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14-3-3 is a family of regulatory proteins highly expressed in the brain. Previous invertebrate studies have demonstrated the importance of 14-3-3
in the regulation of synaptic functions and learning and memory. However, the in vivo role of 14-3-3 in these processes has not been determined
using mammalian animal models. Here, we report the behavioral and electrophysiological characterization of a new animal model of 14-3-3
proteins. These transgenic mice, considered to be a 14-3-3 functional knock-out, express a known 14-3-3 inhibitor in various brain regions of
differentfounderlines.Weidentifyafounder-specific impairmentinhippocampal-dependentlearningandmemorytasks,aswellasacorrelated
suppression in long-term synaptic plasticity of the hippocampal synapses. Moreover, hippocampal synaptic NMDA receptor levels are selec-
tively reduced in the transgenic founder line that exhibits both behavioral and synaptic plasticity deficits. Collectively, our findings provide
evidence that 14-3-3 is a positive regulator of associative learning and memory at both the behavioral and cellular level.
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Introduction
14-3-3 refers to a family of conserved acidic proteins consist-
ing of seven homologous mammalian isoforms denoted �, �,
�, �, �, �, and �. They exist as homo- and heterodimers which
bind to target proteins via specific phosphoserine/phosphothreonine-
containing motifs (Muslin et al., 1996; Obsil and Obsilova, 2011).
To date, 14-3-3 proteins are known to interact with hundreds of
proteins and participate in the regulation of a wide range of cel-
lular processes, including signal transduction (Fantl et al., 1994;
Hausser et al., 1999), cell cycle (Peng et al., 1997), transcription
(Brunet et al., 1999), apoptosis, and neuronal development (Zha
et al., 1996; Skoulakis et al., 1998).

14-3-3 proteins are abundantly expressed in the brain, com-
prising �1% of its total soluble proteins (Moore, 1967). Certain
14-3-3 isoforms are enriched at the synapse and implicated in the
regulation of synaptic transmission and plasticity (Martin et al.,
1994; Zhou et al., 1999). The first in vivo evidence was provided
by studies of the mutant leonardo (leo), a gene encoding one (�) of
the two 14-3-3 isoforms in Drosophila. These leo flies display
olfactory learning deficits (Skoulakis and Davis, 1996), as well as
exhibit a reduction in basal synaptic transmission and a disrup-
tion in short-term plasticity at the neuromuscular junction

(Broadie et al., 1997). In the vertebrate nervous system, Simsek-
Duran et al. (2004) reported that 14-3-3 is required for a presyn-
aptic form of long-term potentiation (LTP) in the mouse
cerebellum. We have also recently identified a regulatory protein
complex comprised of 14-3-3 and Cav2.2 calcium channels,
which may play a modulatory role in hippocampal synaptic plas-
ticity (Li et al., 2006). As these results were obtained from in vitro
studies, the importance of 14-3-3 proteins in synaptic and cogni-
tive functions has yet to be demonstrated using appropriate
mammalian animal models.

Here, we developed a new mouse model to examine the in-
volvement of 14-3-3 proteins in learning, memory and synaptic
plasticity. These mice were generated through transgenic expres-
sion of a fusion protein that inhibits the functions of the 14-3-3
family of proteins in an isoform-independent manner (Wang et
al., 1999; Masters and Fu, 2001). Transgene expression is driven
by the neuronal-specific Thy-1 promoter, which produces vari-
able expression patterns in the brains of different founder lines.
This approach allows us to assess the behavioral and synaptic
alterations associated with expression of the 14-3-3 inhibitor in
certain brain regions. Our results establish a critical role of 14-3-3
proteins in long-term synaptic plasticity and associative learning
and memory.

Materials and Methods
Generation of transgenic mice. All animal procedures were performed in
accordance with the guidelines for the Care and Use of Laboratory Ani-
mals of the Florida State University (FSU), and approved by the FSU
Animal Care and Use Committee. Transgenic 14-3-3 functional knock-
out (FKO) mice were generated by expressing the YFP fused difopein
(dimeric 14-3-3 peptide inhibitor) using the Thy-1 promoter (Fig. 1A).
Transgenic founders were backcrossed to C57BL/6 mice for at least
eight generations before being subjected to behavioral and electro-
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physiological analyses. Heterozygous trans-
genic mice and their WT littermates were
identified by PCR genotyping using the follow-
ing primers: Thy1F (AAGGGGATAAAGAGA
GGGGCTGAG) from the Thy1 sequence, and
difopeinR (CTCGCCGGACACGCTGAACT
TG) from the difopein sequence.

