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Dystrobrevin-binding protein 1 (Dtnbp1) is one of the earliest identified schizophrenia susceptibility genes. Reduced expression

of DTNBP1 is commonly found in brain areas of schizophrenic patients. Dtnbp1-null mutant mice exhibit abnormalities in beha-

viors and impairments in neuronal activities. However, how diminished DTNBP1 expression contributes to clinical relevant fea-

tures of schizophrenia remains to be illustrated. Here, using a conditional Dtnbp1 knockout mouse line, we identified an in vivo

schizophrenia-relevant function of DTNBP1 in pyramidal neurons of the medial prefrontal cortex (mPFC). We demonstrated that

DTNBP1 elimination specifically in pyramidal neurons of the mPFC impaired mouse pre-pulse inhibition (PPI) behavior and

reduced perisomatic GABAergic synapses. We further revealed that loss of DTNBP1 in pyramidal neurons diminished activity-

dependent secretion of brain-derived neurotrophic factor (BDNF). Finally, we showed that chronic BDNF infusion in the mPFC fully

rescued both GABAergic synaptic dysfunction and PPI behavioral deficit induced by DTNBP1 elimination from pyramidal neurons.

Our findings highlight brain region- and cell type-specific functions of DTNBP1 in the pathogenesis of schizophrenia, and under-

score BDNF restoration as a potential therapeutic strategy for schizophrenia.
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Introduction

Schizophrenia is a severe and chronic psychiatric disorder,

affecting ~1% of the general population (Regier et al., 1993).

Both genetic and environmental risk factors contribute to its eti-

ology (Schmitt et al., 2014). Recent genetic studies have identified

a substantial number of schizophrenia-associated genes (Purcell

et al., 2014; Schizophrenia Working Group of the Psychiatric

Genomics, 2014; Stefansson et al., 2014). However, the patho-

physiology of schizophrenia is still unclear and current pharmaco-

logical treatments are often of limited success (Lieberman et al.,

2005). Identifying pathogenic mechanisms of schizophrenia is crit-

ical for developing effective therapeutic strategies.

Dystrobrevin-binding protein 1 (Dtnbp1) is one of the earliest

identified schizophrenia susceptibility genes (Straub et al., 2002).

Over the years, the association between Dtnbp1 genetic variations

with schizophrenia is under debate (Talbot, 2009; Farrell et al.,

2015), with negative reports (Sanders et al., 2008; Sullivan et al.,

2008), as well as confirmations from diverse population (Duan

et al., 2007; Allen et al., 2008; Sun et al., 2008; Vilella et al.,

2008). Nevertheless, reduced DTNBP1 levels have been commonly

found in brain areas (e.g. dorsolateral prefrontal cortex and hippo-

campus) of schizophrenic patients (Talbot et al., 2004; Weickert

et al., 2008), regardless of whether the patients are carriers for

Dtnbp1 mutations. Notably, a recent publication showed that

diminished expression levels of disrupted-in-schizophrenia 1,

another schizophrenia-associated gene, led to DTNBP1 reduc-

tion (Lee et al., 2015). This finding raises an interesting possi-

bility that reduced DTNBP1 expression represents a common

pathogenic mechanism for schizophrenia.

Previous studies from a spontaneous loss-of-function Dtnbp1

mutant mouse line (Sandy or Dtnbp1sdy mice) showed that homo-

zygous Dtnbp1sdy mice displayed various schizophrenia-relevant

behavioral deficits, including reduced pre-pulse inhibition (PPI),

reduced spatial memory and reduced social interactions (Talbot,

2009; Papaleo et al., 2012). Using the Dtnbp1sdy mice, multiple

roles of DTNBP1 in the regulation of neurotransmission pathways

were proposed, including alterations in membrane levels of dopa-

mine and glutamate receptors, reduction in glutamate release and
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diminished activity of GABAergic interneurons (Li et al., 2003;

Chen et al., 2008; Ji et al., 2009; Tang et al., 2009; Carlson et al.,

2011). It is likely that DTNBP1 plays distinct roles in different brain

regions and neuronal types to regulate the above-mentioned

neurotransmission pathways. Therefore, unraveling DTNBP1 func-

tion in a brain region- and neuronal type-specific fashions will

greatly facilitate illuminating the pathological mechanism by

which DTNBP1 reduction contributes to schizophrenia. However,

in the existing Dtnbp1sdy mouse model, Dtnbp1 is globally elimi-

nated from embryonic stage and throughout adulthood, making it

impossible to unravel brain region- and cell type-specific functions

of DTNBP1. Therefore, development of new mouse models allow-

ing spatial- and temporal-specific manipulations of DTNBP1 level

will greatly facilitate the understanding of DTNBP1 function in

schizophrenia.

Among all identified psychiatric risk factors, brain-derived

neurotrophic factor (BDNF) might be one of the most important

molecules for maintaining normal brain function. BDNF partici-

pates in various essential neurobiological pathways such as

neurogenesis and neuroplasticity (Barde et al., 1982; Ghosh

et al., 1994; Lu, 2003). Clinical studies have shown that patients

with schizophrenia or depressive disorders exhibited low levels

of BDNF in the CNS and blood serum (Karege et al., 2002;

Dwivedi et al., 2003; Weickert et al., 2003; Kim et al., 2007;

Green et al., 2011; Martinotti et al., 2012). In addition, genetic

variations in BDNF have also been associated with psychiatric

disorders (Szekeres et al., 2003; Gratacos et al., 2007). A recent

publication from Yuan et al. (2015) demonstrated an in vitro link

between these two psychiatric risk factors: DTNBP1 deletion

reduced BDNF exocytosis in pyramidal neurons. However, the

work by Yuan et al. (2015) employed RNA interference tech-

nique to diminish DTNBP1 expression, which lacked the specifi-

city to target particular neuronal population. Several important

questions remain to be addressed: (i) whether cell type-specific

DTNBP1 deletion in vivo from pyramidal neurons would induce

any schizophrenia-relevant behavioral deficits; (ii) whether

in vivo loss of DTNBP1 specifically in pyramidal neurons would

lead to similar abnormal synaptic transmission as observed

in vitro; and (iii) whether BDNF application in vivo would fully

rescue the synaptic and behavior deficits induced by loss of

DTNBP1.

The present study aimed to address the above questions

using a newly developed mouse strain harboring a conditional

knockout allele for Dtnbp1. Our results revealed that loss of

DTNBP1 in pyramidal neurons in the medial prefrontal cortex

(mPFC) induced behavioral abnormity and disrupted GABAergic

transmission. We further demonstrated that loss of DTNBP1 in

pyramidal neurons reduced activity-dependent BDNF secretion.

Finally, we showed that restoration of extracellular BDNF in the

mPFC in vivo fully rescued GABAergic dysfunction and behav-

ioral deficit induced by DTNBP1 elimination from mPFC pyram-

idal neurons. Our results highlight the in vivo connection

between the two psychiatric risk factors DTNBP1 and BDNF, and

underscore BDNF restoration as a promising therapeutic strat-

egy for schizophrenia.

Results

Eliminating DTNBP1 in adult mPFC elicited reduced PPI

To study cell type-specific functions of DTNBP1, we obtained

embryonic stem cells from The European Conditional Mouse

Mutagenesis Program (Skarnes et al., 2011), and generated a

‘knockout-first conditional-ready’ Dtnbp1 mouse strain

(Figure 1A). The targeting cassette contained mouse En2 splice

acceptor, an IRES::lacZ trapping element, and a floxed

promoter-driven neo element inserted into introns of Dtnbp1

gene. Therefore, the originally developed mouse strain was a

Dtnbp1 knockout line carrying Dtnbp1 gene-targeting LacZ

element to reflect the endogenous Dtnbp1 expression. High

levels of DTNBP1 expression were observed in layers II/III and V

of cerebral cortex (Figure 1B). After Flipase (Flp) removal of the

lacZ element, the targeting cassette was converted to a true

Dtnbp1 conditional allele, that Cre recombinase would eliminate

the floxed exon 5 to induce a frame-shift mutation and subse-

quent degradation of DTNBP1.

