocampal neurons were selected and captured with
1024 � 1024 pixel resolution as a z-stack series in multitrack mode. The
snare parameters, such as pinhole, detector gain, and offset, were set for
optimum and the same parameter settings were used for all scans.

The line spots method was adopted to measure the total TrkB levels
in the dendritic spine and adjacent dendrite shaft (Gerges et al., 2005;
Zhao et al., 2009). As illustrated in Figure 3C, fluorescent intensity was
line plotted by drawing a line across the dendritic spine head and the ad-
jacent dendritic shaft (arbitrary units). The ratios of total TrkB in the
spine versus those in the adjacent dendritic shaft (spine/shaft) are then
calculated by the peaks of fluorescence intensity at the spine head di-
vided by that at the dendritic shaft after background subtraction (dotted

lines), the fluorescent intensity then was normalized to get the ratio of
spine/shaft.

For analysis of the spine density and head width, only dendritic pro-
trusions from 0.5 to 3mm lengths were defined as spines. The spine den-
sity was calculated by counting the number of spines on .20 neurons
and comparing the spine number per 10mm dendritic segment
(;150mm total dendritic length per neuron). For analysis of the spine-
head width, the largest section of the head was selected, determined
through the z stack, and the spine-head diameter was detected by man-
ually drawing a line across the largest section of the head and the spine.

Animal manipulations
All mice surgeries were performed under aseptic conditions. The mice
were fixed on a stereotaxic apparatus (RWD Life Science), and the mice
were anaesthetized with isoflurane on an anesthetic machine (RWD Life
Science). Mice were bilaterally implanted with two 33 gauge guide can-
nulas to the dorsal hippocampus (DH) following the reference coordi-
nates (anteroposterior: �1.7 mm; ML: 61.5 mm; DV: �1.8 mm), and
the guide cannulas were fixed by curing denture acrylic. To prevent clog-
ging, every guide cannula had one matching cap. Mice were left to
recover for 1 week before the animal behavior. The infusion cannula was
connected to a 10ml microsyringe via PE20 tubing controlled by a
microinjection pump (KDS 200; KD Scientific). TAT-Con and TAT-
CPE452-466 (10mg/ml, 0.5ml/side) were microinfused bilaterally 30min
before novel place recognition (NPR) training and fear conditioning
training with uniform speed (50 nl/min).

Novel place recognition
The NPR test was used as previously described (Bevins and
Besheer, 2006). This experiment included two steps, training and
testing. Before training, the mice were put into the experiment
environment, an open-field arena (40 cm� 40 cm � 35 cm) for 10
min of habituation. Twenty-four h later, the training process was
performed. Two identical objects (A and B) were placed in oppo-
site corners of the open-field arena. Mice were placed in the middle
of the two objects for a 10 min exploration, and then they were
transferred to their home cages. The testing process started 10 min
after training. During testing, object B was moved to a new place,
in another corner, and the location of object A remained
unchanged. The mice were again put into this chamber for 5 min
of free exploration. The exploration time T(A) and T(B) were
recorded when the mice sniffed object A or object B. The discrimi-
nation index was calculated by T(B)/(T(A)1T(B)).

Contextual fear conditioning and auditory fear conditioning
For contextual fear conditioning (CFC) and auditory fear condi-
tioning (AFC) training, mice were put into a fear box (Context A)
with grid floor and black walls controlled by a computer with a
fear system (Panlab). First, mice were habituated for 3 min without
any stimulation, then mice received an auditory stimulation
(3 KHZ, 80 dB) lasting for 30 s and paired with a foot shock
(0.75 mA) during the last 1 s. The paired stimulation was repeated
three times with interstimulus intervals (ITIs) of 120 s. After the
last foot shock, the mice had an additional 120 s, then they were
transferred to their home cages. CFC testing was performed 1 h
later. The mice were placed in Context A for 5 min without the
foot shock, and the freezing was scored. After 1 h, AFC testing was
performed. The mice were put into another chamber (Context B)
with a floor, color, shape, and smell different from Context A;
accordingly, the mice could distinguish Context A and Context B.
In addition, after 2 min of habituation in Context B, mice received
four tone-alone (20 s) presentations with 30 s ITIs. In this process
freezing was only scored while presenting the tone.

Elevated plus maze
The elevated plus maze (EPM) test was used as described previously
(Chen et al., 2006; Yu et al., 2012). Briefly, the mouse was placed in the
center of the elevated plus maze, which was constructed of black stainless
steel and consisted of four arms, two closed arms (30 cm in length �
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5 cm in width � 10 cm walls) and two open arms (30 cm in length �
5 cm in width � 0.5 cm in height, no walls). The elevated plus maze was
50 centimeters high. The time mice spent in open arms and the number
of entries into the open and closed arms were scored by the video track-
ing system (Smart) during the 5 min test.

Open field test
The open field test (OFT) took place in an open-field arena (40 cm in
length � 40 cm in width� 35 cm in height), mouse was placed into the
center of this open field. The Smart video tracking system was used to
analyze the time spent in the center zone (20 cm length � 20 cm width)
and distance traveled during the 10 min test.

Rapid Golgi impregnation
The tissue impregnation and Golgi impregnation were performed
as described previously (Chen et al., 2006; Yu et al., 2012). In brief,
Golgi impregnation of all brains was conducted using FD Rapid
Golgi Stain Kit (FD NeuroTechnologies). Then brains were em-
bedded in a 3% agarose solution and cut at room temperature
(120mm sections) using a vibratome (VT1200S, Leica). Serial sec-
tions were immersed in double distilled water (DDW) three times
for 5 min. After 48 h air drying, they were then transferred to a so-
lution of D and E (Golgi kit) for 5–10min at 4°C, rinsed three
times for 5 min each in DDW. Ethanol was then used to dehydrate,
and Histo-Clear (three times for 5 min each) was used for clearing.
Slices were coverslipped with a DPX mounting medium, n = 3 per
group. Z-stack pictures (40�) were captured using a VS120
(Olympus) for morphologies of dendrite analysis, and spines were
counted under oil (100�), using light microscopy (Nikon 80i). The
entire visible dendritic length was measured by Imaging software
(NIS-Elements Basic Research, Nikon).

Experimental design and statistical analysis
For the fluorescence detection experiment in vitro, cells were examined
at random and subjected to blind analysis using MetaMorph (Universal
Imaging) software; .25 cells were examined in each experiment. Each
experiment was repeated at least three times. See below, Results (Figs. 2,
3, 4, 5).