Histology. Mice were anesthetized and tran-
scardially perfused with 4% paraformaldehyde
in 0.1 M phosphate buffer, pH 7.4 (PBS). After
an overnight postfixation in the same fixative
at 4°C, the brains were cut into 40 	m sections
on a vibratome (Leica Microsystems). Brain
sections were mounted with Vectashield to re-
tard fluorescence fading, and imaged on a flu-
orescence microscope (Eclipse FN1, Nikon)
using a 4� objective. The pictures of complete
sagittal brain sections were acquired as stitched
images using the NIS-Elements AR software
(Nikon). To evaluate the transgene expression
in neurons of hippocampal subregions, brain
sections were immunostained with a monoclo-
nal anti-NeuN antibody (Millipore), followed
by incubation with AlexaFluor 647 donkey
anti-mouse secondary antibodies (Invitrogen).
The images were attained on a Leica TCS SP2
SE laser scanning confocal microscope using a
20� objective.

PSD preparation and Western blot. The post-
synaptic density (PSD) fraction of mouse hip-
pocampi was prepared as described previously
(Hallett et al., 2008). Briefly, mouse hip-
pocampi (100 mg) were homogenized in TEVP buffer � 320 mM sucrose
solution (10 mM Tris base, 5 mM NaF, 1 mM Na3VO4, 1 mM EDTA, 1 mM

EGTA, pH 7.4). Homogenates were centrifuged (800 g) to remove nuclei
and large tissue debris (brain lysate fraction). The supernatant was cen-
trifuged at 9200 � g to yield the crude synaptosomal membrane fraction
(P2 pellet) and the soluble fraction. The P2 pellet was subjected to hypo-
osmotic shock (TEVP buffer � 35.6 mM sucrose) and centrifuged at
25,000 � g to yield the lysed synaptosomal membrane fraction (LP pel-
let). The LP pellet was then resuspended in 60 	l of TEVP, separated by
SDS-PAGE and probed with specific antibodies. The relative amount of
GAPDH was used as a loading control for quantification. Other primary
antibodies used in this experiment include monoclonal antibodies
against GluK2/3 (GluR6/7, Millipore), GluN1 (NR1, Millipore), and
PSD95 (Abcam), as well as polyclonal antibodies against GluA1 (GluR1,
Abcam), GluA2 (GluR2, Abcam), GluN2A (NR2A, Millipore), and
GluN2B (NR2B, Millipore). The Western blot signals were generated by
incubating the membranes with fluorescently labeled secondary antibod-
ies (LI-COR Biosciences), and acquired using the LI-COR Odyssey In-
frared Fluorescent scanner. Band intensities on Western blots were then
analyzed and quantified with ImageJ software. Protein levels were deter-
mined by normalizing the band intensities to that of the corresponding
GAPDH bands.

Evaluation of cognitive behaviors. All behavioral tests were performed
using adult male heterozygous transgenic mice and their WT littermates.
Mice were allowed to habituate to the dimly lit testing room for 1 h before
all behavioral tests. To evaluate hippocampal-dependent learning and
memory, animals were subjected to the contextual fear conditioning and
passive avoidance tests.

The contextual fear conditioning test was performed over two consec-
utive days using the Med Associates’ Contextual NIR Video Fear Condi-
tioning System for Mouse and Video Freeze Software. For training on day
1, mice were placed in the testing chamber and their freezing behavior
was recorded before (3 min), during, and after (2 min) three footshocks
(2 s, 0.50 pA, separated by a 2 min intershock interval). For testing on day
2, mice were placed back into the same chamber and their freezing be-
havior in the first 3 min of exposure was recorded and compared.

The passive avoidance task was performed over two consecutive days
using the Med Associates’ Shuttle Box Avoidance Chamber for Mouse.
For training on day 1, the test mouse was placed in the light chamber and
their latency to the dark chamber was recorded. Upon entering the dark
chamber, the automatic guillotine door was closed and mice were given a
brief 2 s footshock (0.70 pA) and remained in the chamber for 1 min. For
testing on day 2, mice were placed back into the light chamber and their
latency to enter the dark chamber was recorded.