We obtained homozygous Dtnbp1F/F mice and first verified

Cre-dependent DTNBP1 knockout efficiency by western blotting

using in vitro cultured hippocampal neurons from Dtnbp1F/F

embryos (Figure 1C). We infected neuronal cultures with an

adeno-associated virus (AAV-Cre-eGFP) expressing Cre-eGFP

fusion protein under a CaMKII promoter. Seven days after Cre

viral infection, DTNBP1 protein levels were notably reduced in

hippocampal cultures. To further validate in vivo Cre-mediated

DTNBP1 knockout efficiency, we focally injected the same virus

into the mPFC of 6–8-week-old Dtnbp1F/F mice and age-matched

wild-type (WT) control mice. Two weeks after AAV-Cre-eGFP viral

injection, we performed RNAscope in situ hybridization assay

(Li et al., 2015) to quantify Dtnbp1 mRNA levels in brain sec-

tions of Dtnbp1F/F and WT mice (Figure 1D). Dtnbp1 mRNA was

identified using a customized RNA probe set targeting specific-

ally the exon 5 region of Dtnbp1. We found that Dtnbp1 mRNA

was substantially decreased, with only ~20% detectable Dtnbp1

mRNA remaining in eGFP-positive cells of Dtnbp1F/F brain sec-

tions compared to that of WT control (Dtnbp1F/F:

0.73 ± 0.09 μm−3, n = 103; WT: 4.5 ± 0.52 μm−3, n = 85; three

mice used for each group; Kolmogorov–Smirnov test,

P < 0.0001). We also analyzed Cre mRNA density (through Cre-

specific RNA probes) in eGFP-positive cells and found no differ-

ence in brain sections of Dtnbp1F/F and WT mice (Dtnbp1F/F:

3.64 ± 0.33 μm−3; WT: 3.55 ± 0.43 μm−3). Taken together, we

confirmed high DTNBP1 deletion efficiency mediated by Cre

recombinase both in vitro and in vivo for Dtnbp1F/F mice.

We next determined the cell-type specificity of AAV-Cre-eGFP

viral expression in mouse mPFC. Since AAV-Cre-eGFP virus by

itself only occupied the nucleus of infected cells with eGFP sig-

nal, we injected the mPFC of 6–8-week-old Dtnbp1F/F mice by

AAV-Cre-eGFP virus together with AAV-DIO-eYFP, a virus encod-

ing Cre-dependent eYFP (Supplementary Figures S1 and S2).

The purpose of injecting this AAV viral mixture is to fill the

entire cell with eYFP signal to facilitate the subsequent morpho-

logical studies. We first stained brain sections with a neuronal

marker, NeuN (Figure 1E), and found that 100% eYFP-positive
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Figure 1 Deletion of DTNBP1 specifically from mPFC pyramidal neurons diminished PPI. (A) Schematic map for the ‘knockout-first condi-

tional-ready’ Dtnbp1 targeting cassette. Yellow numbered boxes indicated exons. Flp removed the gene-trapping LacZ element and con-

verted the Dtnbp1 allele into a true conditional allele. Cre recombinase eliminated the floxed exon 5 of Dtnbp1. (B) LacZ staining revealed

the endogenous Dtnbp1 expression pattern in adult mouse brain, obtained from the original ‘knockout-first’ mouse strain. (C) Cre-mediated

deletion of DTNBP1 in cultured hippocampal neurons from Dtnbp1F/F embryos. Representative western blots of DTNBP1 and Tubulin from

in vitro Dtnbp1F/F cultures with AAV viral infection (AAV-Cre-eGFP, 7 days post-infection) are shown. (D) RNAscope in situ hybridization assay

verified in vivo Cre-mediated DTNBP1 deletion in mPFC of Dtnbp1F/F mice infected with AAV-Cre-eGFP. Left two panels were representative

images showing Dtnbp1 (red) and Cre (blue) mRNAs from virally infected (eGFP-positive, green) neurons of WT and Dtnbp1F/F mice. Dashed

lines indicate infected neuronal soma. Right panel showed cumulative probability distribution of Dtnbp1 mRNA density in eGFP-positive neu-

rons (Dtnbp1F/F, n = 103; WT, n = 85; three mice used for each group). (E) AAV-Cre-eGFP virus exclusively infected neurons in mPFC. WT

mice were injected with mixed viruses of AAV-Cre-eGFP and AAV-DIO-eYFP into mPFC. Neurons were labeled with anti-NeuN antibody (red).

Virally infected cells were identified with eYFP signal (green). (F) AAV-Cre-eGFP virus mostly infected excitatory neurons in mPFC. WT mice

were injected with mixed viruses of AAV-Cre-eGFP and AAV-DIO-eYFP into mPFC. Virally infected cells were identified with eYFP (green).

GABAergic neurons were identified with anti-GAD67 antibody (red) and indicated by white arrows. GAD67 and eYFP double-positive cells

were marked with yellow arrowheads. (G) PPI in Dtnbp1F/F mice was reduced 14 days after AAV-Cre-eGFP injection into the mPFC. Left, PPI

test for WT mice (n = 8), Dtnbp1F/F mice (n = 10), WT mice 2 weeks after AAV-Cre-eGFP injection (WT + AAV-Cre-eGFP, n = 8), and Dtnbp1F/F

mice 2 weeks after AAV-Cre-eGFP injection (Dtnbp1F/F + AAV-Cre-eGFP, n = 10; Kolmogrov–Smirnov test, WT + AAV-Cre-eGFP vs. Dtnbp1F/F +
AAV-Cre-eGFP: P = 0.04 at 73 dB, P = 0.03 at 76 dB). Right, startle responses to 120 dB stimuli alone. Error bars are mean ± SEM. *P < 0.05;

***P < 0.0001.

DTNBP1 regulates cortical inhibition via BDNF j 119

119

Downloaded from https://academic.oup.com/jmcb/article-abstract/9/2/117/2605929
by guest
on 13 March 2018



neurons were also NeuN-positive, indicating that Cre expression

was exclusively in neurons. We next stained brain sections with

glutamate decarboxylase 67 (GAD67), a GABAergic neuron

(inhibitory interneuron) marker (Figure 1F). And we found that

only 1.1% ± 0.4% of eYFP-positive neurons were GAD67-positive,

suggesting that AAV-Cre-eGFP virus (driven by CamKII promoter)

predominantly (or mostly) expressed in excitatory neurons once

being injected into mouse mPFC.

Dtnbp1F/F mice were born in a normal Mendelian ratio. Both

males and females had normal weight gain and showed normal

fertility. We next explored if DTNBP1 elimination specifically in

excitatory neurons of mPFC would elicit any behavioral deficits.

Homozygous Dtnbp1sdy mice displayed various behavioral defi-

cits including increased locomotion in open field, reduced social

interactions, and reduced PPI of acoustic startle response

(Talbot, 2009; Papaleo et al., 2012). We focally injected AAV-

Cre-eGFP virus into the mPFC of 6–8-week-old Dtnbp1F/F mice

and WT mice. Two weeks after viral infection, we performed vari-

ous behavioral tests, including open field, social interactions,

and PPI. We found that DTNBP1 deletion in excitatory neurons

of mPFC did not affect either the locomotion in open field or the

sociability (Supplementary Figures S3 and S4). However, we

found that DTNBP1 deletion in the mPFC led to a significant

reduction in PPI test without affecting the auditory reflex

(Kolmogrov–Smirnov test, P = 0.04 at 73 dB, P = 0.03 at 76 dB,

Figure 1G), while WT controls with the same viral injection did

not display any abnormality in PPI test. Reduced PPI is a well-

replicated behavior phenotype in schizophrenia patients and

rodent models, indicating impaired sensorimotor gating

(Swerdlow and Geyer, 1998; Braff et al., 2001; Ouagazzal and

Meziane, 2012). Our observation that Dtnbp1F/F mice with

DTNBP1 elimination in adult mPFC exhibited reduced PPI was

consistent with previous publication that PFC was important for

PPI behavior (Klamer et al., 2011; Alam et al., 2015). In addition,

the fact that DTNBP1 elimination predominately in excitatory

neurons of mPFC elicited a similar PPI behavioral deficit as glo-

bally DTNBP1 elimination in homozygous Dtnbp1sdy mice

(Talbot, 2009), further emphasized the importance of DTNBP1 in

excitatory neurons of mPFC for maintaining prefrontal functions.