For co-IP assay andWestern blot analysis, the DH regions from mice
were separated, and proteins were extracted for the endogenous co-IP
and Western blot analysis (n = 4/group). HEK293 cells were prepared
for exogenous co-IP assay and Western blot. Each experiment was
repeated at least three times.

In all behavioral experiments, the animals were randomly divided
into different groups (n = 6–8/group), and observers were blinded to the
treatments during the experiments.

In the experiment for analysis of brain slices, NeuN-positive cell was
conducted throughout dentate gyrus (DG; from anteroposterior 11.58
mm to anteroposterior12.46 mm) in five coronal sections for the quan-
tification analysis in each group of mice (n = 4/group). For Golgi
impregnated brain sections analysis, 50 neurons from the hippocampal
DG subregion for each brain were selected for the spine density and den-
drite morphology analysis (n = 3/group).

Data were analyzed with Student’s t test, one-way or two-way
ANOVA, followed by Tukey’s multiple comparisons test or Bonferroni’s
multiple comparisons test, where appropriate. Student’s t test or one-
way ANOVA was used for single-factor experiments involving two or
more than two groups. For experiments comprising multiple factors, a
two-way ANOVA, with test for interaction, was used. Data were dis-
played as the mean6 SEM, and the significance was set at p, 0.05, ana-
lyzed using GraphPad Prism 8.0.

Results
TrkB interacts with carboxypeptidase E
To verify the interaction between CPE and TrkB, co-IP assays
were performed in HEK293 cells. As expected, after IP of full-
length TrkB (TrkB-FL) with Flag antibodies, an association was
observed with CPE, as assessed by Western blot analysis using

Myc antibodies (Fig. 1A). The interaction was also confirmed af-
ter IP with Myc antibodies and observed by immunoblotting
with Flag antibodies (Fig. 1B). To exclude the influence of pro-
tein overexpression, endogenous co-IP was performed with rat
brain lysate. As shown in Figure 1C, endogenous TrkB receptors
coimmunoprecipitated with CPE.

Because subcellular colocalization could provide additional
evidence to support the interaction between CPE and TrkB,
immunocytochemistry assays and confocal imaging analysis
were performed in primary cultured hippocampal neurons (DIV
7) transiently transfected with Flag-TrkB and Myc-CPE. We
observed that TrkB was highly expressed as puncta in the
neuronal body, axons, and dendrites and distinctly colocal-
ized with CPE in all these regions (Fig. 1D). Moreover,
hippocampal neurons cotransfected with TrkB-GFP and
CPE-RFP were time-lapse recorded by spinning disk confo-
cal live imaging. Interestingly, we also found that both
TrkB-GFP-containing vesicles and CPE-RFP-containing
vesicles could be trafficked from the cell body to dendrites
via secretory vesicles, and the transport vesicles were par-
tially colabeled for CPE and TrkB. Kymograph and time-
lapse sequence analysis of transport events indicated the
overlapping trajectories of vesicles labeled for TrkB-GFP
and CPE-RFP, as illustrated in Figure 1E–G. Together, these
data suggest that CPE might regulate TrkB trafficking from
the Golgi to dendrites via secretory vesicles. All these
results confirmed that CPE associates with TrkB and might
regulate TrkB trafficking in hippocampal neurons.

CPE is involved in the cLTP-induced insertion of TrkB into
the plasma membrane
To determine whether CPE is involved in the cLTP-induced
insertion of TrkB into the plasma membrane, we first con-
structed a small interfering RNA (siRNA) targeting CPE to
knock down endogenous CPE in PC12 cells using Control (Ctr)
siRNA as a control (Fig. 2A). To provide a convenient and visible
method for comparing relative receptor cell surface levels, we
adopted a surface TrkB ratiometric fluorescence assay described
in our previous study (Zhao et al., 2009). In this assay, TrkB
receptors were Flag-tagged at the N terminus of the extracellular
domain and fused with GFP in the cytoplasmic C terminus.
Thus, cell surface receptor levels were quantified by the fluores-
cence intensity of Flag staining normalized to GFP intensity per
cell under nonpermeabilized conditions, which served to control
for variable receptor expression levels in each cell because of
transient transfection. By performing a surface TrkB ratiometric
fluorescence assay, we found that CPE siRNA significantly abol-
ished cLTP-induced TrkB membrane surface insertion in hippo-
campal neurons expressing Flag-TrkB-GFP (Fig. 2B,C), which
suggests that CPE might be involved in activity-dependent TrkB
plasma membrane insertion.

Next, the surface insertion of endogenous TrkB in hippocam-
pal neurons was measured using cell surface biotinylation assays.
The same results were obtained: FAM-CPE siRNA dramatically
inhibited cLTP-induced surface TrkB recruitment but had no
influence on total TrkB expression (Fig. 2D–F). However, surface
truncated TrkB (TrkB.T1) levels were unchanged (Fig. 2G). T1 is
a TrkB isoform and is expressed in neurons because of alterna-
tive splicing (Klein et al., 1990; Middlemas et al., 1991); T1 lacks
almost all the TrkB-FL intracellular domains but contains a very
short isoform-specific cytoplasmic tail. This result is consistent
with our previous data that T1 lost its activity-dependent surface
increase on cLTP stimuli (Zhao et al., 2009). In addition,
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membrane surface levels of TrkB receptors depend on receptor
internalization. To define whether CPE siRNA affects the inter-
nalization of surface TrkB, a quantitative fluorescence assay was
employed to measure Flag-TrkB internalization levels in neurons
transfected with the corresponding siRNA. The results showed
no differences between these two groups (Fig. 2H,I). This result
implies that CPE does not affect the internalization of membrane
surface TrkB. In conclusion, these results suggest that CPE plays
a crucial role in cLTP-induced TrkB surface insertion.

TIRF was applied to limit the visualization of fluorescence to
proteins located on the plasma membrane through fluorescently
labeled molecules within the 100–200nm evanescent range
underneath the plasma membrane (Schwarz et al., 2011). The
colocalization of CPE and TrkB labeled with RFP and GFP,
respectively, was calculated using TIRF. Pearson’s correlation
coefficients established the incidence of colocalization (IOC)
between two proteins and had an experimental range of ;0.1
(segregated) to 0.8 (colocalized), as previously described
(Manders et al., 1992; Blum et al., 2014). We observed that the
IOC of CPE-RFP with TrkB-GFP increased significantly within

the TIRF zone after glycine treatment for 10min (Fig. 3A).
Quantitative analysis demonstrated that cLTP significantly pro-
moted TrkB and CPE movement toward the membrane surface
in dendrites (Fig. 3B). This increased amount of the double posi-
tive signal within the TIRF zone implies that CPE participates in
modulating membrane surface insertion induced by cLTP.

Spines are vital signaling compartments that respond to exci-
tatory inputs for neuronal function. Whether CPE affects the dis-
tribution of TrkB in dendritic spines on cLTP was further
studied. Here, the relative distribution of TrkB between dendritic
spines and adjacent dendritic shafts was investigated with a line
plot assay (Gerges et al., 2004, 2005; Fig. 3C). We found that
cLTP facilitated more TrkB translocation to the spine
region than neighboring dendritic shafts in the control
group; however, CPE siRNA significantly blocked this effect
(Fig. 3D,E). These findings suggest that CPE is involved in
regulating cLTP-induced TrkB translocation to spines from
dendritic shafts. Collectively, our data demonstrate that
CPE plays a crucial role in cLTP-induced TrkB surface
insertion and spine translocation.

Figure 1. TrkB receptors interact and colocalize with CPE. A, B, Interaction between TrkB receptors and CPE was assessed in HEK293 overexpressing cDNAs encoding Flag-TrkB, Myc-CPE,
and empty vector. Cell lysates were immunoprecipitated (IP) with anti-Flag antibodies (A) or anti-Myc antibodies (B) and immunoblotting (IB) analysis was performed to detect immunoprecipi-
tated proteins. C, Endogenous association of CPE and TrkB receptors. Mice hippocampal tissues lysates were subjected to immunoprecipitation with polyclonal rabbit anti-TrkB antibody or con-
trol IgG, followed by immunoblotting with mouse anti-TrkB and mouse anti-CPE antibodies, respectively. A–C, Each co-IP experiment was repeated three times, and representative data are
shown. D, Representative immunofluorescence images of the subcellular colocalization of Flag-TrkB and Myc-CPE in hippocampal neurons by confocal microscopy. Lower panels are enlarged
images of the framed regions with the white arrows indicating the colocalization of Flag-TrkB and Myc-CPE as shown in yellow. Scale bar, 10mm. E, Hippocampal neuron cotransfected at DIV
7 with TrkB-GFP and CPE-RFP. Time-lapse images of transport vesicles were acquired at one frame every 20 s for 700 s. F, Corresponding kymographs showing overlapping trajectories of
vesicles labeled for TrkB-GFP and CPE-RFP. G, Time-lapse sequence showing a moving vesicle that contains both TrkB-GFP and CPE-RFP, indicated with arrows. Scale bar, 5mm.
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Identification of the key binding domain in TrkB interacting
with CPE that mediates activity-dependent surface TrkB
recruitment
Our previous study showed that the JM region is necessary and
sufficient for activity-dependent TrkB surface insertion (Zhao et
al., 2009). In this study, we investigated the specific binding do-
main between CPE and TrkB. First, the interaction between the
intracellular domain of TrkB (removal of a portion of the extrac-
ellular domain, DEXTrkB) and the intracellular domain of CPE
(CPEC25) was examined. Since CPEC25 is a very small domain
that is difficult to assess by Western blot, RFP was fused to
CPEC25, and the inability of RFP to bind to TrkB-FL was con-
firmed (Fig. 4A). The lysate of HEK293 cells transfected with var-
ious TrkB-deleted mutants and Myc-CPEC25-RFP was examined
by co-IP assays. We found that CPEC25-RFP associated with
TrkB-FL and DEXTrkB but not DEXT1 (Fig. 4A), which suggests

that the intracellular domain of TrkB contains the CPE-interact-
ing motif.

The intracellular domain of the TrkB receptor consists of
three regions: the JM, TK, and CT regions. To identify the
potential specific region responsible for the interaction,
additional co-IP experiments were performed with a series
of deletion mutants of the TrkB-FL receptor (DEXDJM,
DEXDTK and DEXDCT; Fig. 4B). The co-IP assay in
HEK293 cells indicated that CPEC25-RFP was detected in
the IP complexes of all TrkB-deleted mutants except for
DEXDJM, which carried the JM (amino acids 454–536) de-
letion, suggesting that CPEC25 may interact with the TrkB
JM domain (Fig. 4B,C). This was consistent with our previ-
ous studies demonstrating that the TrkB JM region is neces-
sary and sufficient for the activity-dependent recruitment
of TrkB to the neuronal surface (Zhao et al., 2009).

Figure 2. CPE mediates activity-dependent TrkB membrane surface insertion in hippocampal neurons. A, PC12 cell were transiently transfected with Ctr siRNA or CPE siRNA. After 2 d, cells
lysates were immunoblotted with CPE antibody to detect the CPE-knockdown efficiency. Endogenous b -tubulin was used as an expression control. B, Representative immunofluorescence
images of TrkB surface levels in neurons (9 DIV) expressing the indicated constructs with or without Gly treatment (200mM, 10min). Surface TrkB levels were determined using ratiometric flu-
orescence assay. The siRNA constructs all expressed fused RFP, and we only captured images of RFP-positive neuron (pseudo blue color). The total TrkB receptors were fused with GFP (green
color). The surface TrkB stained with M2 antibody followed by Cy5-conjugated goat anti-mouse antibody (pseudo red color). Anti-FLAG antibody labeled surface TrkB receptors, and the GFP flu-
orescence represented total receptor levels. Scale bar, 10mm. C, Surface levels of TrkB receptor were analyzed as in B. Relative surface levels were normalized to that of TrkB-GFP (two-way
ANOVA with Bonferroni’s multiple comparisons test, F(1,12) = 8.627, Ctr-Ctr siRNA vs Gly-Ctr siRNA ppp = 0.0042; n = 4). D, Surface levels of TrkB and T1 receptors were evaluated by surface
biotinylation assay in hippocampal neurons transfected with the indicated siRNA. Surface labeled TrKB were detected by streptavidin pull-down followed by anti-TrkB immunoblotting. E,
Quantification of the surface levels of TrkB receptors by the ratio of surface to total TrkB intensity normalized to the control group (two-way ANOVA with Bonferroni’s multiple comparisons
test, F(1,12) = 7.75, Ctr-FAM-Con VS Gly-FAM-CPE siRNA ppp = 0.0019; n = 4). F, Quantification of the total TrkB receptors normalized to the control group. Error bars indicate 6 SEM.
G, Quantification of the surface levels of T1 receptors by the ratio of surface to total T1 intensity normalized to the control group. H, Representative epifluorescence images from the TrkB inter-
nalization assay. The Control, Ctr siRNA, and CPE siRNA constructs all express nonfused GFP, and we only captured images of GFP-positive neurons (GFP image not shown). The total pool of
Flag-TrkB initially present at the cell surface was labeled with 594-M2 (Internal 1 surface group, green, pseudo color). After BDNF treatment at 37°C for 15min, neurons were fixed by 4%
PFA under nonpermeabilizing conditions, and the receptors remaining at the cell surface were labeled with Cy5-conjugated secondary antibody (surface group, red, pseudo color). Scale bar,
10mm. I, Quantitation of internalized TrkB levels in H was performed. All of the data are presented as mean6 SEM determined from analysis of more than three independent experiments (n
� 25 cells for each condition per experiment).
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To define the minimal region in the TrkB JM domain that
interacts with CPEC25, the JM domain was divided into three
boxes, Box1, Box2, and Box3 (Fig. 4E). Additional co-IP experi-
ments were performed on a series of TrkB JM deletion mutants
(DEXDBox1, DEXDBox2, and DEXDBox3). The co-IP assay in
HEK293 cells showed that only the Box2 deletion abolished the
association between DEXTrkB and CPEC25 (Fig. 4D,E). These
data suggest that the JM Box2 region is the crucial and necessary
domain for the interaction of TrkB with CPE.

To define whether the Box2 domain plays a relevant role in
TrkB activity-dependent plasma membrane insertion, the GFP
tag was fused to a series of Flag-TrkBDBoxn constructs, and sur-
face TrkB recruitment was measured by a ratiometric fluores-
cence assay. The results showed that only the TrkB mutant
lacking the Box2 domain (TrkBDBox2) abrogated the cLTP-
induced TrkB surface increase (Fig. 4F,G). Furthermore, we
grafted the different box regions into the C terminus of T1 to
generate three chimeric constructs. Immunofluorescence
assays showed that only grafting Box2 could confer T1 with a
dramatic increase in membrane surface levels in response to
neuronal activity (Fig. 4F,H). Together, these results indicate
that the Box2 domain is not only necessary but also sufficient
for the activity-dependent recruitment of TrkB to the neuro-
nal surface.

Identification of the key binding domain in CPE interacting
with TrkB that mediates activity-dependent surface TrkB
recruitment
Loh et al. (2004), showed that the 25 C-terminal residues of
CPE function as a signal for both raft association and the
sorting of CPE to the regulated pathway. To determine the
minimum sequence required for the CPE interaction with
TrkB, a series of deletion mutants with 4/6/10/15 residues
deleted from CPEC25 was constructed and cotransfected
with DEXTrkB into HEK293 cells. The IP results showed
that CPEC25D15 lost its interaction with DEXTrkB com-
pletely, which suggested the essential role of the C-terminal
11th to 15th amino acids of CPEC25 (Glu

462-Trp466, named
CPEBD) in the CPE/TrkB association (Fig. 5A,B).

To verify the biological function of the key binding do-
main in CPE, two experiments were performed. First,
CPEC25D10-RFP was used as a dominant negative construct
that could bind to TrkB-FL to compete with endogenous
CPE and cause a malfunction in the system. Hippocampal
neurons at 7 DIV were cotransfected with CPEC25D10-RFP
and Flag-TrkB-GFP. Ratiometric fluorescence assays
showed that the overexpression of CPEC25D10-RFP signifi-
cantly reduced cLTP-induced TrkB surface insertion (Fig.
5C,D).

Figure 3. CPE regulates cLTP-enhanced TrkB surface trafficking and translocation into spine. A, Representative TIRF images are shown for hippocampal neurons coexpression of CPE-RFP and
TrkB-GFP, in which yellow color points the doubled positive of CPE and TrkB. Scale bar, 2mm. B, Colocalization of CPE and TrkB was quantified (unpaired t test, t = 5.784, df = 4, ppp =
0.0203; n = 4). C, Representative line plot analysis of TrkB receptor (594 signal, red color) across a spine and the adjacent dendritic shaft of siRNA-GFP transfected neurons, as indicated. Values
for TrkB receptors were taken from the fluorescence intensity peaks after background subtraction (yellow line). Scale bar, 2mm. D, Representative immunofluorescence images of total TrkB re-
ceptor across a spine and the adjacent dendritic shaft of siRNA-GFP transfected neurons on cLTP stimuli. E, Quantitative analysis of the ratio of TrkB fluorescence in spines and dendrites after
normalization (15 dendrites/cell, 15–18 mm2/dendrite). Two-way ANOVA with Bonferroni’s multiple comparisons test, F(1,12) = 104.4, ppppp, 0.0001; n = 4. All the data are presented as
mean6 SEM (n� 25 cells for each condition per experiment).
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Moreover, the 452nd-466th amino acids, including the CPEBD

of CPE, were fused with the TAT peptide (TAT-CPE452-466), an
efficient cell-penetrating peptide derived from the transactivator
of transcription (TAT) of human immunodeficiency virus, and
the TAT-CPE452-466 could successfully penetrate into cells (data
not shown). We pretreated HEK293 cells transiently overex-
pressing Flag-TrkBDEX and Myc-CPEC25-RFP with the
TAT-Con/TAT-CPE452-466 peptide (5 mM) for 30 min and
performed a co-IP assay. IP analysis showed that
TAT-CPE452-466 dramatically decreased the amount of
Myc-CPEC25-RFP immunoprecipitated by Flag-TrkBDEX
compared with TAT-Con (Fig. 5E). Furthermore, surface
TrkB recruitment was measured by ratiometric fluorescence
assays in hippocampal neurons pretreated with TAT-Con/
TAT-CPE452-466. The results showed that TAT-CPE452-466

significantly blocked cLTP-enhanced TrkB plasma mem-
brane recruitment (Fig. 5F,G). Therefore, the CPEBD do-
main was identified as a crucial sequence not only for
interacting with TrkB but also for regulating TrkB activity-
dependent membrane insertion.

TAT-CPE452-466 attenuates activity-enhanced BDNF
signaling in hippocampal neurons
To further investigate the functional consequences of CPE-regu-
lated activity-dependent TrkB surface delivery, we examined
BDNF-induced downstream signaling in cultured hippocampal
neurons pretreated with TAT-CPE452-466 or TAT-Con. Glycine
pretreatment significantly enhanced BDNF-triggered TrkB,
ERK1/2, and Akt activation in the TAT-Con group, which
underscores the importance of activity-dependent TrkB surface
insertion for efficient BDNF-induced signaling (Fig. 6A–D). In
contrast, blocking the interaction of CPE and TrkB by pretreat-
ment with TAT-CPE452-466 abolished cLTP stimuli-enhanced
BDNF downstream signaling (Fig. 6A–D). Together, these results
suggest that TAT-CPE452-466 attenuates activity-enhanced
BDNF/TrkB downstream signaling.

CPE regulates BDNF-induced spine growth in hippocampal
neurons
BDNF has distinct effects on dendritic spine density and mor-
phology in hippocampal pyramidal neurons (Amaral and Pozzo-

Figure 4. Identification of the key binding domain in TrkB interacting with CPE that mediated activity-dependent surface TrkB recruitment. A, Coimmunoprecipitation was performed in HEK
293 cell expressing Myc-CPEC25-RFP and Flag-TrkB mutants. Cell lysates were immunoprecipitated using anti-Flag antibody, followed by immunoblotting with Myc antibodies, and Myc-RFP is a
control protein to confirm RFP couldn’t combine with TrkB. B, Co-IP of Myc-CPEC25 and FLAG-TrkB deletion mutants as indicated in HEK 293 cells. C, Summary of TrkB mutants used in B and a
summary of the CPEC25 interactions with the mutants of TrkB. FL, full-length domain; EX, Extracellular domain. D, Co-IP of Myc-CPEC25 and Flag-TrkB deletion mutants as indicated in HEK293
cells. E, Summary of TrkB mutants used in D and a summary of the CPEC25 interactions with the mutants of TrkB. A–E, Each co-IP experiment was repeated at least three times, and representa-
tive data are shown. F, Representative immunofluorescence images of TrkB mutants or T1 chimeras surface levels in transfected hippocampal neurons before and after glycine treatment. Scale
bar, 10mm. G, Quantification of surface levels of TrkB mutants by the ratio of red to green fluorescence intensity in F (two-way ANOVA with Bonferroni’s multiple comparisons test, F(1,12) =
7.75, Ctr-TrkB FL versus Gly-TrkB FL ppp = 0.0063; Ctr-TrkBDBOX1 versus Gly-TrkBDBOX1 pp = 0.0174; Ctr-TrkBDBOX3 versus Gly-TrkBDBOX3 pp = 0.0492; n = 4). H, Quantification of sur-
face levels of T1 chimeras by the ratio of red to green fluorescence intensity in F (two-way ANOVA with Bonferroni’s multiple comparisons test, F(3,24) = 3.845, pppp = 0.0007; n = 4). All the
data are presented as mean6 SEM (n� 25 cells for each condition per experiment).
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Miller, 2007). We hence aimed to examine the effect of CPE on
BDNF-induced spine growth (density and morphology) in cul-
tured hippocampal neurons treated with TAT-Con or TAT-
CPE452-466. Dendritic spines on a length of secondary or tertiary
proximal dendrites of hippocampal neurons were selected for
analysis (Fig. 7A). As shown in Figure 7, in the TAT-Con group,
glycine pretreatment distinctly enhanced the effect of BDNF on
the spine density increase (Fig. 7B,C) and spine-head width
increase (Fig. 7B,D). However, there were no differences in spine
density (Fig. 7B,C) or spine-head width (Fig. 7B,D) in the TAT-
CPE452-466 group regardless of glycine treatment. Together, these
data suggest that CPE is essential for the cLTP-enhanced dendri-
tic spine density and spine-head width increase on BDNF
treatment.

TAT-CPE452-466 impairs hippocampus-dependent memory
BDNF/TrkB signaling plays a pivotal role in learning and mem-
ory in hippocampal- or amygdala-dependent memory processes.
On this basis, we further investigated whether CPE-regulated

TrkB trafficking is involved in the hippocampus-dependent
memory process. We injected the TAT-CPE452-466 peptide into
the DH of WT mice, and a series of hippocampus-dependent
memory tasks (NPR, CFC), anxiety-related tasks (OFT, EPM),
and locomotion tasks (OFT) were performed, as shown in Figure
8A. First, the DH region of TAT-CPE452-466-injected mice was
stained with 488-streptavidin to demonstrate that the TAT poly-
peptide successfully penetrated into the cells in vivo (Fig. 8B).
Then, the NPR task was performed 10min after training.
Notably, TAT-CPE452-466-injected mice showed significantly
impaired recognition memory compared with TAT-Con-
injected mice (Fig. 8C). CFC relies critically on both the DH and
the basolateral amygdala (Phillips and LeDoux, 1992; Maren et
al., 2013), whereas AFC depends on the auditory cortex and
amygdala (Quirk et al., 1995; LeDoux, 2000; Apergis-Schoute et
al., 2005). CFC was examined 1 h after training, and TAT-
CPE452-466 significantly decreased the freezing time in the CFC
test but not in the AFC test (Fig. 8D). These results revealed that
TAT-CPE452-466 led to deficits in hippocampus-dependent

Figure 5. Identification of the key binding domain in CPE interacting with TrkB that mediated activity-dependent surface TrkB recruitment. A, Co-IP was performed in lysates of HEK 293 cells
expressing Flag-TrkBDEX and Myc-CPEC25 truncated mutants. B, Summary of CPE-truncated mutants used in A and a summary of the TrkBDEX interactions with the mutants of CPE. C,
Ratiometric fluorescence assay was performed to examine the influence of CPEC25D10-RFP on cLTP-induced surface recruitment of TrkB receptors. Representative epifluorescence images were
shown. Scale bar, 10mm. The Control and CPEC25D10-RFP constructs all express fused RFP, and we only captured images of RFP-positive neurons (pseudo blue color). The total TrkB receptors
were fused with GFP (green color). The surface TrkB stained with M2 antibody followed by Cy5-conjugated goat anti-mouse antibody (pseudo red color). D, Quantification of TrkB surface levels
by the ratio of red to green fluorescence intensity in C (two-way ANOVA with Bonferroni’s multiple comparisons test, F(1,12) = 4.193, pp = 0.0225; n = 4). E, TAT-CPE452-466 inhibits the interac-
tion between CPEC25 and TrkBDEX. HEK293 cells were transfected with Myc-CPEC25 and FLAG-TrkBDEX. After 2 d cells were treated with TAT-Con or TAT-CPE

452-466 (5 mM) for 30min before
lysed. The interaction between CPEC25 and TrkBDEX was analyzed by IP using anti-Flag antibodies and followed by immunoblotting with Myc antibodies. F, Ratiometric fluorescence assay was
performed to examine the influence of TAT-CPE452-466 peptides on glycine-induced surface recruitment of TrkB receptor. Representative images from the ratiometric fluorescence assay are
shown. Scale bar, 10mm. G, Quantification of TrkB surface levels by the ratio of red to green fluorescence intensity in F (two-way ANOVA with Bonferroni’s multiple comparisons test, F(1,12) =
3.266, pp = 0.0481; n = 4). All the data are presented as mean6 SEM (n� 25 cells for each condition per experiment).
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memory acquisition. We next investigated the role of TAT-
CPE452-466 in anxiety-like and locomotion behavior, as well as
different memory processes, including consolidation and re-
trieval, by varying the time point of microinjection. TAT-
CPE452-466 was injected into the DH 30min before the OFT test,
and neither the time spent in the center or the distance traveled
was different between the TAT-CPE452-466 and TAT-Con groups
(Fig. 8E), which suggests that TAT-CPE452-466 microinjection
into the DH does not affect anxiety and locomotion.
Consistent with the OFT test, TAT-CPE452-466 microinjec-
tion had no effect on the time spent in the open arm or
entry time into the open arm in the EPM task (Fig. 8G). To
reveal the effect of CPE on memory consolidation, we im-
mediately injected TAT-CPE452-466 after fear conditioning
and found deficits in CFC but not AFC memory when
tested 24 h after training (Fig. 8F). When TAT-CPE452-466

was microinjected into the DH 30min before memory re-
trieval, we found that TAT-CPE452-466 had no effect on CFC
or AFC memory retrieval (Fig. 8H). Overall, these results
suggest that CPE-regulated TrkB trafficking is necessary for
hippocampus-dependent memory acquisition and consoli-
dation but not for memory retrieval.

TAT-CPE452-466 decreases CFC training-induced TrkB
phosphorylation in the dorsal hippocampus
To investigate whether TAT-CPE452-466 could attenuate the
interaction of TrkB and CPE in vivo, we injected the TAT-
CPE452-466 peptide into the DH 30min before CFC training. One
hour after CFC training, the DH was dissected, and endogenous
TrkB and CPE were coimmunoprecipitated. Interestingly, we
found that the interaction of TrkB and CPE was increased 1 h af-
ter CFC training in the TAT-Con-injected group compared with
the no CFC training group, whereas TAT-CPE452-466 injection
blocked the interaction of TrkB and CPE compared with TAT-
Con injection (Fig. 9A). Previous studies have shown that mem-
ory training could induce TrkB phosphorylation (Lin et al.,
2015), and we further investigated the phosphorylation lev-
els of TrkB in the DH 1 h after CFC training. Compared
with the control group, we found that the phosphorylation
levels of TrkB were significantly increased 1 h after CFC
training in the TAT-Con-injected group, whereas TAT-
CPE452-466 injection decreased the TrkB phosphorylation
levels compared with TAT-Con injection (Fig. 9B). These
results suggest that TAT-CPE452-466 could block the inter-
action of TrkB and CPE in vivo, which might lead to

Figure 6. TAT-CPE452-466 attenuates the activity-enhanced BDNF signaling. A, Representative images of immunoblots showing BDNF-induced phosphorylation of TrkB, Akt, and ERK1/2 in cul-
tured hippocampal neurons under the indicated conditions. Neurons at 9 DIV pretreated with TAT-Con or TAT-CPE452-466 for 30min were stimulated with BDNF and glycine for 10 min.
Phosphorylation and total protein levels of TrkB, Erk1/2, and Akt were assessed by immunoblotting. B, Quantitative analysis of pTrkB (two-way ANOVA with Tukey’s multiple comparisons test,
F(2,12) = 3.489, Ctr-TAT-Con vs BDNF-TAT-Con, pppp = 0.0003; Ctr-TAT-Con vs Gly1BDNF-TAT-Con, ppppp, 0.0001; BDNF-TAT-Con vs Gly1BDNF-TAT-Con, #p = 0.0112; Ctr-TAT-CPE452-466

vs BDNF-TAT-CPE452-466, ppppp, 0.0001; Ctr-TAT-CPE452-466 vs Gly1BDNF-TAT-CPE452-466, ppppp, 0.0001, n = 4). C, Quantitative analysis of pErk (two-way ANOVA with Tukey’s multiple
comparisons test, F(2,12) = 3.146, Ctr-TAT-Con vs BDNF-TAT-Con, pppp = 0.0004; Ctr-TAT-Con vs Gly1BDNF-TAT-Con, ppppp, 0.0001; BDNF-TAT-Con vs Gly1BDNF-TAT-Con, #p = 0.0132;
Ctr-TAT-CPE452-466 vs BDNF-TAT-CPE452-466, pppp = 0.0001; Ctr-TAT-CPE452-466 vs Gly1BDNF-TAT-CPE452-466, pppp = 0.0002, n = 4). D, Quantitative analysis of pAkt (two-way ANOVA with
Tukey’s multiple comparisons test, F(2,12) = 4.723, Ctr-TAT-Con vs BDNF-TAT-Con, ppppp , 0.0001; Ctr-TAT-Con vs Gly1BDNF-TAT-Con, ppppp , 0.0001; BDNF-TAT-Con vs Gly1BDNF-
TAT-Con, ##p = 0.0079; Ctr-TAT-CPE452-466 vs BDNF-TAT-CPE452-466, ppppp , 0.0001; Ctr-TAT-CPE452-466 vs Gly1BDNF-TAT-CPE452-466, ppppp , 0.0001, n = 4). pTrkB, pErk1/2, and pAkt
levels were normalized to the phosphorylation levels in TAT-Con group detected without glycine pretreatment. Graphs represent mean6 SEM.
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impairment in memory-training-induced TrkB plasma
insertion and phosphorylation and result in memory defi-
cits. To clarify whether TAT-CPE452-466 could affect the
number and morphology of hippocampal neurons, we per-
formed NeuN immunohistochemistry staining and Golgi-
Cox staining 1 h after CFC training. We found no difference
in the number of NeuN-positive cells between the control
group and CFC training group with TAT-Con or TAT-
CPE452-466 injection (Fig. 9C). Moreover, the dendritic
complexity of the DG and spine density in the basal den-
drites of DG pyramidal neurons showed no significant dif-
ference in these three groups (Fig. 9D,E). Together, these
data suggest that TAT-CPE452-466 microinjection-induced
hippocampal memory acquisition deficits might not be
because of neuronal number and dendritic morphology
alterations.