Slice preparation. Acute hippocampal slices (400 	m for fEPSP record-
ing and 250 	m for EPSC recording) were prepared from male heterozy-
gous transgenic mice and their WT littermates (4 – 6 weeks old). Mice
were killed after being deeply anesthetized with ketamine (100 mg/kg)
and xyzaline (10 mg/kg). The whole brain was removed and placed in
ice-cold and oxygenated (95% O2/5% CO2) cutting medium including
the following (in mM): 230 sucrose, 2.5 KCl, 10 MgSO4, 1.25 Na2HPO4,
26 NaHCO3, 0.5 CaCl2, and 10 D-glucose. The sagittal slices were cut with
VT1200S vibratome (Leica) and moved to the artificial CSF (ACSF) sat-
urated with 95% O2/5% CO2. The ACSF contains the following (in mM):
124 NaCl, 5 KCl, 2.5 CaCl2, 1.3 MgSO4, 1.2 KH2PO4, 26 NaHCO3, and 10
Glucose. The slices were incubated at 37°C for at least 45 min in oxygen-
ated ACSF before use.

Field potential recording. The mouse brain slice (400 	m) was trans-
ferred to the recording chamber and continuously perfused with oxygen-
ated ACSF (2 ml/min) at room temperature (22 � 1°C). fEPSPs were
evoked through a concentrical bipolar stimulating electrode which was
placed in the Schaffer collaterals (Sch) and recorded by the Axon Multi-
Clamp 700B (Molecular Devices) amplifier through a glass electrode
which was back-filled with 4 M NaCl and placed in the CA1 stratum
radiatum. Test stimuli consisted of monophasic 100 	s pulses of constant
currents with intensity adjusted to produce 50 – 60% of the maximum
response at a frequency of 0.033 Hz. The strength of synaptic transmis-
sion was determined by measuring the initial (10 – 60% rising phase)
slope of fEPSPs. LTP was induced by applying two trains of 50 pulses (100
Hz) separated by a 10 s interval.

Whole-cell recording. A single slice (250 	m) in the recording chamber
was kept in place with a slice anchor (Warner Instruments) under a
fluorescence microscope (ECLIPSE FN1, Nikon) equipped with infrared

Figure 1. Transgene expressions in the brains of two different founder lines of 14-3-3 FKO mice. A, Schematic representation of
the Thy1-YFP-difopein expression cassette used in this study. The gray bars represent the untranslated exons of the Thy-1.2 gene.
B, C, Detection of YFP-difopein fusion proteins by fluorescence microscopy in sagittal brain sections of 132 and 142 founder line mice. D–G,
Confocal images showing YFP-difopein signals in the hippocampal CA1 (132, D; 142, F ) and CA3 (132, E; 142, G) subregions of 132 and 142
founder line mice. Brain sections were immunostained with a NeuN antibody to visualize neuronal nuclei (D�, E�, F�, G�). Transgene
expression in NeuN positive neurons is shown by merged images (132, D” and E”; 142, F” and G”). Scale bar, 40 	m.
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differential interference contrast and water-immersion objective for vi-
sualization of neurons in live tissue. During recordings, the chamber was
continuously superfused with ACSF (2 ml/min) and saturated with 95%
O2/ 5% CO2 at room temperature. The patch electrodes (DC resistance:
5–7 M�) were filled with a standard intracellular solution containing the
following (in mM): 145 K-gluconate, 7.5 KCl, 9 NaCl, 1 MgSO4, 10
HEPES, 0.2 EGTA, 2 Na-ATP, and 0.25 Na-GTP (290 –300 mOsm, pH
7.4 with KOH). EPSCs were evoked by electrical stimulation of axons in
the stratum radiatum with 100 	s pulse of constant currents with inten-
sity adjusted to produce 50 – 60% of the maximum response at a fre-
quency of 0.033 Hz. LTP was induced by two bursts of 100 Hz stimuli (10
s interval), each composed of 50 pulses. Currents were filtered at 2 kHz
with a low-pass filter. Data were digitized at 10 kHz and stored online
using the pClamp 10 software. After high-frequency stimulation, 360
sweeps were recorded per experiment. The neuron was rejected from
statistical analysis if the membrane resistance changed �20% relative to
the initial 3 min period of recordings. EPSCs were recorded at a holding
potential of �70 mV. Each EPSC was normalized by the average synaptic
response before high-frequency stimulation and each three consecutive
traces were averaged for statistical analysis and plot.

NMDA/AMPA ratios were determined following published protocols
(Schmeisser et al., 2012; Won et al., 2012). In these experiments, whole-
cell recording was done in the presence of 50 	M picrotoxin. To stabilize
the preparation, the ACSF contained a high concentration of divalent
cations, including 4 mM CaCl2 and 4 mM MgCl2. Here, we used a cesium-
based intracellular solution containing the following (in mM): 145 CsCl,
10 HEPES, 0.2 EGTA, 2 MgCl2, 2 NaATP, 0.5 NaGTP, and 5 phospho-
creatine (305 mOsm, pH 7.2 with CsOH). Compound EPSCs were re-
corded at holding potentials of �70 and �40 mV by stimulation that was
adjusted to produce a single-peaked short-latency response. Ten consec-
utive EPSCs for each holding potential were averaged. The AMPA
receptor-mediated component of the EPSC was determined by measur-
ing the peak amplitude of the averaged EPSC at �70 mV, whereas the
NMDAR-mediated component was estimated by measuring the ampli-
tude of the averaged EPSC with a holding potential of �40 mV at 75 ms
after stimulation. To generate the input-output curves of the NMDAR
component of EPSCs, whole-cell currents at �40 mV were recorded
from CA1 pyramidal neurons with varying stimulus intensities. Record-
ings were performed in a Mg 2�-free ACSF containing 50 	M CNQX and
10 	M bicuculline.

Statistical analyses. Data are expressed as mean � SEM with statistical
significance assessed by one-way ANOVA tests for comparisons using
Origin 7. The value of *p 	 0.05 was considered to be a statistically
significant difference.

Results
Generation of the 14-3-3 functional knock-out mice
To examine in vivo functions of 14-3-3 proteins in the nervous
system, we generated a line of transgenic mice expressing the
YFP-fused difopein that binds to all 14-3-3 isoforms with a very
high affinity, disrupting their interactions with endogenous
binding partners (Wang et al., 1999; Masters and Fu, 2001). This
strategy can be considered a FKO of 14-3-3 proteins, and has
been successfully applied to various cell-based assays (Cao et al.,
2010). To circumvent potential lethality associated with 14-3-3
inhibition during embryonic development (Toyo-oka et al.,
2003), the YFP-difopein transgene was expressed under the con-
trol of a neuronal-specific promoter, Thy-1, that normally initi-
ates transgene expression in the perinatal period (Fig. 1A; Caroni,
1997). In addition, the Thy-1 promoter produces a variety of
transgene expression patterns that are variable between different
founder lines but preserved among descendants of a single
founder (Feng et al., 2000). This approach may allow the assess-
ment of 14-3-3 functions in specific brain regions.

We identified a total of nine positive transgenic founders by
PCR genotyping. Western blot analyses confirmed a preferential
expression of the transgene in neuronal tissues, with expression

levels varying between different founders (data not shown). Fur-
ther examination by fluorescence microscopy revealed that the
YFP-difopein transgene was uniquely and discretely expressed in
various brain regions of each founder mouse. This study focused
on two of the founder lines (132 and 142) with a relatively higher
level of transgene expression in their hippocampi (Fig. 1B,C). In
the CA1 subregion, the 132 mice have transgene expression in a
large population of pyramidal neurons, whereas the transgene
expression was minimal in the 142 mice (Fig. 1D,F). However,
for both 132 and 142 founder lines, the transgene is expressed
only in a fraction of the CA3 neurons (Figs. 1E,G).

14-3-3 FKO mice exhibit founder-specific impairments in
associative learning and memory behaviors
Previously, the Drosophila 14-3-3� mutants were shown to have a
defect in associative learning and memory. To determine whether
the 14-3-3 FKO mice exhibit associative cognitive deficits, we first
conducted the contextual fear conditioning test that is function-
ally dependent upon the hippocampus and other forebrain struc-
tures (Kim and Jung, 2006). In this test, freezing behavior is
measured as an index of learned association between a context
(test chamber) and an aversive stimulus (foot shock, FS). Both
132 and 142 founder line mice displayed similar baseline freezing
behavior compared with their WT littermates (Fig. 2A, Pre-FS).
After training, both WT and 142 mice exhibited enhanced freez-
ing responses, which were maintained 24 h later (Fig. 2A, Test).
However, the 132 mice showed significantly less freezing behav-
ior than WT when recorded either immediately after the foot-
shock or 24 h later in the same context (Fig. 2A, Post-FS and
Test). Because 132 and 142 mice were not different from the WT
in either pain sensitivity or threshold for eliciting foot shock (data
not shown), the reduction in freezing responses of 132 mice was
likely due to deficits in associative learning and memory.

Next, we used the passive avoidance test to further characterize
the cognitive abilities of the mice (Pittenger et al., 2006). This behav-
ioral assay is another hippocampal-dependent learning and memory
paradigm, which tests the ability of mice to form a negative associa-
tion between the dark chamber and a footshock. Compared with
WT or 142 mice, the 132 mice had a significantly shorter latency to
the dark chamber when tested 24 h after training (Fig. 2B, Testing).
However, the 132 mice had a longer latency to enter the dark cham-
ber before footshock-pairing (Fig. 2B, Training), which may be in-
dicative of neuropsychiatric changes that have also been observed in
this founder line (unpublished data). Nevertheless, these results pro-
vide additional evidence that the 14-3-3 FKO mice have founder-
specific impairments in associative learning and memory.

14-3-3 FKO mice display founder-specific defects in
hippocampal long-term synaptic plasticity
One of the crucial cellular mechanisms for associative learning and
memory is a use-dependent change in hippocampal synaptic
strength, including LTP that can be induced by high-frequency stim-
ulation. To test whether the founder-specific behavioral impair-
ments are associated with alterations in hippocampal LTP, we
performed electrophysiological recordings on acute hippocampal
slices prepared from the two founder lines of the 14-3-3 FKO mice.
LTP was induced by two trains of high-frequency stimulation (HFS)
on the Sch-commissural projection to CA1 pyramidal cells. We first
recorded field EPSPs (fEPSPs) in the stratum radium of the hip-
pocampus and observed robust and sustained LTP in slices from
both WT and 142 mice (Fig. 3A). In contrast, HFS-induced en-
hancement of fEPSP was markedly attenuated in the 132 mice. At 60
min post-HFS, LTP was completely eliminated in this founder line
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(Fig. 3A). Moreover, we measured LTP by recording whole-cell EP-
SCs from CA1 pyramidal neurons on mouse brain slices. Consis-
tently, LTP of EPSCs was abolished when recorded from
YFP-difopein-positive CA1 pyramidal neurons (identified by fluo-
rescence, referred to as “132 green”) in the 132 brain slices, whereas
no difference in EPSC LTP was observed between WT and 142 mice
in which the transgene was minimally expressed (Figs. 1F,3B). To-
gether, these results reveal a founder-specific deficit in LTP of the
hippocampal synapses in the 14-3-3 FKO mice. Furthermore, we
found that EPSC LTP was preserved in YFP-difopein negative neu-
rons (referred to as “132 non-green”) of the 132 mice, directly dem-
onstrating that transgene expression in the CA1 neurons results in
LTP deficit (Fig. 3B).

Synaptic NMDA receptors are reduced in the CA1-expressing
founder line of 14-3-3 FKO mice
We assessed basal properties of the Sch-CA1 synapses by measur-
ing the relationship of fiber volley amplitudes (input) and fEPSP

slopes (output). The input– output curve of 132 mice was not
different from that of either WT or 142 mice (Fig. 4A), indicating
that the LTP impairment of 132 mice does not result from an
alteration in basal synaptic transmissions. After the induction of

Figure 2. Founder-specific deficits of learning and memory behaviors in 14-3-3 FKO mice.
Hippocampal-dependent associative learning and memory were assessed using contextual fear
conditioning (A) and passive avoidance testing (B). A, Compared with WT, the 132 founder line
mice showed significantly less freezing immediately post-FS and 24 h later when re-exposed to
the same context (Test). 142 founder line mice showed no difference from the WT in the freezing
responses. (WT, n 
 7; 132, n 
 10; 142, n 
 5). B, Compared with WT, the 132 mice had a
shorter latency to enter the dark chamber when tested 24 h (Testing) after footshock (Training).
There was no difference between 142 mice and the WT in their latency to the dark side (WT, n 

21; 132, n 
 18; 142, n 
 10). All data are represented as mean � SEM, with *p 	 0.05,
**p 	 0.01, one-way ANOVA.

