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A Novel Human CAMK2A Mutation Disrupts Dendritic
Morphology and Synaptic Transmission, and Causes
ASD-Related Behaviors
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Characterizing the functional impact of novel mutations linked to autism spectrum disorder (ASD) provides a deeper mechanistic
understanding of the underlying pathophysiological mechanisms. Here we show that a de novo Glu183 to Val (E183V) mutation in the
CaMKII� catalytic domain, identified in a proband diagnosed with ASD, decreases both CaMKII� substrate phosphorylation and regu-
latory autophosphorylation, and that the mutated kinase acts in a dominant-negative manner to reduce CaMKII�-WT autophosphory-
lation. The E183V mutation also reduces CaMKII� binding to established ASD-linked proteins, such as Shank3 and subunits of L-type
calcium channels and NMDA receptors, and increases CaMKII� turnover in intact cells. In cultured neurons, the E183V mutation reduces
CaMKII� targeting to dendritic spines. Moreover, neuronal expression of CaMKII�-E183V increases dendritic arborization and de-
creases both dendritic spine density and excitatory synaptic transmission. Mice with a knock-in CaMKII�-E183V mutation have lower
total forebrain CaMKII� levels, with reduced targeting to synaptic subcellular fractions. The CaMKII�-E183V mice also display aberrant
behavioral phenotypes, including hyperactivity, social interaction deficits, and increased repetitive behaviors. Together, these data
suggest that CaMKII� plays a previously unappreciated role in ASD-related synaptic and behavioral phenotypes.
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Introduction
Autism spectrum disorder (ASD) is a neurodevelopmental disor-
der that presents with multiple core symptoms, including social

interaction and communication deficits, as well as enhanced re-
petitive behaviors (Lord et al., 2000a). Several hundred genetic
mutations have been linked to ASD. Many of these mutations
disrupt synaptic communication in the CNS, but the core molec-
ular mechanisms responsible for ASD symptoms remain unclear
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Significance Statement

Many autism spectrum disorder (ASD)-linked mutations disrupt the function of synaptic proteins, but no single gene accounts
for �1% of total ASD cases. The molecular networks and mechanisms that couple the primary deficits caused by these individual
mutations to core behavioral symptoms of ASD remain poorly understood. Here, we provide the first characterization of a
mutation in the gene encoding CaMKII� linked to a specific neuropsychiatric disorder. Our findings demonstrate that this
ASD-linked de novo CAMK2A mutation disrupts multiple CaMKII functions, induces synaptic deficits, and causes ASD-related
behavioral alterations, providing novel insights into the synaptic mechanisms contributing to ASD.
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(State and Šestan, 2012; Krumm et al., 2014; Ronemus et al.,
2014; Bourgeron, 2015). The identification and characterization
of novel ASD-linked genetic variations have the potential to pro-
vide new insights that will facilitate development of a more uni-
fied mechanistic understanding of ASD. This study characterizes
the functional impact of a de novo mutation in CAMK2A, the
gene encoding the calcium/calmodulin-dependent protein ki-
nase II (CaMKII) � isoform, that was recently identified in an
ASD proband, the first identified link between a naturally occur-
ring CAMK2A mutation and a specific neuropsychiatric disorder.

CaMKII is an abundant multifunctional serine/threonine ki-
nase with critical roles in synaptic plasticity, learning, and mem-
ory (Lisman et al., 2012; Hell, 2014; Shonesy et al., 2014). The
major neuronal CaMKII� and/or � subunits each contain a cat-
alytic kinase domain, a Ca 2�/calmodulin-binding regulatory do-
main containing modulatory autophosphorylation sites, and an
association domain that is necessary for assembly of 12-subunit
holoenzymes (Lisman et al., 2012; Hell, 2014; Shonesy et al.,
2014). Increases of intracellular Ca 2� result in Ca 2�/calmodulin
binding to the regulatory domains and CaMKII activation. Si-
multaneous activation of adjacent subunits in the holoenzyme
stimulates intersubunit autophosphorylation at Thr286, which
generates autonomous (Ca 2�-independent) CaMKII activity.
CaMKII� phosphorylates NMDA (Omkumar et al., 1996; Leon-
ard et al., 1999; Strack et al., 2000) and AMPA (Barria et al.,
1997b; Mammen et al., 1997; Coultrap et al., 2014) receptor sub-
units to enhance excitatory synaptic transmission, and facilitates
Ca 2� influx via voltage-gated Ca 2� channels (Welsby et al., 2003;
Yasuda et al., 2003; Hudmon et al., 2005; Lee et al., 2006; Abiria
and Colbran, 2010; Jenkins et al., 2010; Tavalin and Colbran,
2016). Activated CaMKII� is targeted to dendritic spines and the
postsynaptic density via interactions with various CaMKII asso-
ciated proteins (CaMKAPs) (Hell, 2014), including GluN2B
NMDA receptor subunits (Strack and Colbran, 1998; Leonard et
al., 2002; Bayer et al., 2006; Halt et al., 2012).

Genetically engineered mice carrying knock-out, knock-in, or
other transgenic CaMKII alleles exhibit varied behavioral abnor-
malities. For example, CaMKII� knock-out mice have deficits in
long-term potentiation, learning, and memory, increased activ-
ity, and aggressive behaviors (Silva et al., 1992; Chen et al., 1994).
Furthermore, mice deficient in autophosphorylation at either
Thr286 or Thr305/Thr306 have impaired synaptic plasticity and
deficits in spatial learning and reversal learning in the Morris
water maze task, respectively (Giese et al., 1998; Elgersma et al.,
2002). The loss of Thr286 autophosphorylation in adolescent
mice disrupts synaptic targeting of CaMKII� in vivo and also
reduces anxiety in the elevated plus maze (Gustin et al., 2011).
More recently, multiple studies have uncovered novel roles for
CaMKII in amphetamine (Loweth et al., 2010), cocaine (Robison
et al., 2013), and alcohol (Easton et al., 2013) addiction and mal-
adaptive behaviors. Moreover, abnormal CaMKII signaling has
been linked to a variety of neuropsychiatric disorders (Robison,
2014).

Here we show that a de novo CAMK2A missense mutation
identified in an ASD proband in the Simons Simplex Collection
(Fischbach and Lord, 2010; Iossifov et al., 2014) (Family SSC ID:
14620) decreases CaMKII� kinase activity and interactions with

several synaptic CaMKAPs, and increases CaMKII� turnover in
cells. Neuronal expression of CaMKII�-E183V disrupts dendritic
morphology and basal synaptic transmission. Furthermore, a
knock-in mutant mouse engineered to harbor this mutation us-
ing CRISPR-Cas9 technology displays core behaviors associated
with ASD, including social interaction deficits and repetitive be-
haviors. Biochemical analyses revealed alterations in CaMKII au-
tophosphorylation, synaptic localization, and protein levels in
the brains of CaMKII�-E183V mice. Together, our findings sug-
gest that CaMKII� can play an important role in the pathogenesis
of ASD-related behaviors.

Materials and Methods
Animals
All mice were on a mixed B6D2 (C57BL/6J (B6) x DBA/2J (D2)) back-
ground and were housed (2–5 per cage) on a 12 h light-dark cycle with
food and water ad libitum. Breeding cages (HETXHET) used to generate
wild-type (Camk2a WT/WT; E/E), heterozygous (Camk2a WT/E183V; E/V),
and homozygous (Camk2a E183V/E183V; V/V) mice for experiments were
maintained on a high-fat diet. Approximately equal numbers of male and
female mice were used for all experiments. Behavioral studies were per-
formed at postnatal days 42– 84 during the light cycle (9:00 A.M. to
4:00 P.M.), and multiple experiments were conducted on each mouse in
the following order: (1) open field, (2) 3-chamber social test, and then (3)
marble burying. All mouse experiments were approved by the Vanderbilt
University Institutional Animal Care and Use Committee and were per-
formed in accordance with the National Institutes of Health Guide for the
care and use of laboratory animals.

Antibodies used
The following antibodies were used for immunoblotting at the indicated
dilutions: mouse anti-CaMKII� 6G9 (Thermo Fisher Scientific catalog
#MA1– 048 RRID:AB_325403, 1:5000), mouse anti-CaMKII� (Thermo
Fisher Scientific catalog #13–9800 RRID:AB_2533045, 1:4000), rabbit
anti-phospho-Thr286 CaMKII� (Santa Cruz Biotechnology catalog #sc-
12886-R RRID:AB_2067915, 1:3000), mouse anti-GST (University of
California at Davis/National Institutes of Health NeuroMab Facility cat-
alog #73–148 RRID:AB_10671817, 1:2000), rabbit anti-phospho-Ser831
GluA1 (Thermo Fisher Scientific catalog #36 – 8200 RRID:AB_2533279,
1:1000), polyclonal goat CaMKII antibody (RRID: AB_2631234, 1:5000)
(McNeill and Colbran, 1995), rabbit anti-GFP (Invitrogen catalog #A-
11122 RRID:AB_221569, 1:3000 – 4000), HRP-conjugated anti-rabbit
(Promega catalog #W4011 RRID:AB_430833, 1:6000), HRP-conjugated
anti-mouse (Promega catalog #W4021 RRID:AB_430834, 1:6000), and
HRP-conjugated anti-goat (Santa Cruz Biotechnology catalog #sc-2056
RRID:AB_631730, 1:6000), IR dye-conjugated donkey anti-rabbit
800CW (LI-COR Biosciences catalog #926 –32213 RRID:AB_621848,
1:10,000), and IR dye-conjugated donkey anti-mouse 680LT (LI-COR
Biosciences catalog #926 – 68022 RRID:AB_10715072, 1:10,000).

Cloning, transfection, and cell lysate preparation
The mouse CaMKII�-E183V mutant cDNA was generated in the pcDNA3
vector by site-directed mutagenesis using the following primers (5�-3�):
forward, GGATACCTCTCCCCAGTGGTGCTGAGGAAGGACC; and re-
verse, GGTCCTTCCTCAGCACCACTGGGGAGAGGTATCC, and veri-
fied by sequencing. The HA-ubiquitin plasmid was generously provided by
Dr. Brian Wadzinski (Vanderbilt University) (Watkins et al., 2012). Dr.
Craig Garner (Stanford University) generously provided the GFP-Shank3
plasmid (Arons et al., 2012). The CaMKII-WT insert was subcloned into the
mApple expression vector (a generous gift from Dr. David Piston, Vander-
bilt University) and used as a template to create the mApple-CaMKII-E183V
construct using the primers defined above. The eGFP plasmid was pur-
chased from Clontech. Constructs for GFP-CaMKII� (Abiria and Colbran,
2010), CaMKII� (Jiao et al., 2008), CaMKII� (Baucum et al., 2012), GST-
GluN2B (Strack et al., 2000), GST-Densin IN (Jiao et al., 2011), GST-�2a
(Abiria and Colbran, 2010), and GST-GluA1 (Barria et al., 1997a) were pre-
viously described. The GST-mGlu5 construct was made by cloning residues
827–964 of rat mGlu5 (a generous gift from Dr. Jeffrey P. Conn, Vanderbilt
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University) into the pGEX6P-1 vector BamHI and EcoR1 using primers (5�
to 3�): forward, CTGGAAGTTCTGTTCCAGGGGCCCGGATCCAAAC
CGGAGAGAAAT; and reverse, GCCGCAAGCTTGTCGACGGAGC
TCGAATTCTTAGGTCCCAAAGCGCTT.

HEK293T cells (ATCC catalog #CRL-3216, RRID:CVCL_0063) used
for cell-based assays were cultured and maintained in DMEM containing
10% FBS and 1% penicillin/streptomycin at 37°C at 5% CO2. Unless
indicated otherwise, transfections were performed by incubating cells
(50%–70% confluency; passages 3–18) plated on 10 cm cell culture
dishes with PEI and plasmid DNA (2:1 PEI/DNA). Unless indicated oth-
erwise, after 24 – 48 h, cells were scraped into 500 –1000 �l of lysis buffer
(1% Triton X-100, 150 mM NaCl, 25 mM HEPES, pH 7.5, 0.2 mM PMSF,
1 mM benzamidine, 10 �g/ml leupeptin, 10 �M pepstatin, and 1 �M

microcystin), and lysates were mixed end-over-end at 4°C for 20 min.
After centrifugation (12,200 � g, 20 min), soluble fractions were used for
experiments as indicated.

Western blot analysis
Samples were resolved on 10% SDS-PAGE gels and transferred to nitro-
cellulose membrane (Protran). The membrane was blocked in blot buffer
containing 5% nonfat dry milk, 0.1% Tween 20, in Tris-buffered saline
(19.98 mM Tris, 136 mM NaCl) at pH 7.4 for 30 min at room temperature.
The membrane was incubated with primary antibody (see dilutions
above) in blot buffer for 1 h at room temperature or overnight at 4°C.
After washing, membranes were incubated with HRP-conjugated sec-
ondary antibody for 30 min at room temperature, washed again, and
then visualized via enzyme-linked chemiluminescence using the
Western Lightening Plus-ECL, enhanced chemiluminescent substrate
(PerkinElmer) and visualized using Premium x-ray Film (Phenix Re-
search Products). Images were quantified using ImageJ software
(RRID:SCR_003070). Secondary antibodies conjugated to infrared dyes
(LI-COR Biosciences) were used for development with an Odyssey sys-
tem (LI-COR Biosciences).

GST-GluA1 and syntide phosphorylation assays
HEK293FT cells expressing CaMKII� (WT or E183V) were lysed 24 – 48
h after transfection in cold low ionic strength modified lysis buffer (2 mM

Tris-HCl pH 7.5, 2 mM EDTA, 2 mM EGTA, 1% v/v Triton X-100,
1 mM DTT, 0.2 mM PMSF, 1 mM benzamidine, 10 �g/ml leupeptin, 10 �M

pepstatin, and 1 �M microcystin). Soluble fractions were adjusted to
equal CaMKII�-WT and CaMKII�-E183V subunit concentrations using
soluble fractions of nontransfected cells (by immunoblot comparison
with purified CaMKII� standards), and then incubated at 30°C with 2
mM CaCl2, 1 �M calmodulin, 5 mM MgCl2, 0.4 mM ATP, 1 �M GST-
GluA1 (827–906), and 0.5 �M GO6983 (Tocris Bioscience). At the indi-
cated times, aliquots were mixed with LDS sample buffer (Invitrogen)
and analyzed by immunoblotting for total and pT286 CaMKII�, GST
and pSer831-GluA1. Secondary antibodies conjugated to infrared dyes
(LI-COR Biosciences) were used for development with an Odyssey sys-
tem (LI-COR Biosciences). Signal intensities for pS831 and pT286 were
normalized to GST and CaMKII� signals, respectively. HEK293FT cells
expressing CaMKII� (WT or E183V) were lysed 24 – 48 h after transfec-
tion in cold low ionic strength modified lysis buffer (2 mM Tris-HCl, pH
7.5, 2 mM EDTA, 2 mM EGTA, 1% v/v Triton X-100, 1 mM DTT, 0.2 mM

PMSF, 1 mM benzamidine, 10 �g/ml leupeptin, 10 �M pepstatin, and 1
�M microcystin). Lysates were incubated with 500 �M CaCl2, 1 �M cal-
modulin, 20 �M syntide at 30°C for 2 min in assay buffer (50 mM HEPES,
10 mM MgCl, 1 �M dithiothreitol, 400 �M [�- 32P]ATP, 700 –1000 cpm/
pmol). Reactions were stopped on P82 Whatman paper, which were
then washed, and phosphorylation was determined using a scintillation
counter.

Size-exclusion chromatography
The FPLC Superose 6 column (10 � 400 mm) was equilibrated at 1
ml/min in 50 mM Tris, pH 7.5, 150 mM NaCl, 0.5 mM TCEP. Soluble
fractions (1.0 ml) of transfected HEK293T cells (see above) were
applied to the column, and 1 ml fractions were collected at a flow rate
of 0.25 ml/min for analysis by immunoblotting for CaMKII�.

Analysis of Thr286 autophosphorylation in lysates
Soluble fractions of HEK293T cells (24 – 48 h after transfection) were
supplemented with 2 mM CaCl2, 1 �M calmodulin, 5 mM MgCl2, 0.4 mM

ATP, and incubated at 30°C for 2 min. Reactions were mixed with SDS
sample buffer and analyzed by immunoblotting for total and pT286
CaMKII�. Levels were analyzed by immunoblot analysis (above) and
normalized to protein levels from Ponceau staining of nitrocellulose
membranes as described previously (Gustin et al., 2010).

Cycloheximide chase
HEK293T cells expressing CaMKII�-WT, CaMKII�-E183V, CaMKII�-
K42R, and/or mApple-CaMKII�-E183V were divided to�75% confluency in
6-well cell culture dishes 24 h after transfection. After an additional �24
h, cycloheximide (50 �g/�l; Cell Signaling Technology) was added and
after the indicated time cells were washed with ice-cold PBS and lysed in
200 �l of lysis buffer. Levels of CaMKII� were analyzed by immunoblot
(above) and normalized to total protein loading determined by analyses
of Ponceau-S-stained nitrocellulose membranes, as described previously
(Gustin et al., 2010).

Immunoprecipitation
Soluble fractions of transfected HEK293T cells were incubated at 4°C for
1 h with rabbit anti-GFP (Thermo Fisher Scientific A-11222) or mouse
anti-CaMKII� (Pierce, MA1– 048) (3 �l each) and either protein A or G
magnetic beads (Invitrogen), respectively (30 �l each). After washing 3
times with lysis buffer, beads were suspended in 40 �l of 2� SDS sample
buffer and heated at 95°C for 10 min. Inputs and immune complexes
were immunoblotted as indicated and analyzed by Western blot analysis
(above).

Fluorescence plate-binding array
GST-fusion protein (GST, GST-GluN2B 1260–1309), GST-CaV1.3(1–126),
GST-�2a (full-length protein), GST-Densin-IN(793– 824), and GST-
mGlu5 (827–964) were expressed in Escherichia coli and purified essentially
as described previously (Robison et al., 2005a). Wells of glutathione-coated
96-well plates (Thermo Fisher Scientific) were coated with the indicated GST
protein (200 pmol in 100 �l binding buffer: 50 mM Tris-HCl, pH 7.5, 200 mM

NaCl, 0.1 mM EDTA, 5 mM 2-mercaptoethanol, 0.1% v/v Tween 20, 5 mg/ml
BSA) at 4°C overnight and then washed to remove unbound protein. Soluble
fractions of HEK293FT cells expressing mApple-CaMKII�-WT or mApple-
CaMKII�-E183V prepared in cold low ionic strength lysis buffer were ad-
justed to �150 nM mApple-CaMKII� subunit concentration (see above).
Where indicated, soluble fractions were supplemented with 2.5 mM CaCl2, 1
�M calmodulin, 10 mM MgCl2, and 400 �M ADP (final concentrations). Our
previous studies have shown that binding of Ca2�/calmodulin and adenine
nucleotides induces conformational changes that fully support binding to
many CaMKAPs, such as GluN2B and the densin-IN domain (Robison et
al., 2005b; Jiao et al., 2011), without the need for Thr286 autophosphoryla-
tion. Soluble fractions were then added to the precoated wells of glutathione-
coated plate at 4°C for 2 h. The wells were washed in wash buffer (50 mM

Tris-HCl, pH 7.5, 150 mM NaCl, 0.5% v/v Triton X-100, and 2.4 mM CaCl2)
2 times and bound mApple-CaMKII� was detected using a fluorescent plate
reader at 592 nm. Data from quadruplicate wells were averaged to provide 1
data point. Analyses were repeated 3 times using independently prepared
HEK293 cell-soluble fractions.

Primary hippocampal neuronal culture and transfection
Dissociated hippocampal neurons were prepared from E18 Sprague
Dawley rat embryos, as previously described (Sala et al., 2003; Shanks et
al., 2010). Neurons were transfected at DIV 7– 8 (analysis of dendritic
arborization) or DIV 14 –15 (analysis of spine density and dendritic mor-
phology) using Lipofectamine 2000 following the manufacturer’s direc-
tions (Thermo Fisher Scientific). A total 1 �g of DNA was transfected for
each well of a 12-well plate. Neurons were fixed with 4% paraformalde-
hyde in 0.1 M phosphate buffer.

Confocal microscopy and image analysis
Images were collected using an LSM 710 META Inverted confocal mi-
croscope using 63� (1.40 Plan-apochromat oil) or 20� (0.80 Plan-
Apochromat) objectives. Transfection conditions were coded to blind

2218 • J. Neurosci., February 22, 2017 • 37(8):2216 –2233 Stephenson et al. • Effects of an ASD-Associated Mutation in CaMKII�



the experimenter. Cells were selected for analysis based on GFP expres-
sion. Laser settings were slightly adjusted to generate images with a sim-
ilar overall dynamic range in each channel so that differences in protein
expression levels between cells did not impact image analysis. We noted
that mAp-CaMKII�-E183V fluorescence was typically somewhat lower
than mAp-CaMKII�-WT fluorescence, perhaps reflecting increased
turnover of the mutated protein (see below), although this was not as-
sessed quantitatively. Dendritic spine measurements were performed us-
ing 10 –14 images of cells transfected at DIV 14 –15 in the z-plane using a
z-step size of �0.3 �m. Images were imported into IMARIS software
(RRID:SCR_007370) for quantitative analysis. Nonprimary dendritic
segments (20 –50 �m long) at least 60 �m from the cell body and devoid
of intersecting dendrites were selected. Dendritic spine density was ana-
lyzed as number of spines/10 �m, and the average spine density for each
cell was calculated from 2– 4 dendritic segments. Spines were classified
using the Imaris XTension software based on predefined parameters for
mushroom spines, stubby spines, long/thin spines, or filopodia (Swanger
et al., 2011). Overall dendritic morphology of cells transfected at DIV
7– 8 was performed using the Filament Tracer (RRID:SCR_007366) tool
for semiautomatic tracing of dendrites in images collected with the 20�
objective, followed by an automated Sholl analysis, and other measures
of dendritic morphology (e.g., dendritic branch points, total dendritic
length). Data were statistically analyzed by two-way repeated-measures
ANOVA (Sholl) or one-way ANOVA (morphology).

Analysis of synaptic targeting of mApple-CaMKII�
Image files (see above) were renamed to blind the experimenter to the
specific transfection condition before analysis using ImageJ. Only mush-
room spines, visually identified as having a larger spine head than neck,
were analyzed. Briefly, for each spine, three regions of interest (ROI) were
defined, encompassing the spine head, adjacent dendritic shaft, and a
nearby extracellular background region with no fluorescence (see Fig.
2C, circles 1, 2, and 3, respectively). GFP and mApple fluorescence inten-
sities in each ROI were quantified. After subtraction of the background
signal for each channel (circle 3), mApple/GFP fluorescence ratios in the
spine head and shaft were separately calculated to normalize for differ-
ences in intracellular volumes sampled in each ROI. The mApple/GFP
ratios were then expressed as a spine/shaft ratio for each spine analyzed,
providing an index of the relative targeting of the mApple protein to the
dendritic spine. Spine/dendrite ratios of �1.00 were obtained for soluble
mApple, which should exactly codistribute with soluble GFP, validating
this approach (see Fig. 2C).

Lentiviral production
The FSGW plasmid, which contains a synapsin promoter, a sequence for
eGFP, and a woodchuck hepatitis virus posttranscriptional regulatory ele-
ment, was digested with BamHI and AgeI, and ligated with a DNA linker
that contains P2A self-cleavage site using the following oligos: forward, GA
TCCGGAAGCGGAGCTACTAACTTCAGCCTGCTGAAGCAGGCTGG
AGACGTGGAGGAGAACCCTGGACCTCCT; and reverse, CCGGA
GGAGGTCCAGGGTTCTCCTCCACGTCTCCAGCCTGCTTCAGCA
GGCTGAAGTTAGTAGCTCCGCTTCCG. Primers used for production of
mApple-CaMKII� and control lentiviral constructs are as follows: forward,
GCGCAGTCGAATTCAAGCTGCTAGCGCCACCATGGTGAGCAA
GGGCGAGG; and mApple control: forward, AGTTAGTAGCTCCGC
TTCCGGATCCCTTGTACAGCTCGTCCAT; with reverse primