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Abstract

Background—The 14-3-3 family of proteins is implicated in the regulation of several key 

neuronal processes. Previous human and animal studies have suggested an association between 

14-3-3 dysregulation and schizophrenia.

Methods—We characterized the behavioral and functional changes in the transgenic mice that 

express an isoform-independent 14-3-3 inhibitor peptide in the brain.

Results—We have recently shown that the 14-3-3 functional knockout mice (FKO) exhibit 

impairments in associative learning and memory. Here, we report that these 14-3-3 FKO mice 

display other behavioral deficits which correspond to the core symptoms of schizophrenia. These 

behavioral deficits may be attributed to alterations in multiple neurotransmission systems in the 

14-3-3 FKO mice. Particularly, inhibition of 14-3-3 proteins results in a reduction of dendritic 

complexity and spine density in forebrain excitatory neurons, which may underlie the altered 

synaptic connectivity in the prefrontal cortical synapse of the 14-3-3 FKO mice. At the molecular 

level, this dendritic spine defect may stem from dysregulated actin dynamics due to a disruption of 

the 14-3-3-dependent regulation of phosphorylated cofilin.

Conclusions—Collectively, our data provide a link between 14-3-3 dysfunction, synaptic 

alterations, and schizophrenia-associated behavioral deficits.
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INTRODUCTION

Schizophrenia is a complex neuropsychiatric disorder affecting approximately one percent 

of the population worldwide. While the etiology and pathophysiology of schizophrenia 

remain elusive, genetic risk factors are recognized as an important contributing factor to the 

pathogenesis of this neuropsychiatric disorder (1). Among them, multiple members of the 

14-3-3 family of proteins may be candidate risk genes for schizophrenia (2–4), as supported 

by the following lines of evidence: 1) linkage analysis studies have identified single 

nucleotide polymorphisms (SNPs) of individual 14-3-3 isoforms in various schizophrenic 

populations (4–6); 2) Ywhah, encoding the 14-3-3η isoform, is located within the established 

22q12-13 candidate risk chromosomal region (7); 3) postmortem studies have detected 

decreased neuronal expression of 14-3-3 at both the protein and mRNA levels in the brains 

of schizophrenic patients (8, 9); and 4) recent exome sequencing has revealed that de novo 

mutations of Ywhag and Ywhaz are among a group of postsynaptic proteins over represented 

in schizophrenic populations (10–12).

14-3-3 refers to a family of homologous proteins comprised of seven mammalian isoforms 

(β, γ, ε, η, ζ, σ, and τ/θ) (13). The 14-3-3 proteins exist as homo- or heterodimers, in which 

each monomer shares a similar helical structure and contains a concave amphipathic groove 

for binding to ligands with specific phosphoserine/threonine-containing motifs (14, 15). In 

the brain, 14-3-3 proteins are abundantly expressed, constituting nearly one percent of the 

total soluble proteins (16, 17). Certain 14-3-3 isoforms are particularly enriched at the 

synapse and implicated in the regulation of synaptic transmission and plasticity (18). 

Additionally, 14-3-3 proteins may play a functional role in other neuronal processes, 

including neuronal differentiation, migration and survival, neurite outgrowth and ion 

channel regulation (13, 19–27).

Animal models have previously been established to assess the functions of individual 14-3-3 

isoforms in the nervous system. The first in vivo model was the mutant leonardo (leo), a 

gene encoding one (ζ) of the two 14-3-3 isoforms in Drosophila (22). In mice, deletion of 

the 14-3-3ε gene (Ywhae) results in severe hippocampal and cortical structural defects (28). 

More recently, Cheah et al. identified neurodevelopmental abnormalities in the 

hippocampus of 14-3-3ζ knockout mice (29). Interestingly, both 14-3-3ε deficient and 

14-3-3ζ knockout mice exhibit certain behavioral phenotypes associated with schizophrenia 

(2, 29). However, these mouse models do not account for the functional redundancy of 

multiple 14-3-3 isoforms expressed in the brain.