Figure 3. Founder-specific impairment of hippocampal LTP in 14-3-3 FKO mice. A, HFS-
induced LTP at Sch-CA1 synapses was measured by field recording in WT, 132, or 142 founder
line mice. Representative fEPSP traces before (at position 1) and after (at position 2) the induc-
tion of LTP are shown on the top (WT, n 
 15; 132, n 
 12; 142, n 
 10). B, Hippocampal LTP
was assessed by whole-cell recording in CA1 pyramidal cells from WT and the two founder lines
of 14-3-3 FKO mice. For 132 founder line mice, LTP of EPSCs was evaluated separately in neurons
with (132 green) and without (132 non-green) fluorescence. Shown on the top are representa-
tive EPSC traces recorded from CA1 pyramidal neurons before and after LTP induction. (WT, n 

16; 132 green, n 
 15; 132 non-green, n 
 6; 142, n 
 10).
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LTP, the input– output curve of WT mice showed a typical in-
crease in fEPSP for a given stimulus intensity (Fig. 4B). Such a
leftward shift of input– output curve was not observed in 132
mice (Fig. 4B), further signifying their impairments in LTP.
Moreover, there was no significant difference between 132, 142
and WT mice in paired-pulse facilitation (PPF; Fig. 4C), a mea-
sure of presynaptic functions associated with the probability of
neurotransmitter release. This observation is in line with the re-
sults of whole-cell recordings (Fig. 3B). It further supports
transgene-induced postsynaptic changes as a potential mecha-
nism for the founder-specific LTP impairment.

At the postsynaptic site, NMDA receptors (NMDARs) are one
of the key mediators of LTP in the Sch-CA1 synapses (Banner-
man et al., 2012). Thus, we recorded EPSCs from CA1 neurons of
hippocampal slices and assessed the fractions of currents medi-

Figure 4. Normal synaptic efficacy and paired-pulse facilitation in 14-3-3 FKO mice. A, Com-
pared with WT, 132 and 142 founder line mice show no difference in input– output function of
fEPSPs recorded in the CA1 region. (WT, black circles, n 
 18; 132, gray circles, n 
 12; 142,
open circles, n 
9). Representative fEPSP traces with varying stimulus intensities are shown on
the top. B, Assessed by input– output relationships, synaptic response was enhanced in WT, but
not in 132 founder line mice after LTP induction. (WT n 
 5; 132, n 
 5). C, The averaged
paired-pulse ratios at three interstimulus intervals are not different between WT, 132, and 142
mice. (WT, n 
 17; 132, n 
 9; 142, n 
 7). Shown on the top are representative EPSC traces
recorded from CA1 pyramidal neurons.

Figure 5. Founder-specific reduction of NMDA/AMPA ratio in 14-3-3 FKO mice. A, Represen-
tative traces of averaged compound EPSCs evoked at �70 and �40 mV from CA1 neurons of
WT, 132, or 142 founder line mice. The ratio of synaptic NMDA to AMPA receptors is significantly
less in 132 founder line than that of either WT or 142 mice. (WT, n 
 11; 132, n 
 14; 142, n 

6) All data are represented as mean � SEM, with **p 	 0.01, one-way ANOVA. B, Input–
output curves of NMDAR-mediated EPSCs in CA1 neurons of WT and 132 founder line mice. (WT,
n 
 4, 132, n 
 6).
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ated by either NMDA or AMPA receptors.
The NMDA/AMPA ratio in 142 mice was
no different from that of the WT mice
(Fig. 5A). However, 132 mice had signifi-
cantly reduced NMDA/AMPA ratio in the
CA1 pyramidal neurons (Fig. 5A). Con-
sidering that the AMPAR-mediated trans-
missions appear to be normal in 132 mice
(Fig. 4A), the observed reduction in
NMDA/AMPA ratio may reflect a selec-
tive decrease in NMDAR-mediated synaptic
transmissions. Furthermore, we directly mea-
sured evoked NMDAR synaptic currents after
blocking AMPA receptors. As illustrated by
the input–output curves, the NMDAR-
mediated currents are significantly smaller in
transgene expressing CA1 neurons of 132
mice than that of WT controls (Fig. 5B).

