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Using a genetic mouse model that faithfully recapitulates a DISC1 genetic alteration strongly associated with schizophrenia and other
psychiatric disorders, we examined the impact of this mutation within the prefrontal cortex. Although cortical layering, cytoarchitecture,
and proteome were found to be largely unaffected, electrophysiological examination of the mPFC revealed both neuronal hyperexcitabil-
ity and alterations in short-term synaptic plasticity consistent with enhanced neurotransmitter release. Increased excitability of layer
II/III pyramidal neurons was accompanied by consistent reductions in voltage-activated potassium currents near the action potential
threshold as well as by enhanced recruitment of inputs arising from superficial layers to layer V. We further observed reductions in both
the paired-pulse ratios and the enhanced short-term depression of layer V synapses arising from superficial layers consistent with
enhanced neurotransmitter release at these synapses. Recordings from layer II/III pyramidal neurons revealed action potential widening
that could account for enhanced neurotransmitter release. Significantly, we found that reduced functional expression of the voltage-
dependent potassium channel subunit Kv1.1 substantially contributes to both the excitability and short-term plasticity alterations that
we observed. The underlying dysregulation of Kv1.1 expression was attributable to cAMP elevations in the PFC secondary to reduced
phosphodiesterase 4 activity present in Disc1 deficiency and was rescued by pharmacological blockade of adenylate cyclase. Our results
demonstrate a potentially devastating impact of Disc1 deficiency on neural circuit function, partly due to Kv1.1 dysregulation that leads
to a dual dysfunction consisting of enhanced neuronal excitability and altered short-term synaptic plasticity.
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Introduction
The mechanistic details underlying the neural circuit dysfunction
responsible for schizophrenia (SCZ) and other psychiatric disor-

ders remain poorly understood, but there is strong support for a
dominant influence of genetic variation predisposing to disease
(Mitchell, 2012; Rodriguez-Murillo et al., 2012). While most
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Significance Statement

Schizophrenia is a profoundly disabling psychiatric illness with a devastating impact not only upon the afflicted but also upon
their families and the broader society. Although the underlying causes of schizophrenia remain poorly understood, a growing
body of studies has identified and strongly implicated various specific risk genes in schizophrenia pathogenesis. Here, using a
genetic mouse model, we explored the impact of one of the most highly penetrant schizophrenia risk genes, DISC1, upon the medial
prefrontal cortex, the region believed to be most prominently dysfunctional in schizophrenia. We found substantial derangements
in both neuronal excitability and short-term synaptic plasticity—parameters that critically govern neural circuit information
processing—suggesting that similar changes may critically, and more broadly, underlie the neural computational dysfunction
prototypical of schizophrenia.
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common genetic risk variants confer only a marginally increased
risk for disease, a subset of rare and ultra-rare (private) risk vari-
ants, including DISC1, is more disease penetrant, conferring high
risk. DISC1 is a susceptibility gene for major mental illness that is
identified through a balanced chromosomal translocation (1;
11)(q42.1;q14.3) leading to a truncation of the DISC1 gene, and
segregating with SCZ, bipolar disorder, and major depression in a
large Scottish pedigree. The Disc1 translocation represents one of
the very few examples of ultra-rare mutations that have been
strongly linked to psychiatric illness. Although more common
variations in DISC1 were also associated with SCZ and affective
disorders (Kvajo et al., 2010), these findings remain equivocal.
The function of DISC1 has been interrogated in mouse models
using a variety of approaches, such as acute RNAi-mediated gene
knockdown (Duan et al., 2007) and mouse models overexpress-
ing truncated forms of the human DISC1 (Hikida et al., 2007)
and carrying missense mutations (Clapcote et al., 2007) or dele-
tions of exons 2 and 3 (Kuroda et al., 2011). A wealth of phenom-
enological data has been accrued and a variety of potential
Disc1-interacting proteins has been tentatively implicated in dis-
ease, but the molecular mechanisms by which DISC1 mutations
predispose individuals to mental illness remain poorly under-
stood (Bradshaw and Porteus, 2012).

Previously, we developed a disease-focused mouse model carry-
ing a truncating lesion in the endogenous murine Disc1 ortholog that
was designed to mimic the effects of the (1;11) translocation (Mouse
Genome Informatics nomenclature: Disc1Tm1Kara; Koike et al., 2006;
Kvajo et al., 2008, 2011). A comprehensive behavioral analysis has
shown that Disc1Tm1Kara mice display specific and robust impair-
ments in working memory (Koike et al., 2006; Kvajo et al., 2008),
which may relate to similar cognitive deficits that are prominent in
psychotic disorders. As working memory dysfunction points to a
dysfunction of prefrontal cortical neural circuits (Arguello and Go-
gos, 2010, 2012), we examined the cytoarchitecture, proteomic pro-
files, and neuronal physiology of the prefrontal cortex in
Disc1Tm1Kara mice (hereafter called Disc1 mutant mice).

Here we show that while cortical layering and cytoarchitecture
in the prefrontal cortex (PFC) is largely normal in Disc1 mutant
mice at the resolution of our assays, these mice show prominent
alterations in both neuronal excitability and short-term synaptic
plasticity within the medial PFC (mPFC). Specifically, we show
that these mice display enhanced neuronal excitability and en-
hanced synaptic depression due to the increased probability of
neurotransmitter release (Pr). Significantly, our results provide
strong support that these alterations in excitability and short-
term plasticity can both be largely attributed to reduced func-
tional expression of the voltage-dependent potassium channel
Kv1.1 (KCNA1) in Disc1 mutant mice. Additionally, we provide
evidence that channel dysregulation is linked to impaired phos-
phodiesterase function and elevated cAMP levels in the PFC of
Disc1 mutant mice.

These results thus provide a novel mechanistic basis of dys-
function that may explain in part the role of Disc1 deficiency in
neural circuit dysfunction within the prefrontal cortex and fur-
ther point toward a potentially powerful disease mechanism
whereby dysregulation of a single target can contribute to the

disruption of multiple neuronal processes, leading to neural cir-
cuit dysfunction in SCZ.

Materials and Methods
Animals
Field recordings were performed on 6- to 10-week-old male Disc1 mu-
tant mice (Disc1Tm1Kara homozygotes) and their wild-type (WT) litter-
mates. Whole-cell patch-clamp slice recordings were performed on 4- to
6-week-old male mice. All other experiments were performed on adult
(8- to 10-week-old) mice, unless otherwise stated. The generation of
Disc1 mutant mice has been described previously (Koike et al., 2006). The
Disc1 mutation was backcrossed into the C57BL/6J background for more
than six generations. All littermate mice were produced by heterozygous
matings. Experiments and analyses were performed blind to the geno-
types. The animal procedures were performed in accordance with and
approved by the Columbia University Institutional Animal Care and Use
Committee.

Electrophysiology
For field recordings in mPFC slice preparations, mice were anesthetized
with isoflurane and were then decapitated. The brain was removed
quickly and chilled in ice-cold dissection solution, which contained the
following (in mM): 195 sucrose, 10 NaCl, 2 NaH2PO4, 5 KCl, 10 glucose,
25 NaHCO3, 4 Mg2SO4, and 0.5 CaCl2, and was bubbled with a 95%O2/
5%CO2 mixture. The coronal brain slices (300 �m) containing the pre-
limbic and infralimbic prefrontal cortex were cut using a vibratome
(VT1200S, Leica). Slices were immediately transferred to an interface
chamber (models MA1 65– 0075 and MA1 65– 0073, Harvard Appara-
tus) and incubated in a recording/perfusing solution for 2 h before re-
cording. The slices were continuously perfused with artificial CSF (aCSF)
that contained the following composition (in mM): 124 NaCl, 2.5 KCl, 1
NaH2PO4, 25 NaHCO3, 10 Glucose, 1 MgSO4, and 2 CaCl2. The aCSF
was oxygenated with 95%O2/5%CO2 and maintained at �34°C. Extra-
cellular field recordings were recorded with a borosilicate glass pipette
(3–5 M�; 1B150F-4, World Precision Instruments) filled with aCSF and
field EPSPs (fEPSPs) were evoked by a concentric bipolar stimulation
electrode (tip outer diameter, 0.125 mm; CBARC75, Fine Science Tools).
To record the fEPSP in layer V pyramidal neurons, a stimulating elec-
trode was placed at the border of layer I/II and layer III in the mPFC, and
the recording electrode was positioned sequentially at the layer V. A set of
stimulation intensities (from 1 to 24 V with a pulse duration of 0.1 ms)
was applied to induce the fEPSPs. The stimulation intensity, which gen-
erated a slope of �1, was used for the all the tests. The paired-pulse ratio
(PPR) was measured by applying two single stimuli with different inter-
pulse intervals of 20, 50, 100, 200, 400, and 800 ms. Short-term depres-
sion (STD) was assessed by using a 40-pulse train at 5, 10, 20, 40, and 50
Hz. After obtaining a stable 10 min baseline, short-term potentiation
(STP) was evoked by a single 50 Hz train (40 pulses) and was monitored
for 15 min. Then, an additional four 50 Hz trains were applied with
intervals of 10 s, and then long-term potentiation (LTP) were recorded
for 40 min. Dendrotoxin-K (DTX-K; �) was reconstituted in deionized
water to yield a 10 �M stock and was diluted with aCSF to prepare a 100
nM working solution. Electrophysiological signals were acquired using an
extracellular amplifier (Cygnus Technologies) and pClamp software ver-
sion 9 (Molecular Devices). Statistical analyses were performed using
SigmaPlot 9.0 and GraphPad Prism 4. A two-way repeated-measures
(RM) ANOVA was used to test genotypic differences. Data are presented
as the mean � SEM. N indicates the number of animals, and n indicates
the number of slices. Asterisks indicate significant differences.

For whole-cell recordings, after slicing (as described for field record-
ings, above), brain slices were immediately transferred to a recovery
chamber and incubated at room temperature in recording solution for a
minimum of 1 h before recording. At the time of recording, slices were
transferred to a submerged recording chamber and continuously per-
fused with aCSF. Whole-cell patch-clamp recordings were made using
borosilicate glass pipettes (initial resistance, 3.0 –5.5 M�). An internal
solution was used that contained the following (in mM): KMeSO4 145,
HEPES 10, NaCl 10, CaCl2 1, MgCl2 1, EGTA 10, MgATP 5, and Na2GTP
0.5, pH 7.2 with KOH, adjusted to 290 mOsm with sucrose. Layer II–III
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pyramidal neurons were identified by morphology, and only neurons
exhibiting spike frequency accommodation within action potential (AP)
trains were included in analysis (Madison and Nicoll, 1984). Input resis-
tance was calculated in voltage-clamp mode at �70 mV from the current
response to a 5 mV hyperpolarizing voltage step. For recordings assessing
neuronal excitability, action potential firing was assessed in current-
clamp mode in response to incremental (20 pA steps in slice, 10 pA steps
in cultured neurons) depolarizing current injections of 500 ms duration.
The resting membrane potential of all cells was adjusted to �70 mV by
the injection of a small standing current. For excitability assays involving
DTX-K application, due to modest rundown of excitability over time,
current-step protocols were first repeated at 5 min intervals until excit-
ability stabilized at an approximate steady-state level. Thereafter, the
current-step protocol was used to assess basal excitability, and then
DTX-K was introduced for 5 min after which excitability in DTX-K was
assessed. Action potential waveform analysis was performed on a single
action potential elicited with a minimal threshold current injection.
Waveform analysis used standard Clampfit analysis routines as follows:
“half-width,” the action potential width at half-height, was reported as
AP width; “rise slope,” the slope during the 10 –90% event rise time, was
reported as rise rate; and “decay slope,” the slope during the 10 –90%
event decay time, was reported as the decay rate. For recordings assessing
voltage-gated channel activation in response to voltage steps, series
resistance-related errors were partially corrected by typically using 70%
prediction and 85% series resistance compensation with the MultiClamp
software. Voltage-gated sodium channel currents are reported as peak
currents during a given voltage step. Voltage-gated potassium channel
currents are reported as the quasi steady-state currents at the end of a 100
ms voltage step (Li et al., 2011). Spontaneous synaptic transmission at
layer V pyramidal neurons was assessed with whole-cell voltage-clamp
recordings. Spontaneous EPSCs (sEPSCs) were detected over 5 min re-
cording periods with cells held in voltage clamp at �70 mV. Spontaneous
synaptic currents were analyzed using Minianalysis 6.0 software (Synap-
tosoft). The detection threshold for spontaneous events was 4 pA. All
events were individually detected and verified manually. To test for dif-
ferences in excitability between genotypes a two-way RM ANOVA was
used using SigmaPlot 12. For all other comparisons between genotypes, a
Student’s t test (unpaired, one tailed, or two tailed) was performed using
Excel.

Analysis of layer V pyramidal neurons basal and apical spines
The density of spines on layer V pyramidal cell dendrites was assessed
using male adult (8 –12 weeks of age) Thy-1/GFP mice crossed with Disc1
mutant mice, as previously described (Lai et al., 2006; Kvajo et al., 2008).
Confocal images of basal and apical dendritic trees were captured using
the Zeiss LSM Confocal Microscope, and the numbers of spines within
50 �m a dendritic segment were counted.

Analysis of axonal projections in embryonal day 18.5 embryos
Brains from embryonal day 18.5 (E18.5) embryos from all three geno-
types, generated by heterozygous crossings of Disc1 mutant mice, were
dissected out and fixed overnight in 4% PFA at 4°C. Sixty micrometer
coronal sections were cut on a vibratome and stained with the mouse
monoclonal anti-neurofilament antibody 2H3 (1:50; Developmental
Studies Hybridoma Bank) and a rabbit polyclonal anti-L1 antibody (1:
100; Abcam) o/n at 4°C. The sections were then washed and incubated
with Alexa Fluor-conjugated secondary antibodies for 2 h at room tem-
perature. After washing, the sections were labeled with the nuclear stain
Topro (1:2500; Invitrogen) and mounted with ProLong Gold. For anal-
ysis, 10 � images were captured using the Zeiss LSM Confocal Micro-
scope and loaded onto the Zeiss LSM Image Browser (Zeiss), which was
used to quantify the spread of axonal projections in cortical layers. To
this aim, the width of the area occupied by L1- or neurofilament-labeled
axons was measured along a line perpendicular to the pial surface and
expressed as a fraction of the width of the whole cortex. Four WT, three
heterzygous (HET), and three homoygous (HOM) embryos were used
for analysis. Five to nine sections/embryo were analyzed.