Loss of DTNBP1 in pyramidal neurons selectively impaired

GABAergic transmission

To elucidate the origin of PPI behavioral deficit induced by

DTNBP1 deletion in the mPFC, we analyzed synaptic activity of

pyramidal neurons in acute brain slices from Dtnbp1F/F and WT

mice 2 weeks after AAV-Cre-eGFP viral infection. We first

recorded miniature inhibitory post synaptic currents (mIPSCs)

from layer 5 pyramidal neurons in the mPFC with bath applica-

tion of TTX (0.8 μM), DNQX (20 μM), and DL-AP5 (50 μM). Using

eGFP fluorescent signal to identify neuron in Dtnbp1F/F mice

infected with AAV-Cre-eGFP, we recorded mIPSC from pyramidal

neurons expressing eGFP fluorescence signal (Cre+; Dtnbp1-Cre)

and adjacent pyramidal neurons without eGFP (Cre−; Dtnbp1-

Control). Two additional control groups were also included: layer

5 pyramidal neurons from WT mice (Naı̈ve) and eGFP-positive

neurons from WT mice injected with AAV-Cre-eGFP (Cre+; WT-

Cre). We found that Dtnbp1-Cre neurons displayed ~30% reduc-

tion in mIPSC frequency, compared with the other three control

groups (Kolmogorov–Smirnov test, P = 0.01, Dtnbp1-Cre and

Dtnbp1-Control; P = 0.01, Dtnbp1-Cre and WT-Cre; P = 0.001,

Dtnbp1-Cre and Naı̈ve; Figure 2A, Table 1). The amplitudes of

mIPSCs were similar among the four groups (Figure 2A and

Table 1). The WT-Cre neurons exhibited similar mIPSCs as Naı̈ve

neurons, indicating that viral infection itself did not affect mIPSC

properties, and that the observed mIPSC frequency change in

Dtnbp1-Cre neurons was indeed due to DTNBP1 elimination.

To examine the synaptic mechanism of GABAergic dysfunction,

we recorded evoked IPSCs (eIPSCs) in brain slices from Dtnbp1F/F

mice 2 weeks after AAV-Cre-eGFP infection. Stimulation electrodes

were placed either laterally in layer 5 (~200 μm distance to

recorded neuron) or vertically in layer 2/3 (~150 μm distance to

recorded neuron), and stimuli were applied at a range of inten-

sities. Monosynaptic IPSCs were recorded from the two groups of

neurons (Cre+, Dtnbp1-Cre; and Cre−, Dtnbp1-Control). Both the

stimulation-response curve and the maximal eIPSC responses were

analyzed (Figure 2B). We found that for the maximal eIPSCs evoked

at layer 5, Dtnbp1-Cre neurons displayed significant smaller ampli-

tude than that of adjacent Dtnbp1-Control neurons (Dtnbp1-Cre,

2.7 ± 0.3 nA; Dtnbp1-Control, 1.5 ± 0.2 nA; Kolmogorov–Smirnov

test, P = 0.02). However, stimulation at layer 2/3 elicited similar

maximal eIPSCs from Dtnbp1-Cre (1.26 ± 0.23 nA) and adjacent

Dtnbp1-Control neurons (1.21 ± 0.21 nA), suggesting that DTNBP1

deletion in mPFC pyramidal neurons affected perisomatic but not

distal dendritic GABAergic transmissions. We also recorded paired-

pulse responses at the intensity that produced half of maximal

eIPSCs, and found no difference in paired-pulse ratio between

Dtnbp1-Cre and Dtnbp1-Control neurons by stimulation in layer 5

or layer 2/3 (Figure 2B), indicating that presynaptic properties of

GABAergic transmission were unlikely to be affected by DTNBP1

elimination.

We next determined if GABAergic synapses formed on layer 5

pyramidal neurons would be affected upon DTNBP1 elimination.

To visualize the morphology of virally infected pyramidal neurons,

we injected a mixture of AAV-Cre-eGFP and AAV-DIO-eYFP viruses

into the mPFC of Dtnbp1F/F and WT mice. Two weeks after injec-

tion, GABAergic synapses were identified by immunostaining of

vesicular GABA transporter (vGAT) on brain sections of the mPFC,

and the infected neurons were identified by eYFP expression

(Figure 2C). We analyzed vGAT puncta within the perisomatic

region of virally infected layer 5 pyramidal neurons, and found

that the density of vGAT puncta reduced by more than 20% in

Dtnbp1F/F mice (0.055 ± 0.005 μm−2) compared to WT controls

(0.070 ± 0.003 μm−2; Mann–Whitney U-test, P = 0.0011), while

there was a trend but not significant increase in the sizes of

puncta of Dtnbp1F/F mice (Mann–Whitney U-test, P = 0.06).

To determine whether deletion of DTNBP1 also altered excita-

tory transmission, we recorded miniature excitatory post synap-

tic currents (mEPSCs) in the presence of TTX and bicuculline

(20 μM). We observed no difference in mEPSCs among the four

groups (Dtnbp1-Cre, Dtnbp1-Control, WT-Cre, and Naı̈ve)
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Figure 2 DTNBP1 elimination in layer 5 pyramidal neurons of mPFC specifically diminished GABAergic transmission. (A) Layer 5 pyramidal

neurons in the mPFC of Dtnbp1F/F mice exhibited reduced mIPSC frequency upon AAV-Cre-eGFP infection (14 days), compared to their unin-

fected neighboring neurons. Top panel: experiment configuration and representative traces of mIPSCs. Bottom panel: cumulative distribu-

tion and quantifications (insets) of mIPSC frequency (Freq) and amplitude (Amp). Neurons from four groups were recorded and compared:

neurons from WT mice without virally injection (Naı̈ve, n = 28); virally infected neurons from WT mice (WT-Cre, n = 21); virally uninfected

neurons (Dtnbp1-Control, n = 18), and virally infected neurons (Dtnbp1-Cre, n = 23) in Dtnbp1F/F mice (three mice each group, Kolmogorov–
Smirnov test, P = 0.01, groups 3 and 4). (B) Virally infected (AAV-Cre-eGFP, 14 days) layer 5 pyramidal neurons (Dtnbp1-Cre) in the mPFC of

Dtnbp1F/F mice exhibited diminished eIPSCs compared to their uninfected neighboring neurons (Dtnbp1-Control), with stimulation electrode

located in layer 5 but not in layer 2/3 (n = 11 and 12 for Dtnbp1-Control and Dtnbp1-Cre with L5 stimulation, respectively; n = 13 and 17

for Dtnbp1-Control and Dtnbp1-Cre with L2 stimulation, respectively; three mice each group). Top panel (left to right): experiment paradigm;
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(Figure 2D and Table 1). Together, these results indicate that

DTNBP1 elimination in the mPFC selectively reduces the number

of perisomatic GABAergic synapses on layer 5 pyramidal neu-

rons, leading to diminished GABAergic input to these neurons.

Loss of BDNF in pyramidal neurons elicited similar GABAergic

dysfunction

Interestingly, previous studies have shown similar impair-

ments in GABAergic transmission upon gene deletion in various

conditional knockout mice (Kohara et al., 2007; Bloodgood

et al., 2013; Zhang et al., 2014). Among these, we were highly

interested in BDNF. BDNF is secreted from postsynaptic excita-

tory neurons and acts locally to promote the formation of

GABAergic synapse (Kohara et al., 2007). We therefore obtained

heterozygous Bdnf conditional knockout mice (BdnfWT/F),

injected AAV-Cre-eGFP into the mPFC, and recorded both

mIPSCs and mEPSCs from layer 5 pyramidal neurons using the

same experimental paradigm as that used for Dtnbp1F/F mice.

We found that deletion of Bdnf in mPFC layer 5 pyramidal neu-

rons specifically reduced the frequency of mIPSC, while mEPSCs

remained unchanged (Kolmogorov–Smirnov test, P = 0.01 for

frequency of mIPSC; Figure 3 and Table 2). The apparent similar-

ity of GABAergic transmission deficits caused by Dtnbp1 knock-

out and Bdnf heterozygous knockout raises an interesting

possibility that DTNBP1 maintains GABAergic synapses on pyr-

amidal neurons via BDNF.