Discussion
BDNF has been shown to regulate neuron survival and synaptic
plasticity in the CNS in an activity-dependent manner. The

preferred biological function of BDNF, in part, relies on TrkB
insertion into the plasma membrane on neuronal activity.
However, the molecular mechanism underlying neuronal activ-
ity-increased TrkB cell surface levels is less understood. Here, we
determined that CPE could mediate the cLTP-induced insertion
of TrkB into the plasma membrane.

Our results provide several new insights into the mechanisms
and significance of neuronal activity-enhanced TrkB surface
insertion. First, we provide direct evidence that CPE mediates
neuronal activity-regulated TrkB plasma membrane insertion.
We verified the reliable interaction between CPE and TrkB-FL
but not TrkB.T1 in hippocampal neurons, which was not discov-
ered previously. The cLTP-induced TrkB surface insertion is a
regulated secretory process. In general, TrkB trafficking from the
Golgi complex to the plasma membrane in response to cLTP
may include three steps: sorting from the trans-Golgi network to
the reserved secretory pool, transporting from the reserved pool
to the plasma membrane region on neuronal activity, and fusing
TrkB-containing vesicles with the plasma membrane to insert
TrkB into the cell surface. We showed that CPE and TrkB could
be trafficked from the Golgi to dendrites in the same vesicles by

Figure 7. CPE regulates the BDNF-induced spine growth in hippocampal neurons. A, Confocal image of a representative GFP-transfected hippocampal neuron (green). Bottom, Enlarged
image of the framed region indicating the different dendritic spines. B, Hippocampal neurons expressing GFP at DIV 18–21 were pretreated with TAT-Con (5 mM) or TAT-CPE452-466 (5 mM) for
30min, respectively. Then, neurons were stimulated with glycine (10 min) and/or BDNF (30 min). Higher magnification views of representative segments of dendrites from the neurons. Scale
bar, 2mm. C, Quantification of spine density, expressed per 10mm of dendrite in B (two-way ANOVA with Bonferroni’s multiple comparisons test, F(2,18) = 1.263, Ctr-TAT-Con vs BDNF-TAT-
Con, ppp = 0.0014; Ctr-TAT-Con versus Gly1BDNF-TAT-Con, ppppp, 0.0001; BDNF-TAT-Con vs Gly1BDNF-TAT-Con, #p = 0.0485; Ctr-TAT-CPE452-466 vs BDNF-TAT-CPE452-466, pp = 0.0266;
Ctr-TAT-CPE452-466 vs Gly1BDNF-TAT-CPE452-466, pppp = 0.0006, n = 4). D, Quantitation of spine-head width in B. Two-way ANOVA with Bonferroni’s multiple comparisons test, F(2,18) =
9.212, Ctr-TAT-Con versus BDNF-TAT-Con, ppppp , 0.0001; Ctr-TAT-Con versus Gly1BDNF-TAT-Con, ppppp , 0.0001; BDNF-TAT-Con versus Gly1BDNF-TAT-Con, #p = 0.0226; Ctr-TAT-
CPE452-466 versus BDNF-TAT-CPE452-466, pp = 0.0394; Ctr-TAT-CPE452-466 versus Gly1BDNF-TAT-CPE452-466, pp = 0.0242, n = 4. All the data are presented as mean6 SEM (n � 25 cells for
each condition per experiment).
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time-lapse imaging. Depletion of CPE blocked cLTP-induced
TrkB translocation into dendritic spines from dendritic shafts, so
cLTP could significantly increase the colocalization of TrkB and
CPE vesicles beneath the plasma membrane by TIRF. CPE has
been demonstrated in many studies to mediate the intracellular
trafficking of neuropeptides or transporters. For example,
proBDNF is sorted by a sorting signal-CPE-mediated mecha-
nism to vesicles for activity-dependent secretion (Park et al.,
2008; Cawley et al., 2012). Enhanced expression of CPE leads to
increased trafficking of the dopamine transporter to the presyn-
aptic membrane at the axonal terminus of dopaminergic neu-
rons, thereby enhancing dopamine uptake (Zhang et al., 2009).
Moreover, the localization of synaptic vesicles to the preactive
zone for the exocytosis of classical neurotransmitters in hypo-
thalamic neurons is also dependent on CPE (Lou et al., 2010).
All these studies suggest that CPE might play a multifunctional
role in intracellular TrkB transport, which needs further explora-
tion. In addition, our previous study showed that both nocoda-
zole, a microtubule-depolymerizing agent, and cytochalasin D,
which inhibits actin polymerization, significantly inhibited
cLTP-induced TrkB plasma membrane insertion (Zhao et
al., 2009). This suggests that rapid TrkB recruitment to the
plasma membrane requires both intact microtubules and

microfilaments. The cytoplasmic tail of CPE is known to
transport vesicles via interaction with microtubules (Park et
al., 2008) or actin via g -adducin at the active zone of the
synapse (Lou et al., 2010). Therefore, it is possible that the
cytoplasmic tail of CPE could facilitate the movement of
TrkB vesicles to the neuronal surface membrane for fusion
and insertion by a similar mechanism.

Second, we identified the minimum binding domain between
CPE and TrkB. The JM Box2 (Ser476 to Phe516) of TrkB is neces-
sary and sufficient for cLTP-induced TrkB surface insertion. It
has been suggested that the 25 C-terminal amino acids are neces-
sary for delivering CPE to RSP (Dhanvantari et al., 2002). We pres-
ent evidence of a specific region, Glu462-Trp466, in the C-terminal
domain of CPE that is responsible for the interaction with TrkB.
We also demonstrated that TAT-CPE452-466, which could block the
association between CPE and TrkB, decreased the cLTP-induced
insertion of TrkB into the plasmamembrane. All these results reveal
that the association between CPE and TrkB is essential for TrkB ac-
tivity-dependent surface insertion.