To explore the molecular basis for
the founder-specific deficit in NMDAR-
mediated synaptic currents, we used
Western blot analysis to assess the protein
levels of various glutamate receptor sub-
units in hippocampal PSD fractions.
Compared with their WT littermates, 132
mice had significantly lower levels of
GluN1 and GluN2A proteins (Fig. 6A,B),
which are two of the major NMDAR sub-
units in the adult brain. This reduction
appears to be specific for NMDARs, as
neither AMPA nor kainate receptors were
altered in the PSDs of this founder line
(Fig. 6A,B). On the other hand, 142 mice
showed no difference from their WT lit-
termates in the PSD levels of NMDA,
AMPA or kainate receptor subunits (Fig.
6C,D). These results are consistent with
our electrophysiological data (Fig. 5), and
reveal a founder-specific reduction of syn-
aptic NMDARs in the 14-3-3 FKO mice.

Discussion
This study provides in vivo evidence that the 14-3-3 family of
proteins is a positive regulator of synaptic plasticity as well as
learning and memory in mammals. We demonstrate that neuro-
nal expression of a peptide inhibitor of 14-3-3 proteins, particu-
larly in major subregions of the hippocampus, impairs associative
learning and memory behaviors and suppresses LTP at the Sch-CA1
synapses. Interestingly, these cognitive and LTP deficits are not ob-
served in another transgenic founder line that has more restricted
transgene expressions in the hippocampus. Through comparative
analyses of these two different founder lines, we further identify that
postsynaptic inhibition of 14-3-3 proteins may contribute to the
impairments in LTP and cognitive functions.

The importance of 14-3-3 proteins in learning, memory and
synaptic functions was initially demonstrated by behavioral and
electrophysiological characterizations of the 14-3-3� mutant fly,
leonardo (Skoulakis and Davis, 1996; Broadie et al., 1997). More
recently, several mammalian models of individual 14-3-3 iso-
forms have been created using standard genetic approaches, in-
cluding knock-out mice with deletion of the 14-3-3�, -�, or -�
gene (Toyo-oka et al., 2003; Steinacker et al., 2005; Cheah et al.,
2012). Due to the presence of multiple functionally redundant

14-3-3 isoforms in the brain, knock-out or deficiency of a single
isoform may not be sufficient to reveal a potentially critical role
for the 14-3-3 family of proteins in regulating synaptic plasticity
and cognitive behaviors. By transgenically expressing the isoform-
nonspecific 14-3-3 inhibitor, we have generated a new mouse
model that genetically manipulates the function of 14-3-3 pro-
teins as a whole. The utility of this animal model is demonstrated
by the observed behavioral and electrophysiological alterations in
a certain founder line. In the future, this strategy may be com-
bined with more advanced genetic techniques to further define
the role of 14-3-3-dependent regulatory pathways in a spatially
and temporally controlled manner.

14-3-3 proteins have been previously implicated as important
regulators of presynaptic functions. Based on a study conducted
in cultured mouse cerebellar neurons, 14-3-3 is required for a
presynaptic form of LTP in parallel fiber synapses through its
binding to phosphorylated RIM1
, a scaffolding protein at the
presynaptic active zone (Simsek-Duran et al., 2004). However,
the in vivo role of this molecular pathway has not been supported
by recent genetic studies from two independent groups. Using
either a knock-in or an acute genetic rescue approach, they dem-
onstrate that phosphorylation of RIM1
 at the putative 14-3-3

Figure 6. Founder-specific reduction of synaptic NMDA receptors in 14-3-3 FKO mice. A, Representative Western blots of
hippocampal PSD fractions from WT and 132 founder line mice. B, Protein levels of GluN1 and GluN2A subunits in hippocampal PSD
fractions of 132 mice are reduced compared with that of the WT. C, Representative Western blots of hippocampal PSD fractions
from 142 and WT mice. D, 142 mice show no difference in the level of examined postsynaptic proteins compared with WT. Blots
were probed with GAPDH as loading control and protein levels were normalized to that of WT; *p 	 0.05, **p 	 0.01, one-way
ANOVA; all data are presented as means � SEM; for 132 group n 
 5, for 142 group n 
 4. Each sample is a combined pool of
hippocampal tissue from 2–3 animals in order for the total tissue weight to equal 100 mg.
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binding motif (serine-413) is not essential for presynaptic LTP or
learning in mice (Kaeser et al., 2008; Yang and Calakos, 2010). In
this report, we find that PPF in hippocampal Sch-CA1 synapses is
not altered in the two different 14-3-3 FKO founder lines. How-
ever, there is limited colocalization of the YFP-difopein transgene
with a presynaptic marker synaptophysin in the CA1 stratum
radiatum (data not shown), which is consistent with the obser-
vation that the 14-3-3 peptide inhibitor is expressed only in a
small population of hippocampal CA3 neurons for both 132 and
142 founder line mice (Fig. 1E,G). Thus, it is possible that the
transgene expression within the presynaptic neurons is not ex-
tensive enough to exert a significant effect in the CA3-CA1 syn-
apses of the 14-3-3 FKO mice. Nevertheless, we identify a
founder-specific deficit in hippocampal LTP, which correlates
with the expression of the 14-3-3 inhibitor in postsynaptic (CA1)
neurons (Fig. 3B). These observations thus reveal a novel post-
synaptic function for 14-3-3 proteins in regulating long-term
synaptic plasticity in the hippocampus.

Consistent with the proposed function of 14-3-3 at the post-
synaptic site, we find a reduction of NMDA receptor subunits in
the PSD fraction of the 14-3-3 FKO founder line mice with trans-
gene expression in CA1 neurons. This finding is in line with the
established role of NMDA receptors in long-term synaptic plas-
ticity and cognitive behaviors (Morris et al., 1986; Tsien et al.,
1996; Martin et al., 2000; Bannerman et al., 2012), and provides a
potential molecular mechanism for 14-3-3-dependent regulation
of postsynaptic functions. Previously, Chen and Roche, (2009)
demonstrated that 14-3-3-� promotes surface expression of
NMDA receptors in cerebellar neurons through its binding to
PKB-phosphorylated GluN2C subunits. Thus, future studies
should be directed to examine whether 14-3-3 proteins have sim-
ilar effects on the surface expression of GluN1 and GluN2A sub-
units. Because 14-3-3 interacts with and modulates numerous
target proteins which contain specific phosphoserine/phospho-
threonine motifs, it is also possible that 14-3-3 might enhance
synaptic targeting of NMDA receptors at other critical steps, es-
pecially those known to be regulated by protein phosphorylation
(Shirao and Sekino, 2001; Groc and Choquet, 2006; Lau and
Zukin, 2007). Interestingly, a recent study showed that synaptic
levels of 14-3-3-� are reduced in GluN1 knockdown mice, but
not by subchronic administration of an NMDAR antagonist in
WT mice (Ramsey et al., 2011). Together with our finding that
inhibition of 14-3-3 decreases synaptic NMDAR levels, there is
likely a reciprocal regulation between 14-3-3 and NMDARs at the
postsynaptic site.

As a family of brain-rich regulatory proteins, dysfunction of
14-3-3 has been linked to a variety of neurological and psychiatric
disorders with cognitive impairments (Berg et al., 2003; Foote
and Zhou, 2012). Particularly, genetic and postmortem analyses
have identified certain 14-3-3 isoforms as candidate risk genes for
schizophrenia (Toyooka et al., 1999; Vawter et al., 2001; Wong et
al., 2003, 2005; Ikeda et al., 2008). Additionally, a reduction of
synaptic 14-3-3-� in the hippocampus has been observed in mice
with age-related cognitive decline (VanGuilder et al., 2011).
These findings are consistent with our results that 14-3-3 plays a
positive role in learning, memory and synaptic plasticity. Therefore,
it is important to further elucidate the molecular mechanisms of
14-3-3-dependent regulation of synaptic functions, which may shed
light on the underlying pathological processes of cognitive deficits
associated with aging and neuropsychiatric diseases.
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