Deletion of DTNBP1 in cultured pyramidal neurons selectively

reduced GABAergic transmission

To study the potential interaction between DTNBP1 and BDNF

in cultured neurons, we next examined if DTNBP1 deletion

would yield similar abnormality in GABAergic transmission from

cultured Dtnbp1F/F pyramidal neurons. We transfected hippo-

campal neurons cultured from embryonic Dtnbp1F/F mice with a

plasmid encoding Cre and tdTomato separated by a self-

cleaving 2A peptide (Cre-2A-tdTomato), or a control plasmid

containing an inactive form of Cre (CreY324F-2A-tdTomato). Using

tdTomato signal to identify positively transfected neurons, we

recorded mEPSCs and mIPSCs (recorded at −70 and 0 mV,

respectively, in the presence of TTX) on the sixth day post-

transfection. Consistent with our observations from ex vivo

brain slices, DTNBP1 deletion in cultured pyramidal neurons

also displayed a significant decrease in the frequency

(Kolmogorov–Smirnov test, P = 0.02) but not in the amplitude

of mIPSC, while mEPSC remained normal compared with con-

trols (Figure 4).

DTNBP1 resides within the vicinity of BDNF molecules

DTNBP1 is a component of the biogenesis of lysosome-

related organelle complex 1 (BLOC-1) (Li et al., 2003). It is

important in the regulation of neurotransmitter release and

receptor trafficking (Chen et al., 2008; Ji et al., 2009; Tang

et al., 2009). BDNF is secreted both spontaneously and in an

activity-dependent fashion from the axon, soma, and dendrites

of neurons (Lessmann and Brigadski, 2009; Dean et al., 2012;

Dieni et al., 2012). To determine whether DTNBP1 resided in the

vicinity of BDNF-containing vesicles, we employed three-

dimensional dual-color fluorescence photo-activation localiza-

tion microscopy (3D-FPALM) method (Huang et al., 2008;

Henriques et al., 2010) to determine the localization of DTNBP1

and BDNF in cultured pyramidal neurons from WT mice. Neurons

were co-transfected with plasmids encoding BDNF-PA-mCherry

traces of averages of maximal eIPSCs recorded from layer 5 pyramidal neurons stimulated by electrodes placed in layer 5 (L5) or layer 2/3

(L2), respectively. Middle panel (left to right): averaged maximal eIPSCs quantifications (Kolmogorov–Smirnov test, P = 0.02, L5 stimula-

tion); comparison of weighted-decay of maximal eIPSC of Dtnbp1-Cre and Dtnbp1-Control neurons from Dtnbp1F/F mice; paired-pulse

responses for eIPSCs of Dtnbp1-Cre and Dtnbp1-Control neurons from Dtnbp1F/F mice. Traces on top showed the averaged eIPSCs from

Dtnbp1-Control (black) and Dtnbp1-Cre neurons (green), normalized to the peak of the first IPSC. The paired pulses were delivered at

100 ms interval. Bottom: input–output curves of eIPSCs stimulated by a group of electrical stimuli with various intensities (Kolmogorov–
Smirnov test, P = 0.03 for L5 stimulation). Insets, eIPSC traces at indicated stimuli. (C) Reduced vGAT (red) puncta density in perisomatic

regions of layer 5 pyramidal neurons in Dtnbp1F/F mice compared to WT mice. Left, representative images of vGAT immunostaining with

blown-up images of the regions in white squares on right side; right, bar graphs were quantifications for puncta densities, puncta sizes, and

soma sizes of analyzed neurons (Dtnbp1F/F, n = 85 neurons; WT, n = 59 neurons; three mice each group; Mann–Whitney U-test, P = 0.0011

for vGAT density comparison). (D) Deletion of DTNBP1 from mPFC pyramidal neurons did not change excitatory synaptic transmissions. Left

panel: experiment configuration and representative traces of mEPSCs. Right panel: cumulative distribution and quantifications (insets) of

mEPSC frequency (Freq) and amplitude (Amp). mEPSCs were recorded from virally infected neurons in Dtnbp1F/F mice (Dtnbp1-Cre, n = 26)

14 days after AAV-Cre-eGFP injection, which showed no differences compared to three other groups: neurons from WT mice without viral

infection (Naı̈ve, n = 31); virally infected neurons from WT mice (WT-Cre, n = 19); and uninfected neurons from Dtnbp1F/F mice (Dtnbp1-

Control, n = 26). Error bars are mean ± SEM. *P < 0.05; **P < 0.01.

Table 1 Quantification of mIPSC (a) and mEPSC (b) for neurons
from AAV-Cre-eGFP-injected WT and Dtnbp1F/F mice.

Genotype Group Frequency

(Hz)

Amplitude

(pA)

Rise time

(ms)

Decay time

(ms)

(a)

WT Naı̈ve 10 ± 0.4 39.1 ± 1.5 0.4 ± 0.01 5.1 ± 0.1

Cre+ 9.6 ± 0.7 41.6 ± 2.4 0.4 ± 0.02 5.3 ± 0.1

Dtnbp1F/F Cre− 10.3 ± 0.6 39.3 ± 2.0 0.4 ± 0.01 5.0 ± 0.1

Cre+ 6.9 ± 0.6 32.15 ± 1.8 0.45 ± 0.01 5.9 ± 0.1

(b)

WT Naı̈ve 3.9 ± 0.3 16.9 ± 0.7 0.71 ± 0.02 3.7 ± 0.1

Cre+ 3.9 ± 0.5 18.5 ± 0.9 0.72 ± 0.02 3.6 ± 0.1

Dtnbp1F/F Cre− 4.1 ± 0.3 15.9 ± 0.8 0.63 ± 0.01 3.8 ± 0.1

Cre+ 3.6 ± 0.3 16.5 ± 0.7 0.65 ± 0.02 3.9 ± 0.1
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and DTNBP1-Dronpa3. Two days after transfection, neurons

were fixed. Dual-color 3D-FPALM images were acquired from

somatic region of double-positive transfected pyramidal neu-

rons, and single molecules were identified and localized for

BDNF (PA-mCherry) and DTNBP1 (Dronpa3) (Figure 5A and B).

We plotted the histograms of the localizations of each mole-

cules and found that distributions of photons from each mol-

ecule follow Gaussian distribution with a full width at half

maximum (FWHM) of 22 nm for BDNF with a standard deviation

of 8 nm; the FWHM for DTNBP1 was 19 nm with a standard devi-

ation of 5 nm (Figure 5C), suggesting an imaging resolution of

22 nm for dual-color 3D-FPALM imaging. We calculated the short-

est distance between BDNF and DTNBP1 molecules, and analyzed

the distance distribution with a Gaussian fit function: y = k0 +
k1exp(−(x−k2)2/k3). The mode of the distribution is 123.59 nm and

the standard deviation is 5.18 nm (Figure 5D). Given that BDNF

resides inside vesicles, whereas DTNBP1 resides in the cytosol, an

average distance of DTNBP1 and BDNF being ~124 nm suggests

that DTNBP1 resided in the vicinity of BDNF-containing vesicles.

Deletion of DTNBP1 specifically reduced activity-dependent

BDNF release

BDNF exerts its function by being secreted into extracellular

space and subsequently binding to its receptors to activate

downstream signaling pathways. To examine how DTNBP1

elimination would affect BDNF function, we monitored BDNF

Figure 3 Deletion of BDNF in excitatory neurons of mPFC for 14 days reduced mIPSCs but not mEPSCs. (A) Layer 5 pyramidal neurons in the

mPFC of BdnfWT/F mice exhibited reduction in mIPSC frequency upon AAV-Cre-eGFP viral infection (14 days) compared to their uninfected

neighboring neurons. Left: experiment configuration; middle: representative traces of mIPSCs; right: cumulative distribution and quantifica-

tions (insets) of mIPSC frequency (Freq, Kolmogorov–Smirnov test, P = 0.01) and amplitude (Amp). Two groups of neurons were compared:

virally uninfected neurons in Bdnf WT/F mice (Bdnf-Control, n = 24) and virally infected neurons in Bdnf WT/F mice (Bdnf-Cre, n = 20; three

mice each group). (B) mEPSCs recorded from virally infected neurons in Bdnf WT/F mice (Bdnf-Cre, n = 24) upon AAV-Cre-eGFP infection (14

days) showed no difference compared to adjacent uninfected neurons from Bdnf WT/F mice (Bdnf-Control, n = 24). Error bars are

mean ± SEM. *P < 0.05.