Third, we hypothesized that CPE-regulated TrkB dendritic
spine translocation and cell surface insertion induced by neuro-
nal activity play a role in BDNF synaptic tagging signaling.
Previous studies have demonstrated that the activation of the

Figure 8. TAT-CPE452-466 treatment impairs hippocampus-dependent memory acquisition and consolidation but not retrieval. A, Schematic representation of the experimental schedules to
investigate the effect of TAT-CPE452-466 in the DH on NPR, CFC, AFC, OFT, and EPM behavioral performance. B, Representative image of the DH region 30min after injection with TAT-CPE452-466.
Biotin-TAT-CPE452-466 were stained with 488-Streptavidin and indicated in green representing the infected cells. Nuclei were stained by DAPI and indicated in blue. Scale bar, 20mm. C, In
the NPR tests, compared with TAT-Con-treated mice, TAT-CPE452-466-treated mice show a poorer performance. Unpaired t test, t = 2.709 df = 11, pp = 0.0203; TAT-Con group, n = 7; TAT-
CPE452-466 group, n = 6. D, With the microinjection 30min before FC training, TAT-CPE452-466-treated mice showed lower freezing responses in CFC test but not in the AFC test. Unpaired t test,
t = 5.73 df = 11, pppp = 0.0001; TAT-Con group, n = 7, TAT-CPE452-466 group, n = 6. E, In the OFT tests, there is no significant difference between TAT-Con-treated mice and TAT-CPE452-466-
treated mice both in time spent in the center and the traveled distance. F, With the microinjection after FC training, TAT-CPE452-466-treated mice showed reduced freezing responses in the CFC
test but not in the AFC test. Unpaired t test, t = 4.337 df = 14, pppp = 0.0007; TAT-Con group, n = 8, TAT-CPE452-466 group, n = 8. G, In the EPM tests, TAT-CPE452-466-treated mice showed
no significant difference in the time in open arms and entries into open arms. H, With the microinjection 30min before the CFC test and AFC test, compared with TAT-Con-treated mice, TAT-
CPE452-466-treated mice showed similar freezing responses both in the CFC test and AFC test.
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PI3K and ERK pathways plays essential roles in LTP induction
and maintenance (Kelleher et al., 2004; Tsokas et al., 2007). Our
results proved that specific blockade of CPE-mediated TrkB cell
surface insertion with TAT-CPE452-466 abolished neuronal activ-
ity-enhanced BDNF downstream signaling. Dendritic spines are
small membrane protrusions from the functional compartment
of the dendritic membrane. The majority of excitatory synapses
build on the spine, and their motile and diverse morphology
makes them sensitive structures in response to neuronal activity
to burden synaptic plasticity (Alvarez et al., 2007; Matsuzaki,
2007; Bourne and Harris, 2008; De Roo et al., 2008). Spines with
a larger head will generally reflect more activity and show greater
plasticity (Chidambaram et al., 2019). We found that TAT-
CPE452-466 blunted the effect of BDNF-induced increases in spine
density and spine-head size on cLTP stimuli. These results dem-
onstrated that CPE-regulated intracellular TrkB trafficking is
essential for the role of BDNF in synaptic plasticity.

Finally, we demonstrated that specifically blocking CPE-
mediated TrkB cell surface insertion might impair hippocam-
pus-dependent memory. TAT-CPE452-466 microinfusion
attenuated the enhanced interaction between TrkB and CPE
and increased TrkB phosphorylation levels on CFC training,

which suggests that the interaction between the C terminus
of CPE and TrkB is involved in hippocampal memory train-
ing-induced TrkB surface insertion. Microinjection of TAT-
CPE452-466 in the dorsal hippocampus led to defects in novel
place recognition and contextual fear memory acquisition
and consolidation but not retrieval, which is consistent with
the behavioral phenotype in BDNF heterozygous mice (Liu
et al., 2004; Heldt et al., 2007; Andero et al., 2014).
Microinfusion of BDNF antibodies has also been shown to
impair conditioned taste aversion, memory acquisition, and
consolidation but not retrieval (Bekinschtein et al., 2008; Ma
et al., 2011). When crossed with CaMKII Cre mice, condi-
tional TrkB knock-out mice failed to acquire hippocampus-
dependent memory (Minichiello et al., 1999). In addition,
CPE knock-out mice were shown to have impairments in
hippocampus-dependent memory, including novel object
recognition, water maze, and the social transmission of food
(Woronowicz et al., 2008). Thus, our data provide direct in
vivo evidence that CPE-mediated TrkB cell surface insertion
might have physiological relevance to BDNF/TrkB function
in the hippocampal memory process. Interestingly, CPE
knock-out mice showed decreased locomotion as well as

Figure 9. TAT-CPE452-466 blocks the interaction of TrkB and CPE in the DH and inhibits TrkB phosphorylation induced by CFC training. A, TAT-CPE452-466 blocks the interaction between TrkB
and CPE. Co-IP was performed 1 h after CFC training with microinjection of TAT-Con or TAT-CPE452-466 into DH 30min before CFC training with the control of home cage (HC) group. One-way
ANOVA with Tukey’s multiple comparisons, F(2,9) = 15.77, pppp = 0.0009, pp = 0.0375; n = 4/group. B, TAT-CPE452-466 inhibits the CFC-induced TrkB phosphorylation in DH. Phosphorylation
and total protein levels of TrkB were assessed by Western blot 1 h after CFC training with microinjection of TAT-Con or TAT-CPE452-466 into DH 30min before CFC training. One-way ANOVA with
Tukey’s multiple comparisons, F(2,9) = 11.86, ppp = 0.0024, pp = 0.0445; n 4/group. C, Coronal sections of DG were stained with DAPI and the antibody to a pan-neuronal marker, NeuN,
from the group 1 h after CFC training with microinjection of TAT-Con or TAT-CPE452-466 into DH 30min before CFC training. Scale bar, 20mm. D, Spine density in basal dendrites of DG pyrami-
dal neurons in the group 1 h after CFC training with microinjection of TAT-Con or TAT-CPE452-466 into DH 30min before CFC training. Scale bar, 10mm. E, Examples and Sholl analyses of Golgi-
stained dentate gyrus neurons from the group 1 h after CFC training with microinjection of TAT-Con or TAT-CPE452-466 into DH 30min before CFC training.
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dendritic spine morphology alterations (Woronowicz et al.,
2010), and CPEfat/fat mice displayed increased anxiety-like
behavior (Cawley et al., 2004; 2012), which was not found in
our TAT-CPE452-466-treated mice. These data suggest that
CPE-regulated intracellular TrkB trafficking cannot account
for the complete function of CPE in behavior regulation as
CPE acts as a sorting receptor for other proteins.

In summary, the present study uncovered that CPE has a new
and essential role in modulating the cLTP-induced insertion of
TrkB into the plasma membrane as well as in mediating the role
of BDNF in synaptic plasticity and hippocampal memory.
Additionally, these findings shed light on new molecular mecha-
nisms of TrkB cell surface insertion and function underlying
BDNF selectively and preferentially acting on active neurons and
synapses in the CNS. Future investigations into the mechanism
of action of CPE in this respect are necessary and could lead to
the identification of targets for enhancing the effect of BDNF on
synaptic plasticity.
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