BrdU labeling and analysis of cortical layers
Timed pregnant female mice were injected with bromodeoxyuridine
(BrdU; 50 mg/kg, i.p.) at E14.5. At postnatal day 2 (P2), brains were
dissected out, fixed in 4% PFA overnight, and cut on the vibratome into
60 �m slices. Sections were stained for BrdU and cortical layer markers
using the following antibodies: rabbit anti-Cux1 (1:50; Santa Cruz Bio-
technology); goat anti-Tbr1 (1:50; Santa Cruz Biotechnology); and
mouse anti-BrdU (1:200; BD Pharmingen,) according to standard pro-
cedures. For quantification, images of the whole cortex were captured
using a confocal microscope (model LSM510, Zeiss) at 10�. Sections
chosen for analysis were anatomically matched, and regions of interest
(ROIs) encompassing all cortical layers were positioned over the cortex.
The ROIs were then divided into 10 equally sized bins, and the number of
BrdU-positive cells in each bin was counted. The total number of labeled
cells in each ROI was also assessed. The thickness of cortical layers was
assessed by measuring the width of Cux1-labeled (layers II and III) and
Tbr1-labeled (layer VI) areas. To examine overall neuronal numbers in
the adult cortex, anti-NeuN labeling (1:100; Millipore Bioscience Re-
search Reagents) was used. ROIs divided into eight equal bins were
drawn across a single optical section (1 �m) acquired with the confocal
microscope. The number of cells within the bins and within the whole
ROI was quantified.

Immunoblotting
To determine phosphodiesterase 4A (PDE4A), PDE4B, or PDE4D, PFC
(four mice/genotype) was homogenized in ice-cold lysis buffer (Milli-
pore) and centrifuged at 10,000 � g for 30 min at 4°C. Solubilized sam-
ples were mixed with equal volumes of Laemmli sample buffer and
heated to 100°C for 2 min. Equal amounts of sample protein were loaded
onto gels for SDS-PAGE. After separation by electrophoresis, proteins in
the gels were transferred to nitrocellulose membranes, which were
incubated overnight at 4°C with primary antibodies against PDE4A,
PDE4B, or PDE4D (FabGennix). This process was followed by incu-
bation with Alexa Fluor 680-conjugated secondary antibody for 30
min at room temperature (Invitrogen). An Odyssey Infrared Imaging
System (LI-COR Biosciences) was used for quantifying fluorescence.

Proteomic analysis
Experiments were performed with 3- to 5-month-old male littermates.

Sample preparation. All biochemicals and reagents were obtained from
Sigma-Aldrich, unless specified otherwise, and sample preparation was
performed as previously described (Ernst et al., 2012). Protein extraction
of brain tissue (�30 mg) was performed by the addition of fractiona-
tion buffer [7 M urea, 2 M thiourea, 4% 3-[(3-cholamidopropyl)
dimethylammonio]-1-propanesulfonate, 2% ASB14, and 70 mM dithio-
treitol (DTT)], followed by sonication for 10 s using a Branson Sonifier
150 (Thistle Scientific) and vortexing for 30 min at 4°C (Martins-de-
Souza et al., 2007). The homogenates were centrifuged for 3 min at
17,000 � g, and the supernatants were collected for precipitation of the
proteins using 4:1 volumes of ice-cold acetone. The resulting pellets were
suspended in 100 �l of 50 mM NH4HCO3, pH 8.0. Disulfide bonds were
broken by incubation with 100 mM DTT for 30 min at 60°C and alkylated
with 200 mM iodacetamide for 30 min at 37°C. Proteins were cleaved into
peptides by incubation with 1:50 (trypsin/protein) porcine trypsin (Pro-
mega) for 17 h at 37°C and stopped after 16 h by the addition of 0.80 �l
of 8.8 M HCl. Samples were stored at �80°C. Before mass spectrometry
(MS) analyses, 0.1% formic acid was added to a final concentration of
0.12 �g/�l protein.

Proteomic discovery using label-free liquid chromatography-MSE profil-
ing. Quality control (QC) samples were generated using equal aliquots of
all samples for use in assessing mass spectrometry performance. The
samples and QCs (0.6 �g of protein) were analyzed in duplicate using a
nano-ultraperformance liquid chromatography (LC) system (10 kpsi
nanoAcquity, Waters). The LC comprised a 0.18 � 20 mm C18 trapping
column (5 �m particle size) and a 0.075 � 200 mm C18 analytical BEH
nanocolumn (17 �m particle size). The separation buffers were H2O plus
0.1% formic acid (buffer A) and acetonitrile plus 0.1% formic acid (buf-
fer B). Samples were desalted for 2 min with 100% buffer A, which was
followed by a two-step gradient at a flow rate of 300 nl/min over 133 min.

4160 • J. Neurosci., April 12, 2017 • 37(15):4158 – 4180 Crabtree et al. • Altered Kv Channel Function in Disc1 Mutant Mice



The LC analytical column was coupled on-line to a 7 cm nanoESI emitter
(10 �m tip; New Objective) on a quadrupole time-of-flight Premier mass
spectrometer (Waters), and data were acquired in alternate scanning
data-independent acquisition mode (MS E). During each run, 500
fmol/�l glu-fibrinopeptide B was infused every 30 s using the LockSpray
to maintain mass accuracy. The mass spectrometer was operated in V
mode, and analyses were performed using positive nanoESI ion mode.
Low-collision energy (MS) generated information about intact precursor
ions (5 eV), while high-collision energy (MS E) provides information
about the peptide fragments (ramped from 17 to 40 eV). The cycling time
of the low and high energy was 0.6 s, and the mass range was 50 –1990 Da.

Proteomic validation using label-based selected reaction monitoring mass
spectrometry. Candidate proteins for the targeted label-based selected
reaction monitoring MS (SRM-MS) study were chosen from in silico
pathway analyses based on the LC-MS E results and from proteins found
to be interacting with DISC1 in the literature. These candidate proteins
were validated and quantified using SRM-MS on a Xevo TQ-S mass
spectrometer coupled to a nanoAcquity UPLC system (Waters), as de-
scribed previously (Martins-de-Souza et al., 2012). Criteria for selecting
tryptic peptides were based on peptide count, uniqueness, and quality of
transitions. Two peptides were selected for each target protein, and iso-
topically labeled peptides were synthesized at JPT Peptide Technologies.
The samples and labeled peptides were mixed together and separated
using the following 42 min gradient: 97%/3% (buffer A/buffer B) to
70%/30% in 20 min; 70%/30% to 15%/85% in 5 min; and in 3 min to
97%/3%. Peptide spectra were acquired in SRM mode using a capillary
voltage of 2.35 kV and a cone voltage of 33 V. At least three transitions
were measured for each peptide. The candidate proteins were validated
and quantified with the SRM method, as described previously (Martins-
de-Souza et al., 2012).

Data analysis. LC-MS E data were processed using the ProteinLynx
Global Server version 2.5 (Waters) and Rosetta Elucidator version 3.3
(Rosetta Biosoftware) for time and mass/charge alignment of mass spec-
trometer data as described previously (Krishnamurthy et al., 2013). The
Mus musculus complete proteome FASTA sequence Integr8 database was
used for the assignment of protein identities. Quantitative peptide mea-
surements for each replicate were normalized against the total ion vol-
ume of all deconvoluted spectra. The criteria for protein identification
were set to three or more fragment ions per peptide, seven or more
fragment ions per protein, and two or more peptides per protein. The
data were also searched against a randomized decoy database, which was
created using the original database, thus conserving amino acid frequen-
cies. Only peptides that were present in all samples of each treatment
group were considered for further analysis. The final part of the data
processing was a principal component analysis (SIMCA P� version 2.12,
Umetrics), which was used to identify unwanted variability due to
sample nonhomogeneity or inconsistent manipulation during the prep-
aration and analytical stages. Testing for outlying samples resulted in
removal of one frontal cortex sample. Data from this sample were not
included in any further analyses. Subsequently, the LC-MS E data were
analyzed in the R statistical programming language (version 2.15.3; R
Development Core Team, 2013) using the MSstats package (Purdue Uni-
versity, West Lafayette, IN), which provides wrapper functions to sim-
plify the fitting of linear mixed-effects models. The data of the identified
proteins were log2 transformed to stabilize the variance and normalized
to remove systematic bias incorporated into peptide intensities as a result
of sample processing, which makes the peptide intensities comparable
across runs. For this label-free experiment, constant normalization was
performed based on endogenous signals across runs among all proteins.
As proposed by Surinova et al. (2013), “inaccurate” peptide transitions
were excluded based upon a between-run interference score of �0.8,
where the score is the correlation between the individual peptide transi-
tion intensities across the runs and the mean transition intensities of the
peptide across the runs (Surinova et al., 2013). Visualization of the pro-
cessed data occurred using profile plots, QC plots, and condition plots
provided by MSstats. Profile plots are capable of identifying the potential
source of variation of each protein. The exploratory QC plots can reveal
any systematic sample run variation of transition intensities between the
runs, which were shown as box plots. The condition plots show the

systematic difference between conditions. Analysis was performed using
linear mixed models to detect differentially abundant proteins between
groups, as this approach can handle the hierarchical structure of the data.
The interference for biological replicates and technical replicates were
used in expanded scope, which expands the conclusion from the model
to the population of biological units (Chang et al., 2012). To test the
model assumptions, diagnostic plots, such as residual plots to check the
assumption of a constant variance, were generated, and normal quantile–
quantile plots to indicate whether the errors were well approximated by a
normal distribution. We considered significant results when proteins
were found to be changed with a significance of p � 0.05. We used an
uncorrected p value threshold for significance in the discovery study
because the number of mice in each group was not sufficient to reach
significance after applying multiple testing corrections. We report
corrected p values for the discovery and validation studies following the
Benjamini-Hochberg correction (Benjamini and Hochberg, 1995;
Storey, 2003).

Phosphodiesterase activity assay
The PDE activity assay was performed on dissected PFC, as described
previously (Zhang et al., 2008). Samples were assayed in the presence or
absence of 10 �M rolipram (ROL). PDE4 activity (i.e., rolipram sensitiv-
ity) was calculated by subtracting cAMP hydrolysis in the presence of
rolipram from cAMP hydrolysis in its absence; four mice/genotype were
used.

Radioligand-binding assays
[ 3H] rolipram binding was measured as described previously (Zhao et
al., 2003). PFC lysate samples containing 200 �g of protein were incu-
bated at 30°C in the presence of 250 �l of incubation buffer that contains
different concentrations of [3H] rolipram (2–30 nM). Nonspecific bind-
ing was determined in the presence of 10 nM unlabeled 4-(3-butoxy-4-
methoxybenzyl)-2-imidazolidinone (Ro 20-1724) for [ 3H] rolipram
binding. Reactions were stopped by the addition of 5 ml of ice-cold
binding buffer after 1 h and were followed by rapid vacuum filtration
through glass fiber filters. The filters were washed two times, and radio-
activity was measured by liquid scintillation counting.

RT-qPCR of PDE4b expression
For the quantification of PDE4b expression, total RNA was isolated from
the PFC with TRIzol reagent (Invitrogen) according to the instructions
of the manufacturer and was followed by DNase treatment to eliminate
contaminated genomic DNA. The conversion of total RNA into cDNA
was performed using the High-Capacity cDNA Archive Kit (Applied
Biosystems). Real-time PCR was performed on an ABI PRISM 7300 De-
tection System (Applied Biosystems) with TaqMan Universal Mastermix
(Applied Biosystems). The PDE4B primer was purchased from Applied
Biosystems. The samples were run in triplicate and amplified for 40 cycles
(50°C for 2 min, 90°C for 10 min, 95°C for 15 s, and extension 60°C for 1
min). �-Actin was used as an endogenous control. The fold difference in
the expression of target cDNA was determined using the comparative
threshold method, as previously described (Zhao et al., 2003). Statistical
analysis was performed using one-way ANOVA followed by Dunnett’s
test; three mice per genotype were used.

cAMP immunohistochemistry
cAMP immunohistochemistry and quantification were performed es-
sentially as described previously (Kvajo et al., 2011). PFC sections were
incubated with the anti-cAMP antibody (1:1000; Millipore Bioscience
Research Reagents). Cortical layers were visualized using NeuN labeling
(1:1000; Millipore Bioscience Research Reagents). For quantification,
mPFC images were captured using a confocal microscope (LSM510,
Zeiss) at 20�. Sections chosen for analysis were anatomically matched,
and ROIs encompassing all cortical layers were positioned over the cor-
tex. The ROIs were then divided into 10 equally sized bins, and the
intensity of cAMP immunoreactivity was quantified in each bin using
ImageJ (National Institutes of Health), as previously described (Kvajo et
al., 2011).
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Real-time quantitative real-time PCR analysis
PFCs were dissected out as described and placed o/n in RNAlater (Ambion).
RNA was then isolated using RNeasy (Qiagen). Approximately 2 �g of total
RNA was reverse transcribed into double-stranded cDNA and then diluted
1:10 in double-distilled H2O. Expression levels were assessed by TaqMan
Gene Expression Assays: KCNA1 (Mm00439977_s1), KCNA2 (Mm00434
584_s1), KCNA3 (Mm00434599_s1), KCNA6 (Mm00496625_s1), KCNB1
(Mm00492791_m1), and SCNA8 (Mm00488110_m1; Applied Biosys-
tems). Expression of TaqMan mouse GAPDH probe was used for normal-
ization. Quantitative real-time PCR (qRT-PCR) was run as a 14 �l reaction
of 7 �l of 2� TaqMan Universal Master Mix (Applied Biosystems), 0.25 �l
of GAPDH probe, 0.5–2�l of probe of interest, and 1.6�l of cDNA using five
technical repeats per cDNA sample on an ABI 7900HT Real-Time PCR
System (Applied Biosystems). Pooled cDNA was used to generate a dilution
series run in duplicate on each plate for expression quantification. Cycle
thresholds were determined using SDS 2.3 software (Applied Biosystems).
Expression data were calculated using median values for ddCt and standard
curve formulas (www.AppliedBiosystems.com) and were normalized to the
average of WT values.