Recently, we reported the successful creation of a new mouse model that addresses the 

collective role of the 14-3-3 family of proteins. These mice transgenically express a 14-3-3 

peptide inhibitor that antagonizes the binding of 14-3-3 proteins to their endogenous 

partners in an isoform-independent manner, thereby disrupting 14-3-3 functions in the brain 

(30). Here, we show that these 14-3-3 functional knockout (FKO) mice exhibit a variety of 

behavioral deficits which are reminiscent of the core endophenotypes of established 

schizophrenia mouse models (31). Our analyses suggest that these behavioral changes in the 

14-3-3 FKO mice may arise from schizophrenia-related alterations in neurochemistry and 
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synaptic transmissions. Together, our data provide new evidence that inhibition of 14-3-3 

proteins in the brain can lead to pathological changes associated with schizophrenia.

METHODS AND MATERIALS

14-3-3 functional knockout mice

Generation of transgenic 14-3-3 functional knockout (FKO) mice was previously described 

(10). Briefly, these transgenic mice express the YFP fused difopein (dimeric fourteen-three-

three peptide inhibitor) using the Thy-1 promoter. Positive founder line mice were 

backcrossed to wildtype C57BL/6 mice for at least eight generations before being subjected 

to behavioral and electrophysiological analyses. All animal procedures were carried out in 

accordance with the guidelines for the Care and Use of Laboratory Animals of the Florida 

State University, and approved by the FSU Animal Care and Use Committee (ACUC). 

Additional details are available in the Supplementary Materials.

Behavioral Assays

Behavioral phenotyping was performed on age-matched adult male mice (8 to 50 weeks; 

mean ages 39 weeks for both FKO and WT littermates). All procedures were performed in a 

dimly lit testing room. Prior to testing, mice were habituated to the testing room for 2 h to 

ensure acclimation. Detailed procedures for locomotor activity, social interaction, working 

memory, and prepulse inhibition are available in the Supplementary Materials.

Antipsychotic Drug Effectiveness

Effectiveness of atypical (Clozapine, 3 mg/kg, Tocris) and typical (Haloperidol, 0.4 mg/kg, 

Sigma-Aldrich) antipsychotic drugs was assessed using the open field test. Intraperitoneal 

(I.P.) injections of clozapine, haloperidol or saline (0.9% NaCl) were delivered 30 min prior 

to testing. Locomotor activity was recorded over a 30 min period in the open field testing 

arena.

HPLC Analysis

Punch biopsies of prefrontal cortex (PFC) and striatum were obtained from the brains of 

14-3-3 FKO mice and their age- and sex-matched WT littermates. After weighing, the 

samples were homogenized in ice-cold 0.2 N perchloric acid (HClO4), and centrifuged at 

15,000g for 15 min at 4°C. The supernatant was then applied to a C18 reverse phase high-

performance liquid chromatography (HPLC) column (Varian) connected to an ESA model 

5200A electrochemical detector. Concentrations of dopamine (DA), DA metabolites and 

other monoamines were determined by comparing the respective peaks to that of the 

standard reagents (Sigma). HPLC analyses were carried out in the Neurochemistry Core 

Facility of Vanderbilt University by Dr. Ray Johnson.

Histological Analyses

Immunohistochemistry—Mice were anesthetized and transcardially 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 then cut into 40 μm sections on a Vibratome 
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(Leica Microsystems). To evaluate transgene expression in dopaminergic neurons, brain 

sections were immunostained with a rabbit monocolonal (RabMAb) anti-Tyrosine 

Hydroxlase (TH) antibody (Epitomics), followed by incubation with Alexa Fluor® 647 

donkey anti-rabbit secondary antibodies (Invitrogen). The images were acquired on a Leica 

TCS SP2 SE laser scanning confocal microscope (Leica Microsystems).

Golgi stain—Golgi staining was performed using the FD Rapid GolgiStain™ Kit (FD 

NeuroTechnologies Inc.) according to the manufacturer’s instructions. All neurons selected 

for analysis satisfied the following criteria: (i) the cell body and processes were completely 

impregnated; (ii) the cell and processes were isolated from surrounding impregnated cells; 

(iii) the cell body was located in the hippocampus CA1 cell layer, cortex layer III, or cortex 

layer V (32).

Sholl Analysis—Dendritic morphology was assessed using Sholl Analysis for dendritic 

complexity. To evaluate the apical dendrite complexity, traced neurons from the cortex and 

hippocampus were assessed using Sholl analysis (33). Using ImageJ software, concentric 

circles, with an increasing radius of 5μm, were placed radiating out from the soma over the 

traced neurons. The number of intersections between the apical dendrite and each overlaid 

ring was scored.