Table 2 Quantification of mIPSC (a) and mEPSC (b) for neurons
from AAV-Cre-eGFP-injected Bdnf WT/F mice.

Genotype Group Frequency

(Hz)

Amplitude

(pA)

Rise time

(ms)

Decay time

(ms)

(a)

Bdnf WT/F Cre− 10.8 ± 0.5 38.9 ± 2.8 0.39 ± 0.02 5.2 ± 0.1

Cre+ 7.1 ± 0.7 33.16 ± 1.6 0.46 ± 0.01 6.2 ± 0.2

(b)

Bdnf WT/F Cre− 2.7 ± 0.3 16.0 ± 1.1 0.64 ± 0.03 3.6 ± 0.1

Cre+ 2.7 ± 0.3 16.4 ± 0.7 0.68 ± 0.02 3.7 ± 0.2

Figure 4 Deletion of DTNBP1 in cultured hippocampal neurons from

Dtnbp1F/F mice specifically diminished the inhibitory synaptic trans-

mission. (A) Representative traces of mIPSCs and mEPSCs recorded

from uninfected control (Dtnbp1-Control, n = 23) and virally infected

neurons (Dtnbp1-Cre, n = 24) of in vitro cultured hippocampal neu-

rons from Dtnbp1F/F mice. (B) Quantifications of amplitude and fre-

quency of mEPSCs (left) and mIPSCs (right; Kolmogorov–Smirnov

test, P = 0.02 for frequency comparison). Error bars are

mean ± SEM. *P < 0.05.
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secretion in cultured pyramidal neurons. We generated a plas-

mid encoding pHluorin tagged BDNF (BDNF-pH) and employed

total internal reflection fluorescence (TIRF) microscopy to visual-

ize BDNF secretion (Lin et al., 2009; Li et al., 2012a, b; Daly

et al., 2015). We co-transfected cultured Dtnbp1F/F neurons with

the plasmid mixture of BDNF-pH and Cre-2A-tdTomato, or BDNF-

pH and CreY324F-2A-tdTomato as control. Six days after transfec-

tion, we recorded spontaneous BDNF secretion events in the

presence of TTX, or activity-dependent BDNF secretion elicited

by bath application of 50 mM KCl (Figure 6). We found that neu-

rons with DTNBP1 deletion (i.e. Cre transfected neurons) dis-

played a trend but not significant reduction in spontaneous

BDNF secretion (Mann–Whitney U-test, P = 0.17, Figure 6A).

However, neurons with DTNBP1 deletion exhibited ~50% reduc-

tion in the frequency of activity-dependent BDNF secretion, com-

pared to the CreY324F transfected control neurons (Mann–

Whitney U-test, P = 0.0002, Figure 6B). We also compared BDNF

activity-dependent secretion in WT neurons transfected with Cre

and CreY324F, and found no difference between these two groups

(Figure 6C). These results suggest that DTNBP1 facilitates

activity-dependent BDNF secretion in pyramidal neurons.

BDNF overexpression did not rescue GABAergic deficit after

DTNBP1 deletion

We hypothesized that DTNBP1 elimination in pyramidal neu-

rons results in BDNF release deficiency, consequently leading to

diminished GABAergic synapses on pyramidal neurons. To test

this hypothesis, we first virally overexpressed BDNF in pyram-

idal neurons from Dtnbp1F/F mice to determine if increasing of

BDNF expression could rescue impaired GABAergic transmission

upon DTNBP1 deletion. We generated an AAV viral construct

with CaMKII promoter to express tdTomato and BDNF separated

Figure 5 DTNBP1 resides in the vicinity of BDNF. (A) Representative image of BDNF and DTNBP1 localization in cultured hippocampal neu-

ron. (B) Representative images of co-localization of BDNF (tagged with PA-mCherry, red) and DTNBP1 (tagged with Dronpa, green) revealed

through 3D-FPALM super-resolution microscopy. (C) The localization distributions of the BDNF and DTNBP1 clusters. Histograms of localiza-

tions were generated by aligning center of mass. The histograms were fitted to a Gaussian function to determine FWHM. (D) Distribution of

minimal distances between BDNF and DTNBP1 molecules (n = 17 neurons), fitted with Gaussian distribution (red line). Error bars are

mean ± SEM.
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by a self-cleaving 2 A peptide (AAV-tdTomato-2A-BDNF). We co-

injected AAV-tdTomato-2A-BDNF and AAV-Cre-eGFP into mPFC of

Dtnbp1F/F and BdnfWT/F mice. We then recorded mIPSCs from

acute brain slices 2 weeks after viral injection. On these brain

slices, we identified three groups of layer 5 pyramidal neurons in

the mPFC: (i) neurons with no fluorescence expression (Control);

(ii) neurons expressing eGFP in nucleus only (Cre); and (iii) neu-

rons expressing both tdTomato in cytosol and eGFP in nucleus

(Cre-BDNF). Our recordings from BdnfWT/F mice showed that Cre

neurons still exhibited a reduced mIPSC frequency compared to

Control neurons, while the Cre-BDNF neurons displayed a normal

mIPSC frequency (Kolmogorov–Smirnov test, P = 0.007 for com-

parison between Control and Cre; P = 0.003 for comparison

between Cre and Cre-BDNF, Figure 7A and Table 3). These results

demonstrate that virally expressed BDNF was able to rescue

endogenous deficiency of BDNF in those mice. However, Cre-

BDNF neurons in Dtnbp1F/F mice still exhibited reduced mIPSC fre-

quency compared to Control neurons, similar to that of Cre neu-

rons (Kolmogorov–Smirnov test, P = 0.01 for comparison

between Control and Cre; P = 0.04 for comparison between

Control and Cre-BDNF, Figure 7B and Table 3). These results sug-

gest that in the absence of DTNBP1, virally expressed BDNF is

not efficiently secreted, and therefore is not able to rescue the

impairments caused by Dtnbp1 deletion.

BDNF infusion into mPFC rescued synaptic and behavior deficits

after DTNBP1 deletion

We next asked whether restoration of extracellular BDNF level

through BDNF infusion into the mPFC would rescue the deficits eli-

cited by DTNBP1 elimination. Immediately after AAV-Cre-eGFP

virus injection in Dtnbp1F/F mice, a cannula connected with

osmotic pump containing 20 μg/ml BDNF in ACSF was implanted

into the mPFC (Nagahara et al., 2009). Through this cannula,

osmotic pump constantly delivered exogenous BDNF into the

mPFC for 2 weeks. In control Dtnbp1F/F and WT mice, a cannula

connected with osmotic pump containing only ACSF was

implanted after AAV-Cre-eGFP virus injection. A total of four

groups of layer 5 pyramidal neurons were recorded and com-

pared: (i) AAV-Cre-eGFP-infected neurons from WT mice with ACSF

infusion (WT-Cre + ACSF); (ii) AAV-Cre-eGFP-infected neurons

from Dtnbp1F/F mice with ACSF infusion (Dtnbp1-Cre + ACSF);

(iii) uninfected neurons from Dtnbp1F/F mice with BDNF infusion

(Dtnbp1-Control + BDNF); and (iv) AAV-Cre-eGFP-infected neurons

from Dtnbp1F/F mice with BDNF infusion (Dtnbp1-Cre + BDNF).

Figure 6 DTNBP1 facilitated activity-dependent BDNF secretion. (A) Deletion of DTNBP1 did not change spontaneous BDNF secretion in cul-

tured Dtnbp1F/F hippocampal neurons. Bath application of TTX was used to block firing of neurons. Left: representative y-t maximal intensity

projection of TIRF images for BDNF-pH secretion. Right: quantifications of BDNF release events (CreY324F, n = 89; Cre, n = 84; Mann–
Whitney U-test, P = 0.17). (B) Deletion of DTNBP1 reduced activity-dependent BDNF secretion in cultured Dtnbp1F/F hippocampal neurons.

Bath application of 50 mM KCl was used to stimulate activity-dependent BDNF secretion. Left: representative y-t maximal intensity projec-

tion of TIRF images for BDNF-pH secretion. Right: quantifications of BDNF release events (CreY324F, n = 45; Cre, n = 46; Mann–Whitney

U-test, P = 0.0002). (C) Plasmid infection of Cre or CreY324F did not change activity-dependent BDNF secretion in WT cultured hippocampal

neurons. Bath application of 50 mM KCl was used to stimulate activity-dependent BDNF secretion. Left: representative y-t maximal intensity

projection of TIRF images for BDNF-pH secretion. Right: quantifications of BDNF release events (CreY324F, n = 24; Cre, n = 25). Error bars are

mean ± SEM. ***P < 0.001.
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We found that BDNF infusion into the mPFC rescued dysfunc-

tional GABAergic transmission in pyramidal neurons with

DTNBP1 deletion, as ‘Dtnbp1-Cre + BDNF’ neurons and adjacent

‘Dtnbp1-Control + BDNF’ neurons displayed similar mIPSC fre-

quency in Dtnbp1F/F mice with BDNF infusion (Figure 8A and

Table 4). This rescue effect is not due to surgery or chronic infu-

sion, as ‘Dtnbp1-Cre + ACSF’ neurons in Dtnbp1F/F mice infused

with ACSF still exhibited decreased mISPC frequency compared

to the control ‘WT-Cre + ACSF’ neurons in WT mice infused with

ACSF (Kolmogorov–Smirnov test, P = 0.03, ‘WT-Cre + ACSF’ to

‘Dtnbp1-Cre + ACSF’, Figure 8A and Table 4). Following BDNF

perfusion, the amplitude of mIPSC in ‘Dtnbp1-Cre + BDNF’ also

increased, which might reflect homeostatic response after

chronic loss of BDNF in these neurons. These results suggest

that extracellular BDNF is important for maintaining GABAergic

transmission to pyramidal neurons in the mPFC.

We next examined if BDNF infusion in the mPFC could restore

the loss of perisomatic GABAergic synapses induced by DTNBP1

deletion. We injected a viral mixture of AAV-Cre-eGFP and

AAV-DIO-eYFP into the mPFC of Dtnbp1F/F mice. We then

focally infused ACSF or BDNF through osmotic pump. Two

weeks later, we obtained brain sections for vGAT immunos-

taining. WT mice injected with viral mixture and infused with

ACSF served as additional control. EYFP signals were used to

outline the virally infected layer 5 pyramidal neurons, and

vGAT puncta were analyzed within the perisomatic regions of

infected neurons in the three groups of mice (WT + ACSF,

Dtnbp1F/F + ACSF, Dtnbp1F/F + BDNF; Figure 8B). We found

that BDNF infusion in Dtnbp1F/F mice fully restored GABAergic

Figure 7 Viral expression of BDNF failed to restore the abnormal inhibitory transmission induced by DTNBP1 deletion. (A) Viral expression

of BDNF sufficiently restored the abnormalities in inhibitory transmission induced by BDNF deletion in BdnfWT/F mice. Left: experiment con-

figuration and representative traces of mIPSCs. Right: cumulative distribution and quantifications (insets) of mIPSC frequency (Freq) and

amplitude (Amp). Three groups of neurons were recorded and compared in Bdnf WT/F mice: uninfected neurons (Control, n = 17 from three

mice); AAV-Cre-eGFP-infected neurons (Cre, n = 19 from three mice); AAV-Cre-eGFP and AAV-tdTomato-2A-BDNF co-infected neurons (Cre-

BDNF, n = 16 from three mice). Kolmogorov–Smirnov test, P = 0.007 comparing Control to Cre; P = 0.003 comparing Cre and Cre-BDNF. (B)

Viral expression of BDNF failed to restore the abnormal inhibitory transmission induced by DTNBP1 deletion in Dtnbp1F/F mice. Three groups

of neurons were recorded and compared in Dtnbp1F/F mice: uninfected neurons (Control, n = 19 from three mice); AAV-Cre-eGFP-infected

neurons (Cre, n = 18 from three mice); AAV-Cre-eGFP and AAV-tdTomato-2A-BDNF co-infected neurons (Cre-BDNF, n = 22 from three mice).

For the mIPSC frequency comparison, Kolmogorov–Smirnov test, P = 0.01 comparing Control to Cre; P = 0.04 comparing Control to Cre-

BDNF. Error bars are mean ± SEM. *P < 0.05; **P < 0.01.

Table 3 Quantification of mIPSCs for neurons from AAV-Cre-eGFP

and AAV-tdTomato-2A-BDNF co-injected Bdnf WT/F mice (a) and
Dtnbp1F/F mice (b).

Genotype Group Frequency

(Hz)

Amplitude

(pA)

Rise time

(ms)

Decay time

(ms)

(a)

Bdnf WT/F Cre− BDNF− 10.7 ± 0.6 35.9 ± 0.4 0.24 ± 0.02 5.4 ± 0.4

Cre+ BDNF− 7.3 ± 0.7 40.8 ± 2.5 0.14 ± 0.02 5.3 ± 0.5

Cre+ BDNF+ 11.5 ± 0.6 37.7 ± 3.0 0.14 ± 0.02 5.2 ± 0.5

(b)

Dtnbp1F/F Cre− BDNF− 10.1 ± 0.5 40.6 ± 1.6 0.38 ± 0.01 5.0 ± 0.2

Cre+ BDNF− 7.6 ± 0.7 34.1 ± 2.2 0.45 ± 0.01 5.6 ± 0.2

Cre+ BDNF+ 8.3 ± 0.5 40.0 ± 3.0 0.45 ± 0.01 5.2 ± 0.1
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synapse density in the perisomatic region of Cre-expressing

neurons, while Cre-positive neurons from ACSF infused

Dtnbp1F/F mice still showed a loss of GABAergic synapse

(WT + ACSF, 0.069 ± 0.005 μm−2; Dtnbp1F/F + ACSF,

0.039 ± 0.002 μm−2; Dtnbp1F/F + BDNF, 0.068 ± 0.003 μm−2;

Mann–Whitney U-test, P < 0.0001, WT + ACSF to Dtnbp1F/F +
ACSF; P < 0.0001, Dtnbp1F/F + ACSF to Dtnbp1F/F + BDNF). We did

not observe any difference in puncta size among the three groups.

Figure 8 Extracellular infusion of BDNF restored functional deficits induced by DTNBP1 deletion in mPFC. (A) Application of BDNF via intracer-

ebral infusion (14 days) efficiently restored the diminished mIPSC frequency induced by DTNBP1 deletion in Dtnbp1F/F mice. Left: experiment

configuration and representative traces of mIPSCs. Right: cumulative distributions and quantifications (insets) of mIPSC frequency (Freq) and

amplitude (Amp). Four groups of neurons were recorded and compared: AAV-Cre-eGFP-infected neurons from WT mice infused with ACSF (WT-

Cre + ACSF, n = 18 from three mice); AAV-Cre-eGFP-infected neurons from Dtnbp1F/F mice infused with ACSF (Dtnbp1-Cre + ACSF, n = 22 from

three mice); uninfected neurons from Dtnbp1F/F mice infused with BDNF (Dtnbp1-Control + BDNF, n = 16 from three mice); and AAV-Cre-eGFP-

infected neurons from Dtnbp1F/F mice infused with BDNF (Dtnbp1-Cre + BDNF, n = 25 from three mice). For the mIPSC frequency comparison,

Kolmogorov–Smirnov test, P = 0.03 comparing ‘WT-Cre + ACSF’ to ‘Dtnbp1-Cre + ACSF’. For the mIPSC amplitude comparison, Kolmogorov–
Smirnov test, P = 0.001, 0.04, or 0.04 comparing ‘Dtnbp1-Cre + BDNF’ to ‘WT-Cre + ACSF’, ‘Dtnbp1-Cre + ACSF’, or ‘Dtnbp1-Control + BDNF’,

respectively. (B) Extracellular application of BDNF via intracerebral infusion in Dtnbp1F/F mice efficiently restored GABAergic synapse densities

to control levels. Cre-expressing neurons were identified with eYFP signal (green). Left: representative images of vGAT puncta (red) (scale bar,

10 μm); right: quantifications of vGAT puncta densities, puncta sizes, and soma sizes for analyzed neurons. Neurons from three groups of mice

were compared: WT mice with ACSF infusion (1. WT + ACSF, n = 108, three mice); Dtnbp1F/F mice with ACSF infusion (2. Dtnbp1F/F + ACSF,

n = 82, two mice); Dtnbp1F/F mice with BDNF infusion (3. Dtnbp1F/F + BDNF, n = 138, three mice; Mann–Whitney U-test, P < 0.0001, group 1

vs. group 2; P < 0.0001, group 2 vs. group 3). (C) Extracellular application of BDNF via intracerebral infusion efficiently restored deficit in PPI

test induced by DTNBP1 deletion in Dtnbp1F/F mice. Left: PPI test for WT mice infused with ACSF (1. WT + ACSF), Dtnbp1F/F mice infused with

ACSF (2. Dtnbp1F/F + ACSF), and Dtnbp1F/F mice infused with BDNF (3. Dtnbp1F/F + BDNF) (n = 8 mice each group; Kolmogorov–Smirnov test;

P = 0.002, group 1 vs. group 2 at 73 dB; P = 0.03, group 2 vs. group 3 at 73 dB; P = 0.02, group 1 vs. group 2 at 76 dB; P = 0.03, group 2 vs.

group 3 at 76 dB). Right: startle responses to 120 dB stimuli for all tested mice. Error bars are mean ± SEM. *P < 0.05; ***P < 0.001.
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Finally, we investigated if BDNF infusion into the mPFC could

rescue PPI behavioral deficit observed after DTNBP1 deletion.

Dtnbp1F/F and WT mice were injected with AAV-Cre-eGFP and

implanted with osmotic pumps to focally infuse BDNF or ACSF

into the mPFC. Two weeks later PPI responses were tested on

these mice (Figure 8C). We found that BDNF infusion completely

rescued behavioral deficits in Dtnbp1F/F mice injected with AAV-

Cre-eGFP, as these mice displayed normal PPI responses com-

parable to those of WT mice. However, Dtnbp1F/F mice injected

with AAV-Cre-eGFP and infused with ACSF still showed deficits

in PPI response, at a similar level to what we originally observed

in Dtnbp1F/F mice injected with AAV-Cre-eGFP (Kolmogorov–
Smirnov test; P = 0.002, WT + ACSF to Dtnbp1F/F + ACSF at

73 dB; P = 0.03, Dtnbp1F/F + ACSF to Dtnbp1F/F + BDNF at

73 dB; P = 0.02, WT + ACSF to Dtnbp1F/F + ACSF at 76 dB;

P = 0.03, Dtnbp1F/F + ACSF to Dtnbp1F/F + BDNF at 76 dB). No

difference in startle responses to 120 dB stimuli was observed

among these mice. Together, these results strongly support our

hypothesis that DTNBP1 facilitates BDNF secretion to maintain

prefrontal function.

Discussion

In this study, we showed that DTNBP1 played a key role in

the regulation of GABAergic transmission in the mPFC. Deletion

of Dtnbp1 in pyramidal neurons of the mPFC led to reduction in

perisomatic GABAergic synapses and deficit in PPI behavior.

Using advanced microscopy methods, we further demonstrated

that DTNBP1 regulated activity-dependent BDNF secretion.

Finally, we showed that increasing extracellular BDNF level in

the mPFC restored inhibitory transmission and behavioral deficit

elicited by DTNBP1 elimination.

Most schizophrenia patients are not carriers of Dtnbp1 muta-

tions, but still exhibit lower expression levels of DTNBP1 in spe-

cific brain regions (Talbot et al., 2004; Weickert et al., 2008).

Previous studies have shown that global deletion of DTNBP1 in

Dtnbp1sdy mice leads to dysfunction of multiple neuronal cir-

cuits (Li et al., 2003; Chen et al., 2008; Ji et al., 2009; Tang

et al., 2009; Carlson et al., 2011). In the present study, we use a

conditional Dtnbp1 knockout mouse model to illustrate cell

type-specific functions of DTNBP1, and in particular, how defi-

ciency of this molecule may contribute to schizophrenia

pathology.

We demonstrated that DTNBP1 elimination specifically from

pyramidal neurons in the mPFC elicited reduced PPI. PPI is the

phenomenon in which a weak pre-stimulus (pre-pulse) sup-

presses the response to a following startling stimulus. PPI is

observed cross-species, highly conserved among vertebrates

and tested in a similar fashion in both human and rodents.

Impaired PPI was often observed in schizophrenia patients

(Braff et al., 2001) and several other neuropsychiatric disorders,

including Huntington’s disease (Swerdlow et al., 1995),

obsessive-compulsive disorder (Swerdlow et al., 1993), bipolar

patients (Perry et al., 2001), Tourette’s syndrome (Swerdlow

et al., 2001b), and autism patients (Perry et al., 2007). Many

mouse genetic models of schizophrenia, including Dtnbp1sdy

mice, also showed deficits in PPI (Powell et al., 2009; Talbot,

2009; Papaleo et al., 2012). PPI impairment is thought to reflect

deficits in an inhibition mechanism for sensorimotor gating, and

a variety of brain regions were identified to be involved in brain

circuitry regulating PPI, such as mPFC, hippocampus, and stri-

atum (Swerdlow et al., 2001a). Pharmacological studies have

revealed that lesion and disruption of neuronal activity in the PFC

impaired PPI (Swerdlow et al., 2008). Reports also showed that

manipulation of inhibitory transmission by modulating GABAA
receptors in the mPFC compromised cognitive function and PPI

(Japha and Koch, 1999; Pezze et al., 2014). Our observation sug-

gests that DTNBP1 deficiency in adult mPFC is a risk factor for PPI

impairment. It is worth to point out here that since only male

mice were used in our experiments, future studies should exam-

ine whether the same findings hold true for female mice.

The role of inhibitory transmission in mPFC is well documen-

ted and dysfunction of inhibitory circuitry in the mPFC is now

recognized as a prominent clinical feature of schizophrenia

(Lewis et al., 2005; Lewis, 2014). Post-mortem analysis from

schizophrenic patients revealed a significant loss of GABAergic

axon terminals (Woo et al., 1998) and prominent low expression

level of GAD67, an essential enzyme of GABA neurotransmitter

synthesis (Hashimoto et al., 2003). Previous studies from

Dtnbp1sdy mice also suggested an association between DTNBP1

deficiency and the impaired GABAergic signaling, including

reduced activity of fast-spiking (FS) interneurons (Ji et al.,

2009), reduced parvalbumin immunoreactivity, and abnormal

gamma-band oscillations in cortical network (Carlson et al.,

2011).

Here, using a Dtnbp1 conditional knockout mouse strain, we

revealed a cell type-specific mechanism of DTNBP1 in regulating

GABAergic signaling. We demonstrated that deletion of DTNBP1

specifically from pyramidal neurons of adult mPFC elicited dys-

functional GABAergic transmission. Our electrophysiological

recordings demonstrated a significant reduction in the fre-

quency of mIPSC but not that of mEPSC in pyramidal neurons

with DTNBP1 deletion. Immunostainings of vGAT puncta further

showed the loss of GABAergic synapses in the perisomatic

region of pyramidal neurons upon DTNBP1 deletion. These

observations suggest that DTNBP1 is important for the mainten-

ance of GABAergic synapses on pyramidal neurons.

Our electrophysiology study using Dtnbp1F/F mice injected

with AAV-Cre-eGFP (driven by CaMKII promoter) showed that

cortical pyramidal neurons with DTNBP1 deletion (i.e. Cre-

positive neurons) exhibited impaired IPSCs, while their adjacent

Cre-negative excitatory neurons showed normal IPSCs compar-

able to those of WT mice.

Table 4 Quantification of mIPSCs for neurons from extracellular
application of BDNF in AAV-Cre-eGFP-injected Dtnbp1F/F mice.

Genotype and

treatment

Group Frequency

(Hz)

Amplitude

(pA)

Rise time

(ms)

Decay time

(ms)

WT + ACSF Cre+ 9.2 ± 0.4 37.7 ± 1.6 0.38 ± 0.01 4.5 ± 0.1

Dtnbp1F/F +ACSF Cre+ 7.7 ± 0.4 37.0 ± 2.0 0.47 ± 0.02 5.9 ± 0.2

Dtnbp1F/F +BDNF Cre− 10.0 ± 0.5 42.3 ± 1.9 0.42 ± 0.02 4.9 ± 0.1

Cre+ 10.2 ± 0.7 51.6 ± 2.2 0.39 ± 0.01 4.8 ± 0.1
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Notably, this observation is similar to a previous report that

complete loss of endogenous BDNF elicited local reduction of

GABAergic synapses on pyramidal neurons (Kohara et al.,

2007). We further showed that Cre virally infected cortical pyr-

amidal neurons from heterozygous BdnfWT/F mice displayed a

similar impairment in IPSCs as in those of Dtnbp1F/F mice. We

chose to study heterozygous BdnfWT/F instead of homozygous

Bdnf F/F mice, based on our results from in vitro TIRFM experi-

ment, in which DTNBP1 deletion in pyramidal neurons did not

completely abolished BDNF secretion, instead reduced activity-

dependent BDNF secretion by ~50%. Homozygous Bdnf F/F mice

were previously characterized to exhibit an almost complete

loss of BDNF expression upon Cre exposure (Rios et al., 2001).

Therefore, we assumed that BdnfWT/F mice and Dtnbp1F/F mice

would display similar level of BDNF upon Cre exposure.

Interestingly, our results suggested that DTNBP1 deletion in

pyramidal neurons reduced GABAergic transmission preferen-

tially at perisomatic region. A similar finding was also observed

on CA1 pyramidal neurons in Bdnf F/F mice (Bloodgood et al.,

2013). In this study, eIPSCs from BDNF deleted neurons were

significantly smaller with stimulation at stratum pyramidale, but

not at stratum radiatum or stratum oriens. These observations

suggest that BDNF is essential for perisomatic GABAergic synap-

ses. It is well known that perisomatic GABAergic synapses on

pyramidal neurons mainly from FS parvalbumin-positive neu-

rons. A previous study showed that BDNF is critical for FS neu-

rons to establish inhibitory circuitry (Berghuis et al., 2004).

Further studies are needed to determine whether BDNF secre-

tion is also important for the development and maintenance of

GABAergic synapses formed with other types of interneurons.

Our results, together with evidence in the literature, strongly

support the notion that BDNF plays a key role in the mainten-

ance of GABAergic synapses on excitatory neurons, and that

DTNBP1 regulates GABAergic transmission on excitatory neu-

rons via BDNF.

BDNF is a secreted protein. Extensive studies have demon-

strated that BDNF regulates synaptic activities and is involved in

many important processes in neural circuit development and

function, such as neuronal survival, differentiation, synapse for-

mation and maturation (Park and Poo, 2013). Based on results

from our in vitro TIRFM study, we propose that DTNBP1

maintains GABAergic synapses through facilitating activity-

dependent BDNF secretion. We are aware of the alternative

possibility that DTNBP1 affect activity-dependent BDNF tran-

scription rather than trafficking. A recent study demonstrated

that deletion of NPAS4 in hippocampal CA1 pyramidal neurons

impaired their inhibitory inputs, in part through NPAS4-

dependent regulation of BDNF transcription (Bloodgood et al.,

2013). However, in our in vitro TIRFM study system, the BDNF-

pHluorin plasmid did not include the activity-dependent

promoter of BDNF. Instead, the pHluorin tagged pro-BDNF

expression was under the control of regular CAG promoter.

Since our plasmid encoding BDNF does not contain the activity-

dependent BDNF promoter, our observation that DTNBP1 elimin-

ation led to diminished BDNF secretion does not support a role

for DTNBP1 in regulating activity-dependent BNDF transcription.

It has been shown that BDNF is stored in large dense-core vesi-

cles (LDCV) before secretion in hippocampal pyramidal neurons

(Xia et al., 2009; Dieni et al., 2012). LDCVs mediate release of

neuropeptides from neurons and endocrine cells, and the size of

these vesicles varies 100–200 nm (Bruns et al., 2000; Klyachko

and Jackson, 2002; Chen et al., 2008; Zhang et al., 2011). Using

the 3D-FPALM super-resolution microscopy method, we found

that the distance between BDNF and DTNBP1 molecules falls

within this range, indicating DTNBP1 could bind to BDNF-

containing vesicle.

DTNBP1 could regulate transport, sorting, trafficking and

secretion of LDCV, as a subunit of the endosomal sorting com-

plex BLOC-1. A recent study suggested that LDCV secretion was

regulated by DTNBP1, and that intracellular dialysis of DTNBP1

fully restored this process in Dtnbp1sdy mice (Chen et al., 2008).

In the present study, we showed that DTNBP1 deletion in pyr-

amidal neurons diminished preferentially activity-dependent

BDNF secretion. It was previously shown that DTNBP1 deletion

disrupted intracellular calcium signaling, and decreased expres-

sion of several proteins involved in synaptic vesicle priming

(Saggu et al., 2013). Therefore, it is more likely that DTNBP1

facilitate activity-dependent BDNF secretion through its involve-

ment in endosomal sorting and/or intracellular calcium signal-

ing. Further studies are needed to unravel the underlying

molecular mechanism by which DTNBP1 regulates activity-

dependent BDNF secretion.

Both DTNBP1 and BDNF have been associated with schizo-

phrenia (Straub et al., 2002; Szekeres et al., 2003; Gratacos

et al., 2007), and decreased expression of DTNBP1 in brain and

decreased serum BDNF concentration have been reported in

schizophrenic patients (Weickert et al., 2003; Green et al., 2011;

Martinotti et al., 2012). Here, we offer in vivo evidence strongly

supporting a unique connection between these two psychiatric

risk factors.

A recent publication from Yuan et al. (2015) reported that

DTNBP1 knockdown using shRNAs in cultured rat cortical neu-

rons reduced BDNF exocytosis and GABAergic synapses formed

on those neurons in vitro. This finding suggests that DTNBP1

regulates BDNF secretion. Yuan et al. (2015) also showed that

exogenous BDNF application in the culture medium restored the

GABAergic dysfunction associated with DTNBP1 deletion by

shRNAs. In comparison, we showed that in vivo DTNBP1 dele-

tion led to specific loss of perisomatic GABAergic synapses on

pyramidal neurons of mouse mPFC, and led to impaired PPI

behavioral response. Importantly, we performed BDNF rescue

experiment in vivo, and demonstrated that dysfunctional

GABAergic transmission and behavioral deficits induced by loss

of DTNBP1 were fully restored with chronic BDNF infusion into

the mPFC.

In sum, in the present study we demonstrated the cell type-

specific function of DTNBP1 in pyramidal neurons. DTNBP1 main-

tains perisomatic GABAergic synapses on pyramidal neurons

through facilitating activity-dependent BDNF secretion. Excitatory

neuron-specific deletion of Dtnbp1 in the mPFC reduced GABAergic
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neurotransmission and disrupted PPI behavior. Extracellular appli-

cation of BDNF into the mPFC rescued abnormalities in both

GABAergic transmission and PPI behavior. The success of in vivo

BDNF rescue experiment highlights restoration of extracellular

BDNF as a potential therapeutic strategy for schizophrenia.

Materials and methods

All experiments were conducted at the National Institute on

Drug Abuse Intramural Research Program in accordance with

the Institutional Animal Care and Use Committee of the National

Institutes of Health guidelines. Male mice were used across the

studies.

For detailed methods, please see the Supplementary Materials

and methods.
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Supplementary material is available at Journal of Molecular

Cell Biology online.
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