Primary cortical culture and drug treatments
Primary cultures were prepared as described previously (Kvajo et al.,
2011). Heterozygous mutant mice were crossed, resulting in embryos of
all three genotypes. E15.5 telencephalic neurons were dissociated by in-
dividually dissecting each embryo out of its amniotic sac, removing the
head, and dissecting out the target brain tissue in a separate dish. The
remainder of the brain was used for genotyping. Neurons from each
embryo were dissociated enzymatically (0.25% trypsin), mechanically
triturated with a flamed Pasteur pipette, and individually plated on 35
mm dishes (4 � 105 cells/dish) coated with poly-DL-ornithine (Sigma-
Aldrich) in DMEM (Invitrogen) supplemented with 10% fetal bovine
serum. Four hours after plating, DMEM was replaced by Neurobasal
medium (Invitrogen) supplemented with 2 mM glutamine and 2% B27
(Invitrogen). The adenylyl cyclase inhibitor SQ22536 (SQ; Tocris Biosci-
ence) was added 13 d in vitro (DIV13) to a final concentration of 10 �M,
and was replenished every 24 h for 4 d until the day of recording at
DIV17/18. The PDE4 inhibitor rolipram (Tocris Bioscience) was added
at DIV13 to the final concentration of 100 �M and was replenished every
24 h for 4 d until the day of recording at DIV17/18. The extracellular
solution for all cultured neuronal experiments was as follows (in mM):
NaCl 145, KCl 5, HEPES 10, CaCl2 2, MgCl2 1, glucose 5, and sucrose 10,
pH 7.4, with osmolarity �320 mOsm.

Calcium imaging of cultured cortical neurons
Coverslips containing neurons were incubated with 5 �M fura-2 AM
(Life Sciences) for 30 min at room temperature. After washing, coverslips
were mounted on a Nikon Eclipse TE 3500 inverted microscope
equipped with a 40� 1.30 numerical aperture objective (Nikon), a
pco.EDGE CMOS camera (pco), a Lambda LS light source, a Lambda
LS-2 filter wheel with 340 and 380 nm excitation filters (Sutter), and an
510 nm emission filter. Images at each excitation wavelength were ac-
quired at �1 Hz. Cells were perfused with extracellular solution at a high
flow rate of �20 ml/min.

Drug challenge applications proceeded as follows: cells were initially
perfused in extracellular solution containing normal Ca2� (2 mM) during
which time baseline Ca2� levels (resting 340:380 ratio) were assessed.
One minute later, the perfusate was switched to a Ca2�-free extracellular
solution supplemented with 4 mM EGTA. One minute later, the perfusate
was switched to caffeine (10 mM, 30 s) or ATP (100 �M, 1 min) in this
Ca2�-free extracellular solution. The perfusate was then returned to
Ca2�-free solution for 1 min, after which it was then returned to a normal
(2 mM Ca2�) extracellular solution for 1 min. The perfusate was then
switched to a high-potassium (HiK; 50 mM KCl, 15 s) extracellular solu-
tion containing 2 mM Ca2�, after which the perfusate was returned to a
normal extracellular solution for 1 min, ending the experimental run.
The Ca2� increases (	340:380) from these challenges were quantified
based upon the peak responses during challenges.

Data acquisition and processing following image acquisition.
The 340:380 ratio of each pair of images was calculated on a pixel-by-
pixel basis using FIJI software version 1.4 (www.fiji.sc). Regions of inter-
ests were drawn manually using the morphology of the cells from a
differential interference contrast image as a template. Further quantifi-
cation was performed using custom routines written in Igor Pro version
6 (WaveMetrics). Only cells with robust responses to HiK challenges
( presumptive neurons, 	340:380 
 0.2) were included in subsequent
analysis. For Ca2� store assessments, only cells with responses to caffeine
or ATP challenges with 	340:380 
 0.025 were included in analyses. All
individual responses were additionally qualitatively inspected manually
to ensure that analysis was confined to legitimate responses as opposed to
artifactual responses, which were excluded from analysis. Data were
pooled across experimental runs performed on three independent em-
bryonic dissection preparations, and two experimental trials for each
assay were performed on each preparation for each genotype. Final quan-
titative data and statistical analysis was performed in Excel.

Statistical analysis
The individual statistical analyses used for the different experiments are
stated in the respective sections in Materials and Methods or in the main
text or figure legends where results are declared. In general, no formal
statistical methods were used to predetermine sample sizes, but our sam-
ple sizes are similar to those generally used in the field in prior published
studies. Data distributions were assumed to be normal, but this was not
formally tested, although model assumptions were tested. For compari-
son involving repeated-measures, two-way ANOVA, repeated-measures
analyses were used. For all other simple comparisons, one-way ANOVA
or t tests were used. When t tests were used they were unpaired, two-sided
except in cases in which there was a directional hypothesis in which case
one-sided t tests were used. Corrections for multiple comparisons were
included in the statistical analysis of our results. Statistical analysis was
performed in R (version 2.15.3; R Development Core Team, 2013), Mi-
crosoft Excel, SigmaPlot 11.0, and Prism 4.

Results
Cortical layer formation and cytoarchitecture in Disc1
mutant mice
We undertook a detailed histological examination of the cerebral
cortices in Disc1 mutant mice. We first examined the number of
neurons in the cortex of adult mice using an antibody against
NeuN, which reliably labels the majority of neuronal populations
and provides a well established measure of neuronal density (Fé-
nelon et al., 2011). We observed no difference in the numbers of
labeled neurons among the genotypes (Fig. 1A–C; p � 0.93). Our
earlier analysis in the hippocampus (Kvajo et al., 2011) revealed
that Disc1 mutant mice displayed early postnatal alterations that
were attenuated with age. Thus, we further investigated whether
embryonic neurogenesis and early postnatal formation of cortical
layers may be disrupted in Disc1 mutant mice. To this end, BrdU
was injected into pregnant dams at E14.5, and embryonic brains
were collected at P2 and P22 to analyze neural progenitor prolif-
eration and their distribution within cortical layers. No differ-
ences in the number or distribution of BrdU-positive cells were
observed at either time point (Fig. 1D–F; p � 1.06). Moreover,
analysis of cortical layers, labeled with layer-specific markers
Cux1 (labeling layers II–III) and Tbr1 (labeling layer VI), showed
no difference in thickness at P2 (Fig. 1G,H; Cux1, p � 0.50; Tbr1,
p � 0.95). These data indicate that neural progenitor prolifera-
tion, neuronal migration, and cortical morphology are substan-
tially preserved in the PFC of Disc1 mutant mice.

We next inspected axonal projections in the cortex of Disc1
mutant mice. In the developing hippocampus, we have previ-
ously observed mislocalization of terminals synapsing onto CA3
pyramidal cells in mutant mice (Kvajo et al., 2011). Immunohis-
tochemistry against Neurofilament and L1, two markers of ax-
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onal projections, revealed normal gross distribution of axons
within the cortical layers of E18.5 embryos (Fig. 2A). A further
quantitative analysis of axon localization did not reveal any
change in the spread of axonal fibers (Fig. 2B,C; neurofilament,
p � 0.27; L1, p � 0.60), suggesting that the development and
localization of axonal projections in the cortex is not detectably
impacted by Disc1 deficiency.

Previously, layer V pyramidal neurons in the mPFC of Disc1
mutant mice have been shown to display normal complexity and
total length of their basal dendritic tree and their apical tuft
(Kvajo et al., 2008). To determine the possible effects of the mu-
tation on spine density in this cortical layer, we quantified the
numbers of spines on both apical and basal dendrites (Fig. 2D–
F). No difference was found among the genotypes (apical,
p � 0.52; basal, p � 0.44), suggesting that the cytoarchitecture of
layer V pyramidal neurons in the mPFC is largely normal in
Disc1-deficient mice.

Quantitative proteomic profiling in the prefrontal cortex of
Disc1 mutant mice
As a complement to our morphological analysis, LC-MS E profil-
ing was performed with 3- to 5-month-old male littermates to
determine the effects of Disc1 deficiency in the prefrontal cortex.

After data filtering, the analysis resulted in the identification of a
total of 1044 proteins (in 14 HOM, 17 HET, and 15 WT mice).
Following data quality assessment, we found only 17 proteins
with nominally significant alterations in the frontal cortex
(Table 1). Proteins found altered in this exploratory protein pro-
filing study as well as proteins identified in the literature as inter-
acting with DISC1 were taken forward for targeted SRM analysis.
Proteins from the literature included NDEL1 and LIS1, both af-
fected by disrupted DISC1 function (Bradshaw and Porteus,
2012). SRM is an accurate, reproducible, and quantitative tech-
nique to measure predetermined sets of proteins (Picotti and
Aebersold, 2012). The developed SRM-MS assay validated several
protein changes mainly relating to synaptic maintenance, neuro-
nal proliferation, neuronal migration, and apoptosis. Table 2
shows the validation results of the proteins that were taken for-
ward for which at least two peptides were measured using SRM-
MS. The majority of the proteins were decreased in both HOM
and HET mutant mice. Furthermore, both dihydropyrimidinase-
related proteins (DPYLs) were decreased in the heterozygous
group and DPYL1 in the homozygous group only, whereas the
alterations in MATN4 and HS90A were not reproduced in this
follow-up analysis. Also, no differences were found in NDEL1
and LIS1 levels. The decrease of DPYL proteins may indicate

Figure 1. Cortical architecture in Disc1 mutant mice, neuronal progenitor proliferation, neuronal migration, and cortical layer morphology are largely normal in the PFC of Disc1 mutant mice.
A, Analysis of neuronal density and layer formation in Disc1 mutant mice. NeuN-positive neurons in adult mice are shown. B, NeuN distribution was analyzed across cortical layers encompassed by
an ROI divided into 10 equal bins. C, The number of NeuN-positive cells in each bin was counted and is shown as a percentage of the number in the entire ROI and as a total number of cells in a ROI.
No difference among genotypes was observed (n � 27, 25, 24 ROIs; p � 0.93, two-way RM ANOVA). Scale bar, 100 �m. D–F, Analysis of BrdU incorporation in cortical neurons in P2 mice. D, Cux1
and Tbr1 were used to label cortical layers. E, The distribution of BrdU-labeled neurons was analyzed as for NeuN. No difference was found among the genotypes. The number of BrdU-positive cells
in the entire ROI was also not changed (F; n � 26, 23, 22 ROI, p � 1.06, two-way RM ANOVA). G, H, Quantification of the width of cortical layers II–III labeled by Cux1 (G) and layer VI, labeled by
Tbr1 (H ). No difference was observed among genotypes (n � 31, 31, and 28; Cux1, p � 0.50; Tbr1, p � 0.95, one-way ANOVA).Values represent the mean � SEM. Scale bars, 100 �m.
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alterations in neuronal migration, axonal outgrowth, and path-
finding (Goshima et al., 1995; Minturn et al., 1995). Changes in
DPYLs suggest either that the magnitude of the alteration was not
sufficient to lead to a detectable cellular phenotype or that they
potentially represent compensatory changes that prevent full ex-
pression of the cellular phenotype. Furthermore, a decrease of
synaptic vesicle transport, as indicated by changes in ARF4 (Se-
rafini et al., 1991) and a decrease of EEA2, which relates to the
reuptake of neurotransmitters (Vandenberg and Ryan, 2013),
could partly contribute to the altered synaptic plasticity observed
in the frontal cortex of the DISC1 mouse model (see below).

Disc1 mutant mice show enhanced presynaptic axon
activation and altered basal synaptic transmission in layer V
of the mPFC
The mPFC in rodents is thought to play a critical role in cognitive
control, including working memory, decision-making, and goal-

directed behaviors, analogous to the role of the dorsolateral PFC
in primates (Miller and Cohen, 2001). Multiple lines of evidence
supports that dysfunction of neural circuits in these regions con-
tributes significantly to the behavioral and cognitive disturbances
characteristic of SCZ (Uhlhaas and Singer, 2010). The flow of
neuron activity through cortical columns within different lami-
nae is conjectured to provide the neural basis for the coordina-
tion of cognitive processes. Pyramidal neurons in layer V are
major projection neurons from the mPFC, and their output ac-
tivity reflects the results of the integrative information processing
performed by local circuits within the mPFC. Afferent fibers aris-
ing from superficial cortical layers are an important source of
excitatory input to layer V neurons and thus make an impor-
tant contribution to cortical computation and information
flow (Goldman-Rakic, 1995).

Given our findings indicating largely normal cortical architec-
ture and cytoarchitecture in the PFC, we next sought to deter-

Figure 2. Axonal distribution and cytoarchitecture are largely normal in the PFC of Disc1 mutant mice. A, Analysis of axonal projections in the cortex. E18.5 cortical sections were stained with
antibodies against axonal markers neurofilament and L1. The nuclear marker Topro was used to label cells. The localization of axonal tracts was established by measuring their width within the
cortical layers. B, C, No difference was observed for either neurofilament (B) or L1 (C) labeled axons; n � 33, 19, 23 ROIs: NF, p � 0.27; L1, p � 0.60, one-way ANOVA). Values represent the mean �
SEM. Scale bar, 200 �m. D, Spine density in PFC layer V pyramidal neurons. Schematic depiction of a pyramidal neuron. Boxed segments represent dendritic regions that were analyzed for spine
density. E, F, Disc1 mutation does not alter the density of ether apical (n � 16, 23, 21 neurons; p � 0.52, one-way ANOVA; E) or basal (n � 10 and 9 neurons; p � 0.44, unpaired t test; F ) dendritic
spines. Scale bars, 5 �m. Values represent the mean � SEM.
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mine whether Disc1 mutant mice displayed alterations in
neuronal function within mPFC that could contribute to neural
circuit dysfunction. Field recordings were performed in brain
slices on WT and Disc1 mutant mice to examine the synaptic
properties in layer V neurons in response to the stimulation of
layer II. Basic synaptic transmission was assessed by examining
the input– output relation of synaptic responses. We stimulated
presynaptic fibers in layer II with increasing stimulus intensities
and recorded the evoked fEPSPs in layer V. The initial, small,
nonsynaptic fiber volley was followed by a prominent postsynap-
tic response (Fig. 3A). The amplitude of the fiber volley is consid-
ered to proportionately reflect the number of presynaptic fibers
recruited and serves as an estimate of the magnitude of afferent
inputs. The fEPSP was collected from a population of neurons
and was quantified by measuring the initial slope of the linear
rising phase of the synaptic response (Fig. 3A). As stimulus inten-
sity increased, the Disc1 mutant mice exhibited significantly
greater fEPSP slopes than the wild-type slices (Fig. 3B; p � 0.039,
two-way RM ANOVA), indicating greater synaptic transmission.
To determine whether increased afferent activation contributed
to the increase in evoked fEPSP slope in Disc1 mutant mice, the
amplitude of fiber volley was measured. We found that, for a
given stimulus intensity, Disc1 mutant slices also showed a
significantly greater fiber volley amplitude than wild-type
slices (Fig. 3C; p � 0.027, two-way RM ANOVA), indicating a
larger presynaptic axon recruitment for a given stimulus con-
sistent with increased excitability of these inputs (Simeone et
al., 2013, 2014). Plotting the fEPSP slope against correspond-
ing presynaptic fiber volley amplitude revealed no difference
in the distribution of values obtained between genotypes (Fig.
3D; p � 0.11, nonlinear regression curve fits). These results
suggest that the enhanced basal synaptic transmission ob-
served in layer V mPFC neurons in Disc1 mutant mice appears
to result principally from enhanced recruitment of afferent
input for a given stimulus intensity rather than from a sub-
stantial alteration in baseline synaptic function. Together,

these results suggest the possibility that enhanced excitability
of afferent inputs to layer V may be the most prominent alter-
ation in the mPFC of Disc1 mutant mice.