Spine Density—For dendritic spine counts, 6–7 apical dendrites (at least 50μm in length) 

were traced from the hippocampus CA1 and cortex layer III and V at 100× magnification for 

each brain (4–6 animals per group). Traces were then analyzed using ImageJ to measure the 

length of the dendritic branch and count the total number of spines. The dendritic spine 

density was calculated as: [(Spines/Length)*10].

Whole-cell Recordings

Whole-cell recordings of spontaneous excitatory and inhibitory postsynaptic currents 

(sEPSC and sIPSC) and miniature excitatory and inhibitory postsynaptic currents (mEPSC 

and mIPSC) from medial prefrontal cortex (mPFC) layer V pyramidal neurons were carried 

out as previously described (34, 35). Additional details are available in the Supplementary 

Materials.

Western Blot

Mouse hippocampal lysates were prepared as previously described (10, 36). The lysates 

were sonicated and separated by SDS-PAGE and probed with specific antibodies. The 

relative amount of GAPDH (probed with anti-GAPDH, EnCor Biotechnology) was used as a 

loading control for quantification. Protein densities on western blots were then analyzed and 

quantified with ImageJ software. Additional details are available in the Supplementary 

Materials.

Statistical Analysis

All data are presented as means ± standard error of the mean (S.E.M.) and were assessed by 

one-way analysis of variance (ANOVA), two-way ANOVA, or two-tailed t-test for 
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comparisons using Origin version 7 (Originlab, Northampton, MA). A value of *p < 0.05 

was considered to be a statistically significant difference.

RESULTS

The 14-3-3 Functional Knockout Mice

To assess the collective functions of the 14-3-3 family of proteins in the brain, we recently 

generated transgenic mice that are considered to be a functional knockout of 14-3-3 proteins 

(14-3-3 FKO mice) (10). These 14-3-3 FKO mice transgenically express the YFP-fused 

difopein (dimeric fourteen-three-three peptide inhibitor) that inhibits the functions of 14-3-3 

proteins in an isoform-independent manner, by competitively antagonizing 14-3-3 binding to 

its endogenous partners (30, 37). To circumvent the embryonic lethality associated with 

14-3-3 dysfunction (28), transgene expression was driven by the neuronal specific Thy-1 

promoter that initiates gene expression in the perinatal period (38). As expected, Thy-1 

driven expression produced several founder lines which have a variety transgene expression 

patterns that are variable between the different founder lines, but preserved among the 

descendants of individual founders (Figure S1; Table S1) (39).

In this study, we utilized a battery of behavioral assays to assess the general activity, 

cognitive abilities, and social behaviors for several different founder lines. Among them, 

mice of the 132 founder line exhibited the most robust behavioral changes (Figure 1; Table 

S2). Compared with the other founder lines, the 132 founder line has relatively higher 

transgene expression in the forebrain, particularly in the cortex and hippocampus (Table S1; 

Figure S2). Therefore, further characterization was focused on the 132 founder line, which 

we refer to as the “14-3-3 FKO mice” in this report.

14-3-3 FKO Mice Display Behavioral Deficits Associated with Schizophrenia

In open field testing, the 14-3-3 FKO mice exhibited a marked increase in locomotor activity 

compared with their wildtype littermates (WT) (Figure 1A), while no difference was 

observed in thigmotaxis (data not shown). Additionally, the 14-3-3 FKO mice showed no 

change in anxiety-like behaviors in light/dark box testing (Table S2). Thus, the hyperactive 

behaviors of the 14-3-3 FKO mice are not due to a heighted anxiolytic response, but may 

correspond to the psychotic behaviors present in rodent models of schizophrenia (31, 40).

Schizophrenia is associated with both general cognitive as well as working memory defects 

(41). Previously, we identified associative learning and memory impairments in the 14-3-3 

FKO mice using contextual fear conditioning and passive avoidance tests (Table S2) (10). 

Here, we assessed the spatial working memory capabilities of the 14-3-3 FKO mice based 

on their continuous spontaneous alternation activity in the Y-maze (42). Compared with 

WT, the 14-3-3 FKO mice showed a statistically significant reduction in their alternation 

percentage during Y-maze testing (Figure 1B), signifying a deficit in working memory.