Layer II/III pyramidal neurons in the mPFC of Disc1 mutant
mice show enhanced excitability
Given the apparently normal development and localization of
axonal projections of cortical neurons of mutant mice (Lepagnol-
Bestel et al., 2013; Fig. 2), we tested whether the increased presyn-
aptic fiber volley detected in layer V field recordings from Disc1
mutant mice could be attributed in part to the increased excit-
ability of neurons in superficial layers synapsing onto layer V
neurons. We used whole-cell recordings to examine intrinsic ex-
citability and membrane properties of layer II–III pyramidal neu-
rons, which give rise to a major source of input to layer V
pyramidal neurons. Action potential firing was assessed in re-
sponse to incremental depolarizing current injections. Resting
membrane potential did not differ between genotypes (WT, n �
8; DISC1-HOM, n � 9; �69.1 � 1.34 vs 70.1 � 2.11 mV; p �
0.71, unpaired t test). Resting membrane potential variation be-
tween cells was eliminated by adjusting the resting potential of all
neurons to �70 mV by the injection of a small, standing current.
Disc1 mutant neurons fired more action potentials than WT neu-
rons for a given current injection, indicating enhanced excitabil-
ity (Fig. 4A,B; p � 0.037, two-way RM ANOVA). The rheobase
current was reduced in Disc1 mutant neurons but did not reach
significance (Fig. 4C; p � 0.30). The afterhyperpolarization
(AHP) of the action potential did not differ between genotypes
and thus could not account for excitability differences (Fig. 4C;
p � 0.89). Furthermore, input resistances did not differ between
WT and Disc1 mutant neurons (Fig. 4C; WT, n � 8; DISC1-
HOM, n � 9; 154 � 15.3 vs 148 � 14.0 M�; p � 0.46, unpaired
t test), suggesting that the observed excitability difference was
likely due to differences in voltage-dependent conductances
rather than differences in passive membrane properties.

Disc1 mutant mice demonstrate multiple alterations in
short-term synaptic plasticity suggestive of enhanced
neurotransmitter release
Although our findings suggested predominant alterations in pre-
synaptic neuronal excitability without major alterations in basal
synaptic function (Fig. 3), we further explored whether synaptic
plasticity was altered in Disc1 mutant mice. While both short-
term and long-term synaptic plasticity alterations have been
implicated in the pathogenesis of multiple neuropsychiatric dis-
eases, recent convergent findings suggest a potentially critical role
for dysfunction of short-term plasticity in underlying the prom-
inent short-term information processing deficits found in SCZ
(Arguello and Gogos, 2012; Crabtree and Gogos, 2014). To de-
termine whether short-term synaptic plasticity was altered in
Disc1 mutant mice, we assessed the synaptic event PPR in layer V
of the mPFC. While both genotypes exhibited synaptic facilita-
tion at short interstimulus intervals (PPR 
 1 at 50 and 100 ms
intervals), Disc1 mutant mice showed reduced PPR compared
with WT mice throughout the entire range of interstimulus in-
tervals strongly suggesting that Disc1 mutant synapses had ele-
vated the initial Pr compared with WT synapses (Zucker and
Regehr, 2002; Fig. 5A,B; p � 0.032, two-way RM ANOVA).
These data suggest that Disc1 mutant mice have alterations in
presynaptic function that lead to enhanced neurotransmitter
release.

To further assess short-term synaptic plasticity, we next exam-
ined STD in response to trains of stimuli. STD is elicited upon

Table 1. Results from the protein discovery study using LC-MS E in frontal cortex
tissue of HOM (n � 14) and HET (n � 17) Disc1-mutant mice versus WT mice
(n � 15)

Protein

WT-HOM mice WT-HET mice

Ratio Disc1/WT P Ratio Disc1/WT p

1433B 1.03 0.4259 1.08 0.0258
1433G 0.97 0.212 0.94 0.0099
AATM 0.95 0.1705 0.93 0.0501
AP2B1 1 0.9585 0.93 0.0408
ARF4 1.14 0.3023 1.34 0.0263
BPHL 0.94 0.4688 0.81 0.0176
DPYL2 0.99 0.6338 0.96 0.0469
EAA2 0.95 0.2693 0.9 0.022
EF1A1 0.93 0.1041 0.89 0.021
MATN4 0.94 0.493 0.8 0.0158
PDZD9 0.96 0.6226 0.83 0.0346
PMF1 0.91 0.3581 0.81 0.0336
Septin-7 (39326) 0.98 0.5595 0.92 0.0409
UB2L3 0.99 0.9374 0.78 0.0358
CALM 1.16 0.0315 1.11 0.1139
DPYL1 1.07 0.0234 1.05 0.0788
HS90A 1.09 0.0309 1.08 0.0409

The table includes Uniprot ID, ratios (calculated based on average), and p values. Note that the adjusted p value
(q value) for all listed proteins is not significant (q � 0.8620). In bold are the proteins with a p value �0.05. HS90A,
Heat shock protein HSP 90-�; CALM, calmodulin; UB2L3, ubiquitin-conjugating enzyme E2 L3; PMF1, polyamine-
modulated factor 1; PDZD9, PDZ domain-containing protein 9; MATN4, matrilin-4; EF1A1, elongation factor 1-� 1;
EAA2, excitatory amino acid transporter 2; BPHL, valacyclovir hydrolase; ARF4, ADP-ribosylation factor 4; AP2B1,
AP-2 complex subunit �; AATM, aspartate aminotransferase; 1433G, 14-3-3 protein �; 1433B, 14-3-3 protein �/�.
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repetitive presynaptic activity and plays a
critical role in neural circuit computation
(Abbott and Regehr, 2004). We thus ana-
lyzed STD at a range of physiologically rel-
evant frequencies (Miller et al., 1996) with
40 stimuli delivered at 5–50 Hz. In re-
sponse to these stimulus trains, rapid de-
pression of synaptic events was observed
in both genotypes, most likely attributable
to the depletion of a readily releasable
pool (RRP) of neurotransmitter vesicles
(Zucker and Regehr, 2002). Disc1 mutant
mice, however, showed significantly
greater synaptic depression at lower stim-
ulus frequencies (5–20 Hz), but not at
higher stimulus frequencies (40 –50 Hz),
compared with WT mice (Fig. 5C,D; p �
0.0089 at 5 Hz; p � 0.0046 at 10 Hz;
p � 0.0084 at 20 Hz; p � 0.095 at 40 Hz;
p � 0.22 at 50 Hz; two-way RM ANOVA).
This enhanced short-term depression
observed in Disc1 mutant mice again
suggests an increased presynaptic prob-
ability of neurotransmitter release at
Disc1 mutant synapses, here leading to
more rapid depletion of the RRP and
resulting in enhanced STD (Zucker and
Regehr, 2002).

We next used an LTP induction pro-
tocol that allowed us to assess both LTP
as well as STP in Disc1 mutant mice (Vo-
lianskis and Jensen, 2003). To deter-
mine the impact of Disc1 deficiency on
the potentiation of synaptic efficacy in
layer V of mPFC, STP and LTP were in-
duced as previously described (Fénelon et al., 2011, 2013).
While STP was observed in both Disc1 mutant and WT mice,
we observed that STP was modestly but not significantly en-
hanced in Disc1 mutant mice (Fig. 5 E, F; p � 0.078, two-way
RM ANOVA). Similarly, assessing LTP 40 min after repeated
tetani revealed no significant difference between genotypes
(Fig. 5F; p � 0.067, two-way RM ANOVA). Together, the
results indicate pervasive alterations in short-term synaptic
plasticity in the absence of long-term plasticity alterations.
Furthermore, the short-term plasticity alterations observed in
Disc1 mutant mice together suggest altered presynaptic func-
tion characterized by enhanced neurotransmitter release
(Zucker and Regehr, 2002).

Layer II/III pyramidal neurons in the mPFC of Disc1 mutant
mice show reduced voltage-gated potassium currents near
action potential threshold
To investigate the potential underlying mechanisms of the en-
hanced excitability we observed in layer II/II pyramidal neurons
in Disc1 mutant mice, we assessed currents in these neurons
known to be involved with determining action potential genera-
tion. As there were no differences in input resistance or capaci-
tance between WT and Disc1 mutant neurons that could explain
observed excitability differences, we investigated whether there
were differences in voltage-gated sodium and potassium currents
between genotypes that might be able to explain the increased
excitability in Disc1 mutant neurons. Whole-cell voltage-clamp
recordings using incremental depolarizing voltage steps from

Table 2. Validation of candidate proteins identified in frontal cortex tissue of HOM and HET Disc1-mutant mice alongside WT mice using SRM-MS

Protein

WT-HOM mice WT-HET mice

Ratio Disc1/WT p q Ratio Disc1/WT p q

ARF4 (P61750) 0.83 0.0275 0.0554 0.72 0.0004 0.0013
EAA2 (P43006) 0.84 0.0277 0.0554 0.79 0.0019 0.0046
1433B (Q9CQV8) 0.57 2.50 � 10 �11 3.05 � 10 �10 0.75 1.44 � 10 �5 8.65 � 10 �5

1433G (P61982) 0.61 1.50 � 10 �9 9.29 � 10 �9 0.86 0.0082 0.0163
DPYL1 (P97427) 0.96 0.5187 0.7780 0.86 0.0276 0.0457
DPYL2 (O08553) 0.69 4.00 � 10 �5 0.0002 0.82 0.0304 0.0457
MATN4 (O89029) 0.99 0.9119 0.9687 0.84 0.1335 0.1602
HS90A (P07901) 1.00 0.9687 0.9687 0.89 0.19 0.2072

Selected proteins were either identified in the discovery study (Table 1) or previously linked to Disc1 function. The table includes Uniprot ID, ratios (calculated based on average), p values ( p), and adjusted p values (q values). In bold are the
proteins with a p value�0.05. HS90A, P07901, Heat shock protein HSP 90-�; MATN4 (O89029), matrilin-4; 1433G (P61982), 14-3-3 protein �; 1433B (Q9CQV8), 14-3-3 protein �/�; EAA2 (P43006), excitatory amino acid transporter 2; ARF4
(P61750), ADP-ribosylation factor 4.

Figure 3. Enhanced recruitment of inputs to mPFC layer V in Disc1 mutant mice. A, Sample traces of field EPSP (WT, black traces;
DISC1-HOM, red traces) obtained in response to incrementally increased stimulus intensities and showing the measurement of the
amplitude of the fiber volley (blue arrow) and the slope of the fEPSP (blue line). Scale bars, 0.5 mV and 10 ms. B, The fEPSP
input– output relationship is significantly enhanced in DISC1-HOM mice across a wide range of stimulus intensities (WT mice: black
dots, N � 16, n � 41; DISC1-HOM mice: red dots, N � 19, n � 42; two-way RM ANOVA, p � 0.039; post hoc testing; *p � 0.05).
C, The afferent fiber volley amplitudes are significantly greater in DISC1-HOM mice (red dots, N � 15, n � 22) than in WT controls
(black dots, N � 13, n � 22) across a wide range of stimulus intensities (two-way RM ANOVA, p � 0.027; post hoc testing, **p �
0.01, ***p � 0.001). D, Plot of fEPSP slope against corresponding presynaptic fiber volley amplitude for WT (black dots; N � 13,
n � 22) and DISC1-HOM mice (red dots; N � 15, n � 22) shows no difference in the distribution of values obtained between
genotypes (comparison of fits, p � 0.11), indicating no difference in basal synaptic strength.
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�70 mV were used to activate voltage-gated channels. Series re-
sistance (Rser) errors were partially corrected (70% prediction,
85% series resistance compensation) and did not differ system-
atically between recordings from WT and Disc1 mutant neurons
(WT, n � 10, Rser � 18.4 � 1.9 M�; DISC1-HOM, n � 8, Rser �
16.7 � 3.6 M�; p � 0.33, unpaired t test). While there are inher-
ent technical limitations with the voltage-clamp technique that
preclude precise quantification of fast, voltage-gated sodium cur-
rents in our recordings from neurons with complex, nonideal
morphology, the absence of significant alterations in neuronal
morphology and dendritic complexity in PFC pyramidal neurons
in Disc1 mutant mice suggest that comparisons of the relative
magnitudes of these fast, transient inward currents between ge-
notypes might remain potentially informative (Kvajo et al.,
2008). The peak magnitude of the transient inward currents elic-
ited by voltage steps to either �40 mV [approximating AP

threshold voltage (Vthresh)] or 0 mV did not differ between WT
and DISC1-HOM neurons (Fig. 6A,B; �40 mV, p � 0.22; 0 mV,
p � 0.30; unpaired t test). In contrast, however, the magnitude of
the potassium currents elicited by voltage steps to either �40 or 0
mV were markedly reduced in Disc1 mutant neurons compared
with WT neurons, suggesting that a reduction of these potassium
currents near AP threshold voltages likely accounted for the ob-
served increased excitability in Disc1 mutant neurons (Li et al.,
2011; Fig. 6A,C; �40 mV, p � 0.0047; 0 mV, p � 0.0072).

Selective reduction in Kv1.1 expression and function
underlies enhanced excitability in Disc1 mutant neurons
To determine whether the changes observed in voltage-gated cur-
rents were in part due to changes in the expression of sodium and
potassium channels, we performed qRT-PCR analysis in the PFC
of Disc1 mutant mice and wild-type littermates. Based upon ki-
netic properties and prominent expression in cortical pyramidal
neurons, we hypothesized that Nav1.6 and Kv1.1 were the most
likely candidates responsible for contributing to the currents as-
sessed in electrophysiology assays (Fig. 6A–C). Paralleling elec-
trophysiology results, the analysis of PFC expression levels with
qRT-PCR revealed a small reduction in Nav1.6 and a marked
reduction in Kv1.1 expression in Disc1 mutant mice compared
with WT mice (Fig. 6D; Nav1.6 vs DISC1-HET, p � 0.05; Nav1.6
vs DISC1-HOM, p � 0.01; Kv1.1 vs DISC1-HET, p � 0.05; Kv1.1
vs DISC1-HOM, p � 0.001; one-way ANOVA). To determine
whether reduced Kv1.1 expression was uniquely responsible for
the reduced voltage-dependent potassium currents observed in
Disc1 mutant mice, we examined the expression of additional Kv

family candidates with similar near-threshold activation proper-
ties as Kv1.1 and with known expression in neocortical pyramidal
neurons. Analysis of PFC expression levels of Kv1.2, Kv1.3, Kv1.6,
and Kv2.1 revealed no differences in Disc1 mutant mice com-
pared with WT mice (Fig. 6E; Kv1.2, p � 0.44; Kv1.3, p � 0.083;
Kv1.6, p � 0.26; Kv2.1, p � 0.60; unpaired t test). Together, elec-
trophysiology and expression results specifically implicated re-
duced functional expression of Kv1.1-containing channels as a
substantial underlying cause of the hyperexcitability observed in
Disc1 mutant neurons.

Acute pharmacological blockade of Kv1.1 in WT neurons
recapitulates the enhanced excitability observed in Disc1
mutant neurons
To further explore whether reduced functional expression of
Kv1.1 was indeed a significant cause of hyperexcitability of Disc1
mutant neurons, we examined the effects of acute pharmacolog-
ical blockade of Kv1.1 upon the excitability of layer II/III pyrami-
dal neurons. We assessed excitability with whole-cell recordings
in which current steps were used to evoke APs, both before and
after the application of DTX-K (100 nM), a specific blocker of
Kv1.1-containing channels. In agreement with our initial excit-
ability finding (Fig. 4A,B), before the application of DTX-K,
layer II/II pyramidal neurons in Disc1 mutant brain slices showed
enhanced AP generation compared with WT neurons (Fig. 7B;
p � 0.019, two-way RM ANOVA). Furthermore, in WT layer
II/III pyramidal neurons, DTX-K significantly enhanced the ex-
citability compared with pretreatment levels as DTX-K applica-
tion increased AP generation responses to a given current
step—which is comparable to the excitability levels observed
in untreated Disc1 mutant neurons—indicating that Kv1.1-
containing channels normally exert a suppressive influence on
excitability in these neurons (Fig. 7A,B; p � 0.032, two-way RM
ANOVA). In contrast, this same experimental paradigm revealed

Figure 4. Enhanced excitability of mPFC layer II/III pyramidal neurons in Disc1 mutant mice.
A, Disc1 mutant neurons display enhanced excitability (red trace) compared with WT neurons
(black trace). Representative traces from current-clamp recordings from layer II/III pyramidal
neurons showing near-maximal AP responses to a 400 pA current step. Calibration: 20 mV, 100
ms. Reference levels, Vrest � �70 and 0 mV. B, Summary data (mean � SEM) of the number
of APs evoked in response to 500 ms currents steps. WT recordings, black; DISC1-HOM record-
ings, red (WT, DISC1-HOM: n � 8, n � 9; two-way RM ANOVA, p � 0.037). Values represent
the mean � SEM. C, Summary data (mean � SEM) of input resistance (Rin, left), AHP (middle),
and rheobase current (Irheo, right). WT recordings, black; DISC1-HOM recordings, red (WT,
n � 8; DISC1-HOM, n � 9; Rin, p � 0.58; AHP, p � 0.80; Irheo, p � 0.30).
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that DTX-K failed to enhance excitability in Disc1 mutant II/III
pyramidal neurons, consistent with the markedly decreased
Kv1.1 expression in Disc1 mutants (Fig. 6D), leading to a mark-
edly reduced contribution of Kv1.1-containing channels in sup-
pressing excitability in Disc1 mutant neurons (Fig. 7B; p � 0.41,
two-way RM ANOVA).

The fact that we observed almost no effect upon excitability
after DTX-K blockade of Kv1.1 in Disc1 mutant neurons despite
residual Kv1.1 expression suggests the possibility of a nonlinear
impact of Kv1.1 expression levels upon excitability that could
potentially arise from mechanisms ranging from channel assem-
bly dynamics up to the level of the complex functional interplay

among the channels responsible for regulating excitability. Al-
though Kv1 family channels have been implicated in contributing
to the afterhyperpolarization (Glazebrook et al., 2002), Kv1.1
blockade with DTX-K had no significant effect on afterhyperpo-
larization (Fig. 7C; WT vs DISC1-HOM, p � 0.83; WT vs WT-
DTX, p � 0.43; DISC1-HOM vs DISC1-HOM-DTX, p � 0.39),
which is consistent with our finding that the AHP was unaltered
in Disc1 mutant neurons. Kv1.1 blockade did not reduce the rheo-
base current in Disc1 mutant neurons, whereas it caused a mod-
est, although nonsignificant, reduction in the rheobase current in
WT neurons [Fig. 7C; WT vs DISC1-HOM, p � 0.50; WT vs
WT-DTX, p � 0.98; DISC1-HOM vs DISC1-HOM-DTX, p �

Figure 5. Disc1 mutant mice display multiple alterations in short-term synaptic plasticity, suggesting enhanced presynaptic neurotransmitter release. A, Paired-pulse ratio fEPSP representative
traces (WT, black trace and DISC1-HOM, red trace) obtained at an interstimulus interval (ISI) of 50 ms. Calibration: 1 mV and 10 ms. B, PPR is significantly decreased in DISC1-HOM mice (red dots, N �
6, n � 17) compared with WT controls (black dots, N � 6, n � 21) over the range ISIs of 20 – 800 ms ( p � 0.032, two-way RM ANOVA). C, Representative traces of superimposed fEPSP responses
from WT (black traces) and DISC1-HOM mice (red traces) evoked by 40 stimuli applied at 10 Hz. Calibration: 0.5 mV and 5 ms. D, STD shows a frequency-dependent difference between genotypes.
STD is significantly greater in DISC1-HOM mice (red dots, N � 6, n � 18) than WT mice (black dots, N � 6, n � 22) during 5, 10, and 20 Hz trains (stimulation frequency � genotype interaction;
5 Hz, p � 0.0089; 10 Hz, p � 0.0046; 20 Hz, p � 0.0084, two-way RM ANOVA) but is comparable between genotypes during 40 Hz trains ( p � 0.095, two-way RM ANOVA). E, STP sample traces
of fEPSP before (WT, black trace; DISC1-HOM, red trace) and immediately after the first tetanization (WT, gray trace; DISC1-HOM, pink traces). F, STP and LTP in WT (black dots, N � 11, n � 15) and
DISC1-HOM mice (red dots, N�12, n�16). There is a nonsignificant enhancement of STP immediately after the first 50 Hz train (first arrow) in DISC1-HOM mice ( p�0.0784, two-way RM ANOVA).
After four consecutive 50 Hz trains (four arrows), long-term potentiation assayed 40 min post-tetanization is comparable between genotypes ( p � 0.067, two-way RM ANOVA). Values represent
the mean � SEM.
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0.11 (NS)]. Together, these results using highly specific pharma-
cological blockade of Kv1.1-containing channels (Robertson et
al., 1996; Bagchi et al., 2014), coupled with results showing iso-
lated and marked reductions in expression of Kv1.1 in the PFC of
Disc1 mutant mice (Fig. 6D,E), strongly suggest that the en-
hanced neuronal excitability observed in Disc1 mutant mice is
likely largely the result of reduced functional expression of Kv1.1-
containing channels.

Reduced functional expression of Kv1.1 in Disc1 mutant mice
contributes to enhanced presynaptic neurotransmitter release
and altered short-term plasticity
We next investigated whether the reduced functional expression of
Kv1.1-containing channels in Disc1 mutant mice was further re-
sponsible for the alterations observed in short-term synaptic plastic-
ity, which had suggested enhanced presynaptic neurotransmitter
release (Fig. 5). Alterations in voltage-dependent potassium chan-
nels have been shown to impact synaptic function and plasticity.
Specifically, in addition to effects upon excitability, reduced expres-
sion, inactivation, or blockade of Kv family channels, including
Kv1.1, can lead to action potential widening, which can dramatically
facilitate neurotransmitter release through the enhanced AP-evoked
Ca2� influx that results from prolonged activation of voltage-

dependent calcium channels present at pre-
synaptic terminals (Borst and Sakmann,
1999; Geiger and Jonas, 2000; Brew et al.,
2003; Guan et al., 2007; Kole et al., 2007). To
assess whether the reductions in Kv1.1 ex-
pression and function we observed in Disc1
mutant mice were associated with AP wid-
ening that could enhance neurotransmitter
release, we compared single, isolated action
potentials in layer II/III pyramidal neurons
in Disc1 mutant and WT mice. Consistent
with reduced functional expression of
Kv1.1, action potentials in Disc1 mutant
mice, although showing unchanged rise
rates, displayed significant widening and
significantly slower decay rates compared
with action potentials in WT neurons (Fig.
8A,B; AP width, p � 0.020; rise rate, p �
0.23; decay rate, p � 0.030). While the AP
rise rate was reduced in Disc1 mutant neu-
rons, this reduction was not statistically sig-
nificant, possibly due to the only modest
reductions observed in Nav1.6 expression
(Fig. 6D), which may not be sufficient to
affect the overwhelming functional domi-
nance of the voltage-gated sodium channel
conductance during the rising phase of the
action potential. These results support that
reductions of Kv1.1 functional expression in
Disc1 mutant mice lead to significant AP
widening that would likely prolong AP-
mediated depolarization of presynaptic ter-
minals and thus lead to enhanced initial Pr

at Disc1 mutant synapses.
As action potential widening in Disc1

mutant neurons predicted the possibility
of enhanced neurotransmitter release
from the presynaptic terminals of these
neurons, we next investigated whether re-
ductions in Kv1.1 function were responsi-

ble for the alterations in short-term synaptic plasticity observed
in Disc1 mutant mice that likewise suggested enhanced neu-
rotransmitter release (Fig. 5). To determine whether the reduced
Kv1.1 expression in Disc1 mutant mice caused the synaptic dif-
ferences we observed in mPFC, DTX-K was applied to selectively
block Kv1.1-containing channels (Gittelman and Tempel, 2006).
Synaptic responses were quantified by measuring the input– out-
put curves before and during DTX-K (100 nM) application (Fig.
8C,D). To overcome the variation of basal synaptic responses
among individual slices and to highlight the differential effects of
DTX-K between genotypes, synaptic responses were normalized
within genotypes to the maximal synaptic response before DTX
application (Fig. 8E,F). We found that DTX-K significantly en-
hanced the input– output relation in WT mice but was without
significant effect upon Disc1 mutant mice (Fig. 8E, WT, p �
0.0044; Fig. 8F, DISC1-HOM, p � 0.36; two-way RM ANOVA;
Fig. 8C,D). Analysis of fiber volley amplitude before and after
DTX-K, while not reaching statistical significance, is consistent
with the possibility of a similar genotype-specific effect of DTX-K
whereby fiber volley amplitude in WT mice appeared enhanced
but was largely unaffected in Disc1 mutant mice (Fig. 8G, WT,
p � 0.26; Fig. 8H, p � 0.65, two-way RM ANOVA).

Figure 6. Selective reductions in Kv1.1 in Disc1 mutant mice may underlie hyperexcitability in Disc1 mutant mice. A, Disc1
mutant neurons display reduced voltage-dependent potassium currents (red traces) compared with WT neurons (black traces).
Representative traces from voltage-clamp recordings from layer II/III pyramidal neurons showing activation of fast, transient
inward currents and noninactivating potassium currents in response to voltage steps from �70 to �40 mV (near VAP-thresh) and
0 mV. Calibration: 500 pA, 25 ms. Reference level: holding current at Vrest � �70 mV. B, Transient inward currents—including
major contributions from voltage activated sodium currents—show modest yet nonsignificant reductions in mPFC layer II/III
pyramidal neurons in Disc1 mutant mice. Summary data (mean � SEM) of peak fast, transient currents evoked by voltage steps
from �70 mV to indicated voltages. WT, black bars; DISC1-HOM, red bars. (WT, DISC1-HOM: n � 10, n � 8; unpaired t test: step
to �40 mV, p � 0.22; 0 mV, p � 0.30). C, Summary data (mean � SEM) of steady-state potassium currents evoked by voltage
steps from�70 mV to the indicated voltage. WT, black bars; DISC1-HOM, red bars (WT, n�10; DISC1-HOM, n�8; unpaired t test:
step to �40 mV, p � 0.0047; 0 mV, p � 0.0072). D, PFC mRNA expression of Kv1.1 and Nav1.6 are reduced in Disc1 mutant mice.
Summary qRT-PCR data (mean � SEM) of Kv1.1 and Nav1.6 expression in PFC (normalized to 100% for WT levels). WT, black bars;
DISC1-HET, pink bars, DISC1-HOM, red bars (WT, n � 7; DISC1-HET, n � 6; DISC1-HOM, n � 6; one-way ANOVA: Nav1.6:
DISC1-HET, p � 0.05; DISC1-HOM, p � 0.01; Kv1.1: DISC1-HET, p � 0.05; DISC1-HOM: p � 0.001). E, Selective reduction of Kv1.1
in Disc1 mutant mouse PFC. qRT-PCR data (mean � SEM) of Kv1.1, Kv1.2, Kv1.3, Kv1.6, and Kv2.1 expression in PFC (normalized to
100% for WT levels). WT, black bars; DISC1-HOM, red bars (WT, n�7; DISC1-HOM, n�6; unpaired t test: Kv1.1, p�0.0003; Kv1.2,
p � 0.44; Kv1.3, p � 0.083; Kv1.6, p � 0.26; and Kv2.1, p � 0.60).
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These data suggest that Kv1.1 normally exerts a suppressive
action upon synaptic transmission in WT mice and that the en-
hanced synaptic transmission observed in Disc1 mutant mice
(Fig. 3A,B)—and the lack of effect of Kv1.1 blockade in these
mice—results in part from an absence of this suppressive action
due to the profound reduction in the functional expression of
Kv1.1-containing channels in Disc1 mutant mice (Fig. 6C,D). As
this experiment, however, could not resolve whether reduced
Kv1.1 function enhanced synaptic transmission through en-

hanced presynaptic excitability (Fig. 3B–D) or through enhanced
neurotransmitter release, we further explored the potential im-
pact of Kv1.1 on synaptic function by assessing short-term syn-
aptic plasticity.

To directly test whether the alterations in short-term plasticity
observed in Disc1 mutant mice that are consistent with enhanced
neurotransmitter release (Fig. 5A–D) resulted from the reduced
functional expression of Kv1.1, we next examined the effects of
Kv1.1 blockade on short-term plasticity. The paired-pulse ratio of
synaptic responses was tested before and during DTX application
in Disc1 mutant and WT mice. Before DTX-K application, Disc1
mutant mice showed significantly reduced PPR compared with
WT mice, confirming our previous results that were consistent
with enhanced neurotransmitter release in Disc1 mutant mice
(Fig. 8I, p � 0.037, two-way RM ANOVA; Fig. 5A,B). In the
presence of DTX-K, the paired-pulse ratio in WT mice was re-
duced to a level indistinguishable from that of untreated Disc1
mutant mice, while DTX-K was without effect upon the PPR of
Disc1 mutant mice (Fig. 8I, p � 0.72, two-way RM ANOVA). As
such, Kv1.1 blockade abolished the difference in PPR between
genotypes. Furthermore, because Kv1.1 blockade led to enhanced
neurotransmitter release in WT mice but was without effect in
Disc1 mutant mice, there is a strong suggestion that the enhanced
neurotransmitter release observed in mutant mice was largely
due to the reduced functional expression of Kv1.1.

We further tested whether the enhanced STD observed during
stimulus trains in Disc1 mutant mice was in part due to reduced
Kv1.1 function. Similar to paired-pulse studies, we found that the
application of DTX-K abolished the differences in STD between
genotypes (Figs. 5D, 8J; p � 0.38 at 5 Hz, p � 0.33 at 10 Hz, and
p � 0.11 at 20 Hz, two-way RM ANOVA).

Together, these results showing that Kv1.1 blockade (1) mim-
ics in WT mice the synaptic alterations found in Disc1 mutant
mice, (2) has no detectable effect upon synaptic function in mu-
tant mice, and (3) eliminates detectable differences in synaptic
function between genotypes strongly argue that the proximate
deficit underlying the synaptic alterations in Disc1 mutant mice,
arises primarily due to reduced the functional expression of Kv1.1
channels in afferent excitatory inputs within mPFC layer V. We
performed a series of additional experiments to refine and solid-
ify this basic tenet of our model.

Many cellular mechanisms are known to regulate both synap-
tic transmission and short-term synaptic plasticity. Alterations in
voltage-gated calcium channels (VGCCs) or intracellular cal-
cium stores, for example, could directly impact neurotransmitter
release probability and thus short-term synaptic plasticity (Rose
and Konnerth, 2001; Catterall and Few, 2008). Recent studies
suggested the possibility that intracellular Ca2� store function
(Park et al., 2015; Tsuboi et al., 2015) and VGCC function (Tang
et al., 2016) may be altered by Disc1 deficiency. Although our
ensemble results implicating Kv1.1 hypofunction as primarily re-
sponsible for excitability and synaptic plasticity alterations in our
Disc1 mutant mice would be difficult to reconcile with primary
alterations in VGCCs or intracellular Ca2� store function, we also
explored whether these two important mechanisms that modu-
late short-term synaptic plasticity were altered in Disc1 mutant
mice. To assess these possibilities, we used fura-2 Ca2�-imaging
studies of neuronal cell bodies in cultured cortical neurons. These
studies indicated a small but significant elevation in resting cyto-
solic Ca2� in Disc1 mutant neurons (p � 0.030; Fig. 9A). Re-
sponses to high potassium challenges (50 mM, 15 s), however,
showed no detectable alterations in Ca2� fluxes in Disc1 mutant
neurons (p � 0.28; Fig. 9A), indicating that voltage-gated cal-

Figure 7. Selective pharmacological blockade of Kv1.1 causes enhanced excitability of mPFC
layer II/III pyramidal neurons. A, WT neurons in the presence of the selective Kv1.1 blocker DTX-K
(100 nM) display enhanced excitability (gray trace) compared with pretreatment excitability
levels (black trace). Representative traces from current-clamp recordings from layer II/III pyra-
midal neurons showing AP responses to a 250 pA current step. Calibration: 20 mV, 100 ms.
Reference levels: Vrest � �70 and 0 mV. B, Summary data (mean � SEM) of number APs
evoked in response to 500 ms currents steps. WT, black; WT-DTX, gray; DISC1-HOM, red; DISC1-
HOM-DTX, pink [WT � DTX, n � 8; DISC1-HOM � DTX, n � 7; two-way RM ANOVA: WT vs
DISC1-HOM, p � 0.019; WT vs WT-DTX, p � 0.032; DISC1-HOM vs DISC1-HOM-DTX, p � 0.41
(NS)]. Values represent the mean � SEM. C, Summary data (mean � SEM) of AHP (left) and
rheobase current (Irheo, right) before and during Kv1.1 blockade with 100 nM DTX-K. WT record-
ings, black; in DTX-K, gray; DISC1-HOM recordings, red; in DTX-K, pink [WT � DTX, n � 8;
DISC1-HOM � DTX, n � 7; AHP: WT vs DISC1-HOM, p � 0.83; WT vs WT-DTX, p � 0.43;
DISC1-HOM vs DISC1-HOM-DTX, p � 0.39; Irheo, WT vs DISC1-HOM, p � 0.50; WT vs WT-DTX,
p � 0.18; DISC1-HOM vs DISC1-HOM-DTX, p � 0.11 (NS)].
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cium channel function was not likely sub-
stantially different between genotypes.
Similarly, assays of intracellular Ca2�

store function revealed that neither the
percentage of responding neurons nor the
amplitude of Ca2� responses was altered
in Disc1 mutant mice. Calcium responses
to caffeine challenges (10 mM, 30 s) to as-
sess ryanodine-sensitive Ca2� stores re-
vealed no detectable alterations in Disc1
mutant neurons (percentage responders,
p � 0.22; Ca2� response amplitude, p �
0.18; Fig. 9B). Likewise, calcium responses
to ATP challenges (100 �M, 1 min) to as-
sess IP3-receptor-sensitive Ca2� stores re-
vealed no detectable alterations in Disc1
mutant neurons (percentage of respond-
ers, p � 0.68; Ca2� response amplitude,
p � 0.77; Fig. 9C). Together, these results

Figure 8. Reductions in Kv1.1 function in Disc1 mutant mice cause altered short-term synaptic plasticity consistent with
enhanced neurotransmitter release. A, Disc1 mutant neurons display AP widening (red trace) compared with WT neurons (black
trace). Representative traces from current-clamp recordings from layer II/III pyramidal neurons showing AP responses to a mini-
mal, threshold current step. Calibration: 20 mV, 5 ms. B, Summary data (mean � SEM) of AP width (left), rise rate (center), and
decay rate (right). WT recordings, black bars; DISC1-HOM recordings, red bars (WT, n �8; DISC1-HOM, n �10; paired t test: width,

4

p � 0.020; rise rate, p � 0.23; decay rate, p � 0.030).
C, Sample traces of fEPSP before (WT, black traces; DISC1-HOM,
red traces) and 25 min after DTX-K application (WT, gray trac-
es; DISC1-HOM pink traces). D, Time course of onset of DTX-K
action highlights enhanced impact upon synaptic transmis-
sion in WT compared with Disc1-mutant mice. Representative
example of change in fEPSP slope from before (WT, black dots;
Disc1 mutant, red dots) and during100 nM DTX-K application
over 25 min (WT, gray dots; Disc1 mutant, pink dots). DTX-K
begins to result in increased fEPSP slope after �5 min and
reaches a plateau after �20 min DTX-K perfusion. E, The nor-
malized input– output relation of WT mice before (black dots)
and after 100 nM DTX-K application (gray dots). DTX-K signifi-
cantly increases the synaptic responses of WT mice (N � 7,
n � 14, p � 0.044, two-way RM ANOVA). Post hoc analysis,
**p � 0.01, ***p � 0.001. Data are normalized to maximum
fEPSP slope value before DTX-K application. F, The normalized
input– output relation of Disc1 mutant mice before (red dots)
and after DTX-K application (pink dots), showing that DTX-K
does not affect synaptic responses in Disc1 mutant mice signif-
icantly (N �7, n �14; p �0.364, two-way RM ANOVA). Data
are normalized to maximum fEPSP slope value before DTX-K
application. G, Afferent fiber volley amplitudes in WT mice be-
fore (black) and during (gray) DTX-K application. Data are nor-
malized to untreated response at maximal stimulation (N�5,
n � 7; two-way RM ANOVA, p � 0.26; post hoc testing re-
vealed no significant differences). H, Afferent fiber volley am-
plitudes in Disc1 mutant mice before (red) and during (pink)
DTX-K application. Data are normalized to untreated response
at maximal stimulation (N � 5, n � 7; two-way RM ANOVA,
p � 0.26; post hoc testing revealed no significant differences).
I, PPR of WT and Disc1 mutant mice before and after DTX-K
application. Before applying DTX-K, Disc1 mutant mice (red
dots, N � 7, n � 14) exhibit a significantly decreased PPR
across the range of ISIs compared with WT mice (black dots,
N � 7, n � 14; p � 0.0375, two-way RM ANOVA). This dif-
ference in PPR is abolished by 100 nM DTX-K application (WT
and Disc1 mutant, gray and pink dots, respectively, p � 0.718,
two-way RM ANOVA). J, Short-term depression of WT (gray
dots; N � 7, n � 14) and DISC1-HOM (pink dots; N � 7, n �
14) mice after 100 nM DTX-K application, elicited by 5, 10, and
20 Hz stimulus trains. In DTX-K, there is no difference in STD
between genotypes (5 Hz, p � 0.38; 10 Hz, p � 0.33; 20 Hz,
p � 0.11; two-way RM ANOVA). Values represent mean �
SEM.
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suggest that the function of both voltage-gated Ca2� channels
and intracellular Ca2� stores are unaltered in cortical neurons of
Disc1 mutant mice. It should be noted, however, that these results
obtained from neuronal somata may not necessarily quantita-
tively reflect the function of these processes within presynaptic
terminals where neurotransmitter release is directly regulated.
Despite this limitation, our results suggest that alterations in ei-

ther of these processes are unlikely to be the primary underlying
cause of the synaptic alterations we observed.

Our results suggest that the synaptic plasticity alterations we
observed in Disc1 mutant mice arose most likely due to Kv1.1
hypofunction in excitatory neurons synapsing onto layer V neu-
rons. It is possible, however, that Kv1.1 hypofunction in inhibi-
tory GABAergic neurons may be contributing through an
indirect mechanism. A Kv1.1 hypofunction in inhibitory neurons
could lead to enhanced GABA release— due to AP widening—
from these neurons (Brew et al., 2003; Begum et al., 2016). The
resultant enhanced GABA release could in turn act to suppress
glutamate release through a heterosynaptic mechanism involving
enhanced GABA-mediated activation of presynaptic GABAB re-
ceptors on glutamatergic terminals (Davies et al., 1990; Dutar and
Nicoll, 1988; but see also Brenowitz et al., 1998; Yamada et al.,
1999). Such indirect GABAergic effects could in theory contrib-
ute to the alterations in synaptic plasticity we observed in Disc1
mutant mice (Fig. 5C,D). To address this possibility, we reas-
sessed short-term synaptic depression in Disc1 mutant mice dur-
ing GABAB receptor blockade (CGP54626, 10 �M) to eliminate a
possible modulatory contribution of GABAB receptor activation
to the excitatory short-term depression.

We found that GABAB receptor blockade had no detectable
effect upon the dynamics of excitatory short-term synaptic de-
pression during stimulus trains in either WT or mutant mice
(Fig. 10; effect of GABAB blockade at 5, 10, and 20 Hz: WT, p �
0.76, p � 0.99, and p � 0.13; DISC1-HOM, p � 0.46, p � 0.91,
p � 0.24; two-way RM ANOVAs). These results indicate that any
potential influence of GABAB receptor activation at these syn-
apses under our stimulation conditions is at most very minor and
therefore it would be unlikely that any potential alteration in
GABAB receptor activation at these synapses would be able to
account for the altered short-term depression we observed in
Disc1 mutant mice (Figs. 5C,D, 10). These results thus further
support the notion that the short-term depression alterations we
observed in Disc1 mutant mice arise due to Kv1.1 hypofunction
directly in the afferent excitatory inputs synapsing onto layer V
neurons rather than through an indirect mechanism involving
GABAergic neurons.

One potential additional implication of Kv1.1 hypofunction
in these excitatory neurons synapsing in layer V might be that
these neurons could have enhanced rates of spontaneous APs at
rest and that this could result in enhanced sEPSCs detected in
layer V neurons. It is unclear, however, whether the reduced
expression of Kv1.1 would lead to enhanced rates of spontaneous
APs under resting conditions in excitatory neurons in general or,
more specifically, in the excitatory neurons under study here that
synapse in layer V of the mPFC. In fact, there are a number of
reasons to suspect that Kv1.1 hypofunction may not lead to a
substantial enhancement of the spontaneous AP rate in excit-
atory neurons.

First, Kv1.1 channels only begin to show significant activation
near the AP threshold voltage (Grissmer et al., 1994; Bekkers and
Delaney, 2001; Brew et al., 2003; Guan et al., 2007), suggesting
that at resting membrane potentials alterations in Kv1.1 levels
would have little direct influence upon either the resting mem-
brane potential (Brew et al., 2003; Guan et al., 2007) or the gen-
eration of spontaneous APs in otherwise quiescent neurons.
Second, although Kv1.1-null mice show spontaneous seizures
(Smart et al., 1998) and complete deletion or blockade of Kv1.1
leads to enhanced rates of spontaneous, AP-driven synaptic
events arising from GABAergic neurons (Southan and Robert-
son, 1998a,b; Tan and Llano, 1999; Zhang et al., 1999; Herson et

Figure 9. The function of voltage-gated calcium channels and intracellular Ca2� stores are
largely unaltered in Disc1 mutant mice. A, Summary data (mean � SEM) of resting intracellular
Ca2� (resting fura-2, 340/380 nm; left) and peak Ca2� responses to high potassium challenges
(HiK; 50 mM KCl, peak 340/380 response; right) in cultured cortical neurons (neurons/prepara-
tions: WT, n � 1001/3; DISC1-HOM, n � 1110/3; baseline 340/380 ratio, p � 0.0297; peak HiK
340/380 response, p � 0.283, paired t tests). B, Summary data (mean � SEM) of caffeine-
evoked Ca2� responses (caffeine 10mM, CAFF; percentage of responding neurons, left; peak
340/380 response, right) in cultured cortical neurons (neurons/preparations: WT, n � 1001/3;
DISC1-HOM, n � 1110/3; percentage of neurons responding, p � 0.222; peak caffeine-evoked
340/380 response, p � 0.178; decay rate, paired t tests). C, Summary data (mean � SEM) of
ATP-evoked Ca2� responses (ATP, 100 �M; percentage responding neurons, left; peak 340/380
responses, right) in cultured cortical neurons (neurons/preparations: WT, n � 629/3; DISC1-
HOM, n � 832/3; percentage of neurons responding, p � 0.683; peak caffeine-evoked 340/
380 response, p � 0.772; decay rate, paired t tests).

4172 • J. Neurosci., April 12, 2017 • 37(15):4158 – 4180 Crabtree et al. • Altered Kv Channel Function in Disc1 Mutant Mice



al., 2003), there seems to be very little if any direct evidence sup-
porting either enhanced spontaneous AP generation in excitatory
neurons or enhanced rates of sEPSCs arising from excitatory neu-
rons (Zhang et al., 1999; Cunningham and Jones, 2001; van Bred-
erode et al., 2001; but see Lambe and Aghajanian, 2001 and Zhou
et al., 1999; Kopp-Scheinpflug et al., 2003). Finally, during our
current-clamp experiments herein, we never observed any spon-
taneous APs in layer II/III pyramidal neurons across all of our
recordings (data not shown), suggesting that spontaneous APs
arising in these neurons are rather infrequent events.

Despite the paucity of either theory or experimental literature
supporting a role for Kv1.1 in regulating spontaneous AP-driven
glutamatergic synaptic events, we assessed whether sEPSCs were
altered at layer V pyramidal neurons in Disc1 mutant mice. To

address this possibility, we performed whole-cell recordings in
layer V pyramidal neurons in acute brain slices and monitored
spontaneous synaptic events at �70 mV. We found that neither
the frequency nor the amplitudes of sEPSCs were altered in Disc1
mutant mice (Fig. 11A; amplitude, p � 0.90; frequency, p � 0.96;
unpaired t tests). As AP-driven sEPSC could likely be reflected by
larger synaptic events, we also assessed the frequency of sEPSCs
that were �20 pA, which represented �5% of all sEPSC events
detected. We found that even among this group of “large-
amplitude” sEPSCs there was no statistically significant alteration
in frequency in Disc1 mutant mice (Fig. 11B; p � 0.479, unpaired
t test). Overall, these results assessing spontaneous glutamatergic
transmission at layer V pyramidal neurons most likely indicate
that the enhanced AP generation during current steps we ob-
served in Disc1 mutant layer II/III pyramidal cells (Figs. 4, 7)
does not additionally extend to hyperexcitability at the level of
spontaneous AP generation in resting Disc1 mutant excitatory
neurons.

Reductions in Kv1.1 functional expression are due to
dysregulation of cAMP levels in Disc1 mutant mice
Because reduced Kv1.1 expression in Disc1 mutant mice sug-
gested altered gene regulation (Fig. 6D,E), we investigated
whether previously described alterations in cAMP levels and me-
tabolism in Disc1 mutant mice might be in part responsible for
these alterations in Kv1.1 gene expression (Millar et al., 2007;
Kvajo et al., 2011). Our previous analysis in the hippocampus of
Disc1 mutant mice revealed a decrease in the protein levels and
activity of PDE4 isoforms, as well as increased cAMP levels and
phosphorylation of the key transcription factor CREB (Kvajo et
al., 2011). CREB activity has been associated with the regulation
of neuronal excitability through changes in the expression of so-
dium and potassium channels (Dong et al., 2006; Wallace et al.,
2009). Thus, we investigated whether cAMP-mediated signaling
may be underlying the observed channel expression phenotypes.
Analysis of PDE4 protein levels revealed decreases in several
PDE4 isoforms (Fig. 12C,E). Specifically, PDE4B1 and PDE4B3
were decreased (p � 0.05), whereas no difference was observed in
PDE4A and PDE4D isoforms, indicating that this Disc1 mutation
affects only selected PDE4s in the PFC (Fig. 12). As in the hip-
pocampus, this decrease was not caused by alterations in tran-
scription, because analysis of PDE4B transcripts by qRT-PCR
revealed no genotypic difference (Fig. 12I). Consistent with the

Figure 10. Altered short-term synaptic plasticity in Disc1 mutant mice is unlikely due to
alterations in GABAB modulation. STD of excitatory synaptic transmission in mPFC layer V during
stimulus trains is not significantly affected by endogenously recruited GABAB receptor-
mediated modulation. Summary data of STD in WT (black dots, N � 3, n � 10) and DISC1-HOM
(red dots, N � 4, n � 13) during GABAB receptor blockade (CGP-54626, 10 �M). Data overlaid
onto data from untreated WT (gray) and DISC1-HOM (pink) STD experiments (data from Fig.
4D). A–C, STD during 5 Hz (A), 10 Hz (B), and 20 Hz (C) stimulus trains (stimulation frequency �
drug treatment interaction: WT vs CGP-54626-treated WT: 5 Hz, p � 0.76; 10 Hz, p � 0.99; 20
Hz, p � 0.13; DISC1-HOM vs CGP-54626-treated DISC1-HOM: 5 Hz, p � 0.46; 10 Hz, p � 0.91;
20 Hz, p � 0.24; two-way RM ANOVAs). Values represent the mean � SEM.

Figure 11. Spontaneous excitatory synaptic transmission detected at layer V pyramidal neu-
rons is not altered in Disc1 mutant mice. A, The amplitudes (left) of sEPSCs detected in layer V
pyramidal neurons were not altered in Disc1 mutant mice ( p � 0.90, unpaired t test). The
frequency (right) of sEPSCs detected in layer V pyramidal neurons was not altered in Disc1
mutant mice ( p � 0.96, unpaired t test). B, The frequency of large-amplitude sEPSCs (�20 pA)
was not altered in Disc1 mutant mice ( p � 0.48, unpaired t test). Values represent the mean �
SEM (n/N � neurons/mice: WT � 9/5; DISC1-HOM � 8/5).
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decrease in protein levels, the binding of rolipram, the prototypic
PDE4 inhibitor, was also decreased in cortical extracts of Disc1
mutant mice (Fig. 13A). Reduced protein levels of PDE4 isoforms
appeared physiologically significant as analysis of PDE4 activity
in the PFC of Disc1 mutant mice revealed decreased activity,
which reached significance in HOM mice (p � 0.05; Fig. 13B).

We further investigated whether changes in PDE4B activity
alter cAMP levels in the PFC. Immunohistochemistry revealed an
increase in cAMP immunoreactivity across the PFC, reaching
significance in the superficial layers (Fig. 13C,D; p � 0.05, two-
way RM ANOVA).

Together, these results provide evidence consistent with al-
tered cAMP metabolism leading to elevated levels of cAMP in the
mPFC in Disc1 mutant mice. These results thus support the pos-
sibility that disruption of normal cAMP-dependent regulation of
gene expression in Disc1 mutant mice could underlie the ob-
served alterations in the functional expression of Kv1.1 (Fig. 6).

Pharmacological manipulations of cAMP metabolism in
cultured cortical neurons both rescue and mimic
electrophysiological changes in mutant mPFC brain slices
To more directly test whether alterations in cAMP metabolism in
Disc1 mutant neurons were potentially in part responsible for
the observed reduction in functional expression of voltage-
dependent potassium currents (Fig. 6), we used a neuronal cul-

ture system that readily permitted prolonged pharmacological
manipulation of cAMP metabolism. We first tested whether the
cultured cortical neuron system recapitulated the enhanced ex-
citability in Disc1 mutant neurons that we observed in the mPFC
in acute brain slices of prefrontal cortex (Figs. 4A,B, 7B). Similar
to what we observed in acute brain slices, whole-cell recordings in
cultured neurons prepared from the prefrontal cortex revealed
Disc1 mutant neurons showed enhanced excitability compared
with cultured WT neurons, as evidenced by enhanced AP gener-
ation in response to injected current steps (Fig. 14A,B; p �
0.0044, two-way RM ANOVA). The difference in excitability ob-
served between genotypes was much more apparent in cultured
neurons than in our assessment in mPFC brain slices, indicating
that while enhanced excitability is present in Disc1 mutant neu-
rons in both preparations, these very different preparations not
surprisingly yielded quantitatively different results.

Although alterations in excitability and synaptic plasticity ap-
peared to be largely explained by reductions in potassium chan-
nel function, it is worth noting that additional changes were
observed that are suggestive of reduced functional expression of
voltage-activated sodium channels (Fig. 6A,B,D, 14D). Impor-
tantly, reductions in these currents were only significant in
cultured neuronal studies (but not in acute slice studies) and
furthermore would be unable to explain observed hyperexcitabil-
ity in Disc1 mutant neurons. Thus, while these changes do not

Figure 12. Disc1 mutant mice display evidence of decreased catabolism of cAMP by phosphodiesterase, PDE4, in the PFC. A, B, Analysis of PDE4A isoform protein levels in the PFC of Disc1 mutant
mice shows normal levels of PDE4A splice variants, PDE4A1 (A), PDE4A5 (B). p 
 0.05, one-way ANOVA; n � 4/genotype. Values are expressed as percentages of WT, mean � SEM. C–F, Analysis
of PDE4B isoform protein levels shows decreased PDE4B1 (C) and B3 (E) variants ( p � 0.05,1-way ANOVA) in Disc1 mutant mice and normal levels of PDE4B2 (D), and PDE4B4 (F). n � 4
mice/genotype. G, H, Analysis of PDE4D isoform protein levels shows normal levels of PDE4D3 (G) and PDE4D5 (H). p 
 0.05, one-way ANOVA; n � 4/genotype. I, Observed reductions in PDE4B
protein levels are unlikely due to reducedPDE4B mRNA levels. PDE4B mRNA levels in the PFC by qRT-PCR. No difference among genotypes was observed (n � 3 mice/genotype, p 
 0.05, one-way
ANOVA). Summary data are the mean � SEM.
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seem causally related in any straightforward way to the alterations
in neuronal excitability and synaptic plasticity we observed, it is
possible that such changes could affect neuronal function in
more subtle ways that were beyond the reach of our functional
assays.

As Disc1 mutant mice demonstrate elevated cAMP levels in
the PFC (Fig. 13C,D), we next tested whether the deficient
voltage-dependent potassium currents observed in Disc1 mu-
tants (Fig. 6A,C) could be restored by reducing cAMP produc-
tion by incubating cultures with the adenylate cyclase blocker SQ
(10 �M, for 4 –5 d beginning at DIV13). Consistent with results in

acute brain slices (Fig. 6C), whole-cell re-
cordings in control cultures treated with
vehicle (DMSO) instead of SQ22536
revealed that Disc1 mutant neurons dis-
played reduced activation of voltage-
dependent potassium currents (Fig.
14C,D; �40 mV step, p � 0.033; 0 mV
step, p � 0.045, unpaired t tests). Further-
more, while blockade of adenylate cyclase
with SQ22536 did not enhance these
potassium currents in WT neurons, in
Disc1 mutant neurons SQ treatment
significantly increased voltage-dependent
potassium currents toward WT levels
(Fig. 14C,D; WT-DMSO vs WT-SQ: �40
mV step, p � 0.45; 0 mV step p � 0.35;
DISC1-HOM-DMSO vs DISC1-HOM-
SQ: �40 mV step, p � 0.035; 0 mV step,
p � 0.040; unpaired t tests). These results
showing that prolonged adenylate cyclase
blockade can rescue deficient voltage-
dependent potassium currents normally
present in Disc1 mutant neurons suggests
that alterations in the functional expres-
sion of these channels may result from the
elevations in cAMP present in the pre-
frontal cortex of Disc1 mutant mice (Fig.
13C,D).

To further explore the possible causal re-
lationship between cAMP elevations and re-
ductions in the functional expression of
voltage-dependent potassium currents, we
next investigated the effects of reducing
phosphodiesterase activity upon these cur-
rents in WT neurons. As the elevated cAMP
level present in Disc1 mutant neurons is
thought to arise largely due to reduced func-
tion of PDE4 (likely due to the absence of a
stabilizing Disc1–PDE4 interaction; Millar
et al., 2007; Kvajo et al., 2011), we asked
whether mimicking this scenario in WT
neurons through pharmacological blockade
of PDE4 with ROL (100 �M, for 4–5 d be-
ginning at DIV13) could recapitulate the re-
ductions in voltage-dependent potassium
currents observed in Disc1 mutant neurons.
In further support of a suppressive action of
elevated cAMP upon the functional expres-
sion of these potassium currents, whole-cell
recordings revealed that prolonged block-
ade of PDE4 with rolipram caused a signifi-
cant reduction in voltage-dependent

potassium currents in WT neurons compared with vehicle-treated
WT neurons (Fig. 14E,F; �40 mV step, p � 0.0023; 0 mV step, p �
0.011). Together, results from experiments using pharmacological
manipulations of cAMP metabolism support a mechanism whereby
elevated levels of cAMP in Disc1 mutant neurons serve to suppress
the functional expression of voltage-dependent potassium currents,
most likely through alterations in cAMP-dependent gene regulation.

Discussion
The challenge of identifying deviant neural circuit patterns underly-
ing psychiatric disorders is greatly facilitated by the discovery of rare

Figure 13. Disc1 mutant mice display increased cAMP in the PFC, suggesting decreased catabolism of cAMP. A, Decreased
rolipram binding in the PFC of Disc1 mutant mice. Bmax values are decreased in HOM and HET mice (n � 7 mice/genotype, p �
0.05, comparison of fits). Summary data (mean � SEM). B, Decreased PDE4 activity in DISC-HOM mice (in picomoles/microgram/
minute; p � 0.05, one-way ANOVA; n � 4 mice/genotype). Summary data (mean � SEM). C, D, cAMP levels in the PFC, detected
by immunohistochemistry. The neuronal marker NeuN is shown in red. D, Quantification of cAMP levels across the cortical layers.
PFC images were divided into 10 equal bins, and cAMP intensity for each bin was calculated. Note the increase in cAMP in the
superficial layers (bins 2– 4, two-way RM ANOVA, post hoc analysis, p � 0.05). Values are expressed as percentages of WT in the
first bin. n � 3 WT mice; n � 5 HET mice; n � 5 HOM mice. Scale bar, 100 �m. Values represent the mean � SEM.
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but highly penetrant genetic risk variants. Although these variants
are individually responsible for only a very small percentage of cases,
they are collectively very common and their high reliability to cause
disease that is symptomatically indistinguishable from the majority
of cases makes them invaluable tools in creating mouse models that
faithfully recapitulate disease. Using such animal models in conjunc-

tion with an integrated research strategy focusing on behavioral and
cognitive domains that are known to be affected in SCZ and have
well defined neural substrates can lead to more efficient identifica-
tion of neural disease mechanisms that could be generalized over a
variety of genetic causes (Xu et al., 2012; Crabtree and Gogos, 2014).
In that context, this study evaluated how a bona fide pathogenic

Figure 14. cAMP elevations in Disc1 mutant mice cause the observed reductions in near-threshold voltage-dependent potassium currents. A, Cultured Disc1 mutant neurons display enhanced
excitability (red trace) compared with WT neurons (black trace). Representative traces from current-clamp recordings from cultured prefrontal neurons showing near maximal AP responses to a 250
pA current step. Calibration: 20 mV, 100 ms. Reference levels, Vrest ��70 and 0 mV. B, Summary data (mean � SEM) of number of APs evoked by 500 ms current steps. WT recordings, black (n �
8); DISC1-HOM recordings, red (n � 10; two-way RM ANOVA, p � 0.0044). C, Reduced voltage-dependent potassium currents activated near AP threshold in Disc1 mutant neurons (red traces) are
rescued with prolonged adenylyl cyclase blockade (pink traces). Representative traces from voltage-clamp recordings from cultured PFC neurons showing activation of noninactivating potassium
currents in response to a voltage step from �70 to �40 mV (near Vthresh), in neurons treated with either SQ (10 �M) or DMSO vehicle. DISC1-HOM (left traces; red DMSO, pink SQ) and WT mice (right
traces; black DMSO, gray SQ). Calibration: 100 pA, 20 ms. Reference level, holding current at Vrest ��70 mV. For clarity of display, traces shown are in the presence of 500 nM TTX. D, Summary data
(mean � SEM) of peak transient inward currents (ITI) and steady-state potassium currents (IK) evoked by voltage steps from �70 mV to indicated voltages. WT-DMSO (n � 25), black bars; WT-SQ
(n � 21), gray bars; DISC1-HOM-DMSO (n � 19), red bars. DISC1-HOM-SQ (n � 21), red bars. NS, not significant [unpaired t test: WT-DMSO vs DISC1-DMSO: IK �40 mV, p � 0.033; IK, 0 mV, p �
0.045; ITI, �40 mV, p � 0.00011; ITI 0 mV, p � 0.00015; WT-DMSO vs WT-SQ: IK, �40 mV, p � 0.45; IK, 0 mV, p � 0.35 (NS); ITI, �40 mV, p � 0.41 (NS); ITI 0 mV, p � 0.38 (NS); DISC1-DMSO
vs DISC1-SQ: IK, �40 mV, p � 0.035; IK, 0 mV, p � 0.040; ITI, �40 mV, p � 0.031; ITI, 0 mV, p � 0.046]. E, Voltage-dependent potassium currents activated near AP threshold in WT neurons (black
trace) are reduced upon prolonged PDE4 blockade (gray trace). Representative traces from voltage-clamp recordings showing activation of noninactivating potassium currents in response to a
voltage step from�70 to�40 mV (near Vthresh) in neurons treated with either ROL (100 �M) or DMSO vehicle. Calibration: 100 pA, 20 ms. Reference level, holding current at Vrest ��70 mV. Traces
shown are in the presence of 500 nM TTX. F, Summary data (mean � SEM) of steady-state potassium currents evoked by voltage steps from �70 to indicated voltages. WT-DMSO (n � 19), black
bars; WT-ROL (n � 21). Unpaired t test: WT-DMSO vs WT-ROL: IK, �40 mV, p � 0.0023; IK, 0 mV, p � 0.011. Values represent the mean � SEM.
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mutation that predisposes to SCZ and other major psychiatric
disorders may affect the structure and function of cortical neural
circuits. Analyses using morphological, proteomical, neurophysio-
logical, biochemical, and cellular assays led to four main findings.
First, we showed that Disc1 deficiency, in contrast to its effects in the
hippocampus (Kvajo et al., 2008, 2011; Lepagnol-Bestel et al., 2013),
was largely without detectable effect upon cortical architecture or
neuronal cytoarchitecture at the resolution of our assays. Second, we
provided evidence that afferent inputs synapsing onto layer V mPFC
neurons in Disc1 mutant mice were hyperexcitable, arising in large
part from decreased functional expression of the low-threshold,
voltage-gated potassium channel subunit Kv1.1. Third, we showed
that synapses onto layer V neurons showed multiple functional al-
terations consistent with enhanced neurotransmitter release, leading
to altered short-term synaptic plasticity. Changes in synaptic func-
tion were also substantially attributable to reduced functional ex-
pression of Kv1.1 and plausibly linked to the AP widening observed
in Disc1 mutant mice that would be expected to enhance Pr through
enhanced synaptic terminal Ca2� influx during AP invasion. Fourth,
similar to findings in the hippocampus (Kvajo et al., 2011), we found
reduced activity and expression of PDE4 isoforms that led to ele-
vated cAMP levels in the PFC of Disc1 mutant mice, which, in turn,
contributed in part to the reduced functional expression of near-
threshold potassium currents in mutant mice.

The enhanced excitability in layer II/III pyramidal neurons
can be substantially and specifically ascribed to decreased func-
tional expression of voltage-dependent potassium currents me-
diated by Kv1.1-containing channels (Robertson et al., 1996;
Simeon et al., 2013, 2014; Bagchi et al., 2014). Low-voltage acti-
vated potassium channels composed of Kv1 family member sub-
units show significant activation near the action potential
threshold voltage (Bekkers and Delaney, 2001). Their activation
in this voltage range leads to a hyperpolarizing current that im-
pedes action potential generation, thus serving to reduce neuro-
nal excitability in neurons, including pyramidal neurons of the
neocortex and hippocampus (Bekkers and Delaney, 2001; Dod-
son et al., 2002; Goldberg et al., 2008). Notably, the Kv1.1-null
mouse displays severe seizures, enhanced neuronal excitability,
and reduced low-threshold potassium currents (Smart et al.,
1998; Brew et al., 2003). Given the important role of Kv1 channels
in regulating excitability, it is likely that the observed alterations
in Kv1.1 function would lead to significant disruption of neural
circuits and contribute to SCZ symptomology.

While diverse mechanisms can lead to alterations in short-
term synaptic plasticity similar to those observed here (Rose and
Konnerth, 2001; Catterall and Few, 2008), our expression analy-
sis indicating selective reduction in Kv1.1, our pharmacological
blockade of Kv1.1-containing channels and a series of control
experiments addressing the contribution of alternative cellular
mechanisms suggest that the alterations in short-term synaptic
plasticity we observed can be substantially and proximately at-
tributed to reduced function of Kv1.1-containing channels in
Disc1 mutant excitatory neurons (Robertson et al., 1996; Simeon
et al., 2013, 2014; Bagchi et al., 2014). Potassium channels local-
ized to presynaptic terminals play a variety of important roles,
including the modulation of neurotransmitter release (Dodson
and Forsythe, 2004). In addition to effects upon excitability, re-
duced expression, inactivation, or blockade of various Kv chan-
nels—including Kv1.1 and other Kv1 family members— can lead
to action potential widening, which facilitates neurotransmitter
release through the enhanced AP-evoked Ca2� influx resulting
from prolonged depolarization of presynaptic terminals (Borst
and Sakmann, 1999; Geiger and Jonas, 2000; Guan et al., 2007;

Kole et al., 2007). Furthermore, even modest changes in action
potential width can have a dramatic impact on the amplitude of
synaptic events due to the steep, supralinear relationship between
Ca2� influx and neurotransmitter release (Borst and Sakmann,
1999). Kv1 family channels including Kv1.1 are present in presynap-
tic terminals, and reductions in their function lead to AP widening
and enhanced neurotransmitter release (Wang et al., 1994; Southan
and Robertson, 1998b; Kole et al., 2007). AP widening thus leads to
increased presynaptic initial probability of release shifting presynap-
tic short-term plasticity toward depression, altering synaptic com-
putation and neural circuit function (Abbott and Regehr, 2004).
Furthermore, our observation that differences in STD were most
apparent at lower stimulation frequencies is supportive of our pro-
posed role of action potential widening. It is well established that
during trains, action potentials normally broaden with successive
spikes—due to use-dependent reductions in function of diverse po-
tassium channels—becoming maximal at higher stimulus frequen-
cies (Aldrich et al., 1979; Geiger and Jonas, 2000; Bean, 2007). Thus,
the observed genotype differences in baseline AP width would likely
lead to the greatest differences in neurotransmitter release at the
lowest stimulus frequencies, while their impact would be minimized
at higher stimulus frequencies, during which multiple additional
mechanisms are recruited to broaden APs in both genotypes (Al-
drich et al., 1979; Connors et al., 1982; Ma and Koester, 1995, 1996;
Zhou and Hablitz, 1996; Geiger and Jonas, 2000; Bean, 2007; Deng et
al., 2013).

Our findings provide enlightenment concerning PFC involve-
ment in working memory deficits, the most prominent cognitive
deficit described in this Disc1 mutant strain, and are also impor-
tant for extracting general principles about the nature of the neu-
ral activity changes elicited by SCZ-risk mutations. Indeed,
genomic studies of neuropsychiatric disease identified a large and
diverse array of risk genes. Yet, despite this genetic diversity, ev-
idence of functional convergence points to neural circuits and
specifically the disruption of stable dynamics of intricately con-
nected neuronal ensembles (Crabtree and Gogos, 2014). Impor-
tantly, there is accumulating evidence in diverse mouse models of
SCZ suggesting a potentially pervasive role of short-term plastic-
ity alterations, supporting that such changes in synaptic compu-
tation may fundamentally contribute to the profound deficits in
short-term information processing in SCZ (Arguello and Gogos,
2012; Crabtree and Gogos, 2014) and possibly other psychiatric
disorders. Here our results provide further support for this
concept and reveal a novel underlying mechanism. These dys-
functions in prefrontal short-term plasticity may contribute to
cognitive deficits as well as other PFC-dependent symptoms of
SCZ and other psychiatric disorders (e.g., major depression) as-
sociated with the DISC1 translocation.

Our findings in the PFC of reduced levels and function of
PDE4 isoforms and increased cAMP levels suggest that elevated
cAMP levels in the Disc1 mutant PFC might play a causal role in
the changes in functional expression of Kv1.1. Furthermore, that
alterations in voltage-dependent potassium currents could be
mimicked (PDE4 blockade) or rescued (adenylyl cyclase block-
ade) with prolonged pharmacological manipulations of cAMP
metabolic pathways supports such a causality. It should be noted,
however, that while cortical alterations of cAMP levels could lead
in principle to diverse alterations in neuronal function (Benito
and Barco, 2010; Kandel, 2012; Sanderson and Sher, 2013; He et
al., 2014), the observed increase in cAMP levels were modest and
largely restricted to the superficial cortical layers suggesting that
changes in cAMP-dependent gene expression are expected to be
regional and limited to targets that are particularly sensitive to
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cAMP levels. In this regard, it is notable that among the five
candidate voltage-gated potassium channel subunits we evalu-
ated only Kv1.1 showed altered expression, suggesting the possi-
bility that the Kv1.1 locus may have a particularly low threshold
for cAMP-dependent regulation. Indeed, our proteomics analy-
sis as well as results from gene expression in the hippocampus
(unpublished data) argue against widespread changes in cAMP-
dependent transcription. Given these considerations, it is impor-
tant to note that there is strong evidence that potassium channel
expression is regulated both through cAMP signaling and CREB-
mediated transcription (Allen et al., 1998; McClung and Nestler,
2003; Dong et al., 2006; Wallace et al., 2009). As such, based upon
the correlation of results of mRNA expression and electrophysi-
ological assays using manipulations of neuronal cAMP levels, the
reductions in voltage-dependent potassium currents we observed
in Disc1 mutant mice seem most likely to be attributable to alter-
ations in cAMP-dependent expression of Kv1.1. Interestingly,
however, cAMP can also indirectly modulate potassium channel
activation through its regulation of PKA-dependent phosphory-
lation (Winklhofer et al., 2003), suggesting that increased cAMP
levels in Disc1 mutant mice could affect different aspects of
potassium channel function through multiple routes of action.
Regarding the mechanistic basis of cAMP increase, we have pre-
viously shown that that DISC1 consistently localizes to vesicles
associated with the trans-Golgi network (Lepagnol-Bestel et al.,
2013). PDE4D, a major regulator of cAMP levels that is de-
creased in Disc1 mutant mice, is also associated with the Golgi
apparatus (Verde et al., 2001). Thus, DISC1 may be part of
macromolecular complexes regulating cAMP in this perinu-
clear cellular compartment.

Our findings point toward one explanation for the strong
link between DISC1 deficiency and psychiatric illness as they
reveal a potentially powerful disease mechanism in the PFC
whereby dysregulation of a single target of DISC1 deficiency
can disrupt multiple encoding mechanisms along a neural cir-
cuit leading to cumulative dysfunction.
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