Sensorimotor gating control is altered in various neuropsychiatric disorders, particularly 

schizophrenia (43). To determine the sensorimotor gating capabilities of the 14-3-3 FKO 

mice, we measured their prepulse inhibition (PPI) of the acoustic startle response. Baseline 

measurements demonstrated that WT and 14-3-3 FKO mice show no difference in their 
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startle amplitude response (Figure S3). However, during PPI testing, 14-3-3 FKO mice 

exhibited a severe deficit in their PPI percentages compared with WT for all prepulse tone 

levels tested (Figure 1C).

Next, we utilized a three-chamber social interaction test to assess the social behaviors of the 

14-3-3 FKO mice, as social withdrawal is a symptom of schizophrenia (31, 44). During 

sociability testing, the WT mice preferred to spend more time in the chamber with an 

unfamiliar mouse, whereas the 14-3-3 FKO mice did not show this preference (Figure 1D). 

For social recognition testing, while the WT mice preferred the chamber containing a novel 

mouse, the 14-3-3 FKO mice did not show a clear preference for any chamber (Figure 1E). 

Based on these results, the 14-3-3 FKO mice exhibit reduced social interaction tendencies, 

which are characteristic of social withdrawal.

Collectively, this battery of behavioral tests showed that the 14-3-3 FKO mice display a 

variety of behavioral phenotypes which correspond to the core symptoms of schizophrenia.

14-3-3 FKO Mice Exhibit Hyperactive Dopamine Signaling

Augmented striatal dopamine (DA) transmission may underlie the psychotic symptoms 

observed in schizophrenic patients and hyperactivity behaviors in relevant mouse models 

(45). Therefore, we measured the levels of monoamines and their metabolites in both striatal 

and cortical tissues dissected from the 14-3-3 FKO and WT mice. Compared with WT, the 

14-3-3 FKO mice had a higher DA level in the striatum (Figure 2A), but not in the cortex 

(Figure 2B). While 14-3-3 proteins have been implicated in regulating DA synthesis and 

transport (46), transgene expression in the 14-3-3 FKO mice was not detected within the 

dopaminergic neurons of the Ventral Tegmental Area (VTA) and the Substantia Nigra pars 

compacta (SNc) (Figure 2C), or their processes in the striatum (Figure 2D). Thus, the 

elevated striatal DA level of the 14-3-3 FKO mice is unlikely a direct consequence of 14-3-3 

inhibition in DA producing neurons and their terminals.

Next, we tested the effectiveness of DA receptor targeting drugs to ameliorate the observed 

psychotic-like behavior of the 14-3-3 FKO mice (Figure 1A). Administration of either 

atypical (clozapine) or typical (haloperidol) antipsychotics was able to attenuate the 

hyperactivity of the 14-3-3 FKO mice (Figure 3A). While the drugs had a sedentary effect 

on WT animals, they did restore activity levels of the 14-3-3 FKO mice to that of saline 

injected WT animals (Figure 3A). However, these antipsychotics were less effective in 

attenuating PPI deficits in 14-3-3 FKO mice (Figure 3B).

14-3-3 FKO Mice Show Deficits in Cortical Neurotransmissions

Disturbances in cortical neural circuits may lead to various functional deficits in 

schizophrenia and other neuropsychiatric disorders (47, 48). In the 14-3-3 FKO mice, the 

YFP-fused 14-3-3 inhibitor peptide is primarily expressed in the excitatory pyramidal 

neurons at deep layers of the cortex (Figure S2). Using whole-cell voltage clamp recordings, 

we first measured spontaneous synaptic activities in layer V pyramidal neurons of the 

medial prefrontal cortex (mPFC) in WT and 14-3-3 FKO mice (Figures 4A–D). To assess 

the effects of transgene expression on synaptic activity, we recorded from both transgene 
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expressing (14-3-3FKO-green) and non-transgene expressing (14-3-3FKO-nongreen) 

neurons in the 14-3-3 FKO mice. In the transgene expressing neurons of the 14-3-3 FKO 

mice, there was a significant reduction in the frequencies of both spontaneous excitatory and 

inhibitory postsynaptic currents (sEPSCs and sIPSCs) (Figures 4A–D). Additionally, we 

observed alterations in miniature excitatory and inhibitory postsynaptic currents (mEPSCs 

and mIPSCs) in the 14-3-3 FKO mice (Figures 4E–J). For mEPSCs, the average amplitude 

was smaller in the 14-3-3 FKO transgene expressing neurons compared with that of WT, but 

no changes in mEPSC frequency were observed (Figures 4E–G). On the other hand, mIPSC 

recordings revealed a lower frequency but similar amplitudes in the transgene expressing 

neurons of the 14-3-3 FKO mice relative to WT (Figures 4H–J). As there was no difference 

in IPSCs and EPSCs between WT and the non-transgene expressing neurons of 14-3-3 FKO 

mice, the observed changes in synaptic transmissions are likely caused by expression of the 

14-3-3 inhibitor in excitatory pyramidal neurons.

14-3-3 FKO Mice Exhibit Dendritic Morphological Alterations

To further investigate the impact of transgene expression on the excitatory neurons of the 

14-3-3 FKO mice, we characterized the dendritic morphology of pyramidal neurons from 

the cortex layer V and hippocampus CA1, where the transgenes are extensively expressed 

(Figure S2). Utilizing Sholl analysis, we identified a specific reduction in distal apical 

dendritic complexity of both cortical layer V and hippocampal CA1 pyramidal neurons in 

the 14-3-3 FKO mice (Figures 5A–B, Figure S4). These findings are in line with previous 

observations of decreased dendritic complexity in both patients and established animal 

models of schizophrenia (49).

Next, we asked whether transgene expression also leads to alterations in dendritic spine 

density, another defect associated with schizophrenia pathology (50). Compared with WT, 

the 14-3-3 FKO mice had lower dendritic spine densities in pyramidal neurons of the cortex 

layer V and hippocampus CA1 (Figure 5C, Figure S4). In contrast, we found no difference 

in dendritic spine density between WT and 14-3-3 FKO mice in the cortical layer III 

pyramidal neurons (Figure 4C, Figure S4), in which the transgenes are minimally expressed 

(Figure S2). This suggests that the reduction in spine density may be caused by expression 

of the 14-3-3 inhibitor.

Inhibition of 14-3-3 May Alter Actin Dynamics

To explore the underlying molecular mechanism for the dendritic morphological changes in 

the 14-3-3 FKO mice, we examined key signaling proteins implicated in the regulation of 

actin dynamics, which is important for synaptogenesis, spine formation and maintenance. 

Compared with WT, the 14-3-3 FKO mice had a significantly reduced level of phospho-

cofilin in their brain tissues (Figure 6). Cofilin is an actin depolymerizing factor whose 

phosphorylation may be regulated by 14-3-3 through multiple mechanisms (51, 52). Based 

on our studies in the heterologous expression system, the effect of 14-3-3 is unlikely 

mediated by the interaction between 14-3-3 and p-cofilin (Figures S6 & S7). However, we 

found an increase in the levels of δ-catenin in the 14-3-3 FKO mice (Figure 6). This is 

consistent with a recent study conducted in the neural progenitor cells of 14-3-3 deficient 
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mice and may provide a potential molecular mechanism for 14-3-3-dependent regulation of 

actin dynamics and dendritic spines in post-mitotic neurons (53).

DISCUSSION

In this study, we demonstrate that neuronal expression of the 14-3-3 inhibitor peptide leads 

to a variety of behavioral and cognitive deficits in transgenic mice. The behavioral changes 

of the 14-3-3 FKO mice are reminiscent of the endophenotypes observed in established 

schizophrenia mouse models (31). These phenotypes include hyperactivity, social 

withdrawal, impaired learning and memory, working memory deficit and reduced PPI. 

Interestingly, among several different founder lines, the behavior alterations are most 

apparent in the line (#132) with a high level of transgene expression in the cortex and 

hippocampus, which are the two brain regions most affected in schizophrenia (54). 

Moreover, administration of antipsychotic drugs attenuates the hyperactive behavior of the 

14-3-3 FKO mice. Together, these observations suggest that the 14-3-3 FKO mice may be a 

new mouse model in which to examine pathophysiologies related to schizophrenia.

Certain schizophrenia-associated behavioral phenotypes have previously been reported in 

the 14-3-3ε deficient and 14-3-3ζ knockout mice (2, 29). However, the 14-3-3 FKO mice 

exhibit broader and more severe behavioral deficits compared to these previous models. The 

differences in range and severity of behavior defects could be attributed to the fact that the 

14-3-3 inhibitor peptide antagonizes all 14-3-3 isoforms, thereby eliminating the functional 

redundancy of multiple 14-3-3 proteins. Moreover, as transgene expression in the 14-3-3 

FKO mice is delayed until the perinatal period (38), our study also presents new evidence 

that disruption of 14-3-3 proteins postnatally can lead to behavior deficits related to 

schizophrenia. This postnatal transgene expression may also explain why the 14-3-3 FKO 

mice do not exhibit gross neuroanatomical defects in hippocampal cellular migration and 

organization (data not shown), which are observed in both 14-3-3ε and 14-3-3ζ deficient 

mice (28, 29).

Alterations in several different neurotransmitter systems have been linked to the 

pathogenesis of a variety of neuropsychiatric disorders. Among them, the psychotic 

symptoms in schizophrenia are thought to arise from hyperactivity of the mesolimbic 

dopaminergic system (45, 54). In line with the dopamine hypothesis of schizophrenia, we 

identify a significant increase in the striatal DA content of the 14-3-3 FKO mice. Moreover, 

the antipsychotic drugs attenuate the heightened locomotor activity of the 14-3-3 FKO mice, 

likely through antagonizing DA receptors. Recently, similar findings were reported for the 

14-3-3ζ knockout mice, including increased striatal DA content and antipsychotic drug 

effectiveness on locomotor hyperactivity (55). Additionally, the 14-3-3ζ mice were shown to 

have a reduced level of the DA transporter (DAT), suggesting a direct role for 14-3-3ζ in 

regulating DA neurotransmission (46). However, in the 14-3-3 FKO mice, transgene 

expression was not detected in the dopaminergic neurons. Therefore, this increase in striatal 

DA in the 14-3-3 FKO mice is not likely a direct consequence of 14-3-3 inhibition in 

dopaminergic neurons. Rather, we propose that expression of 14-3-3 inhibitor peptide in 

other brain regions, such as the cortex and/or hippocampus, may indirectly alter the 

regulation of the DA system (45, 56, 57).
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In the mPFC, we carried out electrophysiological analyses to examine the potential changes 

in glutamatergic and GABAergic neurotransmission systems of the 14-3-3 FKO mice. 

Compared with the WT mice, the 14-3-3 FKO mice show a reduction in the frequency of 

sEPSCs and sIPSCs recorded from layer V pyramidal neurons. This finding reveals altered 

neuronal activity in the cortical circuit which could potentially stem from deficits in 

excitatory or inhibitory neurons of 14-3-3 FKO mice. However, transgene expression is 

mainly observed in excitatory neurons (Figure. S4A) and there is no reduction in the number 

of parvalbumin (PV)-containing interneurons in the PFC of the 14-3-3 FKO mice (Figure. 

S4B). Thus, the changes in cortical network activity are likely due to alterations in 

excitatory neurotransmission. Consistent with this hypothesis, we identify a transgene-

induced difference in synaptic properties of the excitatory neurons in the 14-3-3 FKO mice. 

Specifically, we found that expression of the 14-3-3 inhibitor in pyramidal neurons leads to 

reduced amplitude of miniature excitatory postsynaptic currents, which is suggestive of a 

reduction in the number of synapses and/or functional postsynaptic glutamate receptors (58).

Through morphological analyses, we identified a decrease in dendritic complexity and spine 

density in cortical and hippocampal pyramidal neurons of the 14-3-3 FKO mice. These 

observations are in line with previous studies showing a reduction in dendritic complexity 

and spine density in neurons of both schizophrenic patients and animal models (50, 59). In 

fact, dendritic deficits have been linked to functional hypoactivity in the brain, which may 

serve as a potential pathogenic mechanism for schizophrenia (59). Based on our data, we 

propose that inhibition of 14-3-3 alters dendritic morphology, resulting in a reduction in the 

number of excitatory synapses in forebrain neurons. This hypothesis presents a framework 

for understanding how disruption of 14-3-3 in excitatory neurons may perturb synaptic 

transmission in key forebrain regions, thereby altering behaviors and cognition in the 14-3-3 

FKO mice.

While 14-3-3 proteins are known to regulate neuronal migration and axonal outgrowth (13, 

26, 29, 60), their involvement in synapse formation and spine maintenance has not been 

fully investigated. Our study provides the first in vivo evidence of 14-3-3’s role in dendritic 

spine regulation. Previously, 14-3-3 proteins have been proposed as important regulators of 

cytoskeleton and actin dynamics, which are critical for synaptogenesis as well as the 

regulation of the shape, organization and maintenance of dendritic spines (61). Here, we 

identify a reduction in the level of phosphorylated cofilin in the 14-3-3 FKO mice. Based on 

our analyses, 14-3-3 does not appear to alter p-cofilin through direct protein-protein 

interaction, but rather indirectly regulates the level of p-cofilin through the δ-catenin 

signaling pathway.

In a recent report, we show that the 14-3-3 FKO mice exhibit impairments in associative 

learning and memory, as well as a deficit in long-term synaptic plasticity of hippocampal 

synapses (10). These behavioral and synaptic changes are correlated with a reduction in the 

synaptic N-methyl-D-aspartate (NMDA) receptors in the hippocampus (10). Given that 

NMDA hypofunction is recognized as one of the pathological mechanisms for schizophrenia 

(62, 63), this NMDA receptor deficit may also be a contributing factor to the cortical 

synaptic alterations and other schizophrenia-related behavior changes observed in this study. 

Moreover, deficits in NMDA receptors are known to result in a decrease of dendritic spines 
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(64), thus, it is possible that the transgene-induced NMDA reduction may also contribute to 

the dendritic spine defect observed in the 14-3-3 FKO mice (10, 64).

In summary, our study demonstrates that disruption of 14-3-3 functions in key brain regions 

leads to behavioral abnormalities related to schizophrenia. The 14-3-3 FKO mice support a 

model in which these behavioral deficits result from alterations in forebrain synaptic 

connectivity induced by perinatal expression of the 14-3-3 inhibitor peptide. This is an 

important advance from previous studies that have primarily focused on the role of 14-3-3 

proteins in neuronal development during the prenatal period. As 14-3-3 proteins are 

involved various molecular pathways linked to schizophrenia (65, 66), continued studies of 

the 14-3-3 FKO mice may facilitate our understanding of the disrupted signaling pathways 

underlying schizophrenia pathogenesis.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Behavioral and cognitive deficits in the 14-3-3 FKO mice
(A) 14-3-3 FKO mice (N = 34) have increased distance traveled compared with their WT 

littermates (N = 22) in 30 min open field testing. (B) Compared with WT (N = 19), the 

14-3-3 FKO mice (N = 29) have a reduction in their alternation percentage in Y-maze 

testing. (C) 14-3-3 FKO mice (N = 30) have decreased PPI percentage compared with WT 

mice (N = 23). (D) For sociability testing, WT (N = 7) mice spend more time in the chamber 

containing an unfamiliar mouse, but this preference is not observed in the 14-3-3 FKO mice 

(N = 11). (E) In subsequent social recognition testing, WT mice spend more time in the 

chamber with an unfamiliar mouse compared to the familiar mouse. However, the 14-3-3 

FKO mice show no preference for any of the chambers. Data are presented as mean ± 

S.E.M. with statistical significance denoted as: ns, not significant; *p < 0.05; **p < 0.01; 

***p < 0.001, two tailed t-test (open field), one-way ANOVA (Y-maze, PPI, social 

interaction).
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Figure 2. Increased striatal dopamine level in the 14-3-3 FKO mice
(A) HPLC analysis identified a specific increase in striatal DA concentration (ng/mg) in the 

14-3-3 FKO (N = 7) mice compared with that of WT (N = 5). (B) In the cortex, no 

difference in monoamine or metabolite content was detected between WT (N = 4) and 

14-3-3 FKO mice (N = 7). (C and D) In 14-3-3 FKO mice, transgene expression (green) 

does not colocalize with the TH-containing (red) DA neurons of the Substantia Nigra pars 

compacta (SNc) and Ventral Tegmental Area (VTA) (C), nor their projections to the 

striatum (D). Scale bar, 100 μm (C) or 50 μm (D). Data are presented as mean ± S.E.M., 

with statistical significance denoted by *p < 0.05, two-tailed t-test.
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Figure 3. The effects of antipsychotic drugs on schizophrenia-related behavior deficits of the 
14-3-3 FKO mice
(A) Administration of clozapine (WT, N = 7; 14-3-3 FKO, N = 8) or haloperidol (WT, N = 

6; 14-3-3 FKO, N = 8) attenuates the hyperactivity of the 14-3-3 FKO mice in open field 

testing. (B) Prepulse inhibition (PPI) of the acoustic startle response was measured in WT 

and 14-3-3 FKO mice after administration of saline (WT, n = 7; 14-3-3 FKO, n = 9), 

clozapine (WT, n = 7; 14-3-3 FKO, n = 13) or haloperidol (WT, n = 6; 14-3-3 FKO, n = 12). 

In the 14-3-3 FKO mice, haloperidol increased PPI at 67, 70 and 73 dB prepulse tones to 

similar PPI percentages of saline injected WT mice. Clozapine did not alter PPI at any 

prepulse tone levels in the 14-3-3 FKO mice compared with saline injected 14-3-3 FKO 

mice. Data are presented as mean ± S.E.M., with statistical significance denoted by: *p < 

0.05, ***p < 0.001, comparisons between genotypes and drug administration groups were 

performed using two-way ANOVA.
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Figure 4. Synaptic transmission defects in the mPFC of the 14-3-3 FKO mice
(A) Representative traces of sEPSCs recorded from mPFC layer V pyramidal neurons. (B) 

The frequency of sEPSC is lower in transgene expressing neurons (14-3-3 FKO-green, N=7) 

compared with that of the WT neurons (N=10). No significant difference in sEPSC 

frequency was observed between the non-transgene expressing (14-3-3 FKO-nongreen, 

N=8) and WT neurons. (C) Representative traces of sIPSCs in mPFC layer V pyramidal 

neurons. (D) There is also a decrease in sIPSC frequency in the 14-3-3 FKO-green neurons 

(N=14), but not 14-3-3 FKO-nongreen (N=12), compared with that of WT neurons (N=6). 

(E) Representative traces of mEPSCs in mPFC layer V pyramidal neurons. (F–G) Compared 
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with WT (N=7) and 14-3-3-nongreen (N=6), the 14-3-3 FKO-green neurons (N=12) have a 

reduction in mEPSC amplitude (F) with no change in frequency (G). (H) Representative 

traces of mIPSCs in the mPFC layer V pyramidal neurons. (I and J) Compared with WT 

(N=9) and 14-3-3FKO-nongreen neurons (N=7), 14-3-3 FKO-green neurons (N=10) exhibit 

normal mIPSC amplitude (I), but decreased frequency of mIPSCs (J). ‘N’ represents the 

number of neurons, and 1–2 neurons were recorded from each animal. Data are presented as 

mean ± S.E.M. with statistical significance denoted as: *p < 0.05; **p < 0.01, one-way 

ANOVA.
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Figure 5. Dendritic morphology and spine density alterations in the 14-3-3 FKO mice
(AB) Sholl analysis revealed a reduction in distal dendritic complexity of apical dendrites 

from cortical layer V (A; WT, N = 9; 14-3-3 FKO, N = 8) and hippocampal CA1 (B; WT, N 

= 4; 14-3-3 FKO, N = 4) pyramidal neurons in 14-3-3 FKO mice. (C) In 14-3-3 FKO mice, 

spine density was reduced in hippocampal CA1 and cortical layer V neurons, but not in 

cortical layer III neurons, compared with that of WT. For spine counts, 6–7 neurons were 

analyzed per mouse brain (WT, N = 4; 14-3-3 FKO; N = 4–6) within each brain region. Data 

are presented as mean ± S.E.M., with statistical significance denoted as: *p < 0.05; ***p < 

0.001, one-way ANOVA.
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Figure 6. Reduction of phosphorylated cofilin in the 14-3-3 FKO mice
(A) Representative images of western blots from hippocampal lysates of WT and 14-3-3 

FKO mice, immunoblotted for cofilin, phosphorylated cofilin (P-cofilin), or δ-catenin. 

GAPDH was probed as a loading control. (B) There is a specific decrease in the level of 

phospho-cofilin and an increase in the level of δ-catenin (p = 0.07) in 14-3-3 FKO mice 

compared with that of WT. For WT (N = 5) and 14-3-3 FKO (N = 6), each sample is a 

combined pool of tissue from 2–3 animals. Data are presented as mean ± S.E.M., with 

statistical significance denoted by: *p < 0.05, two-tailed t-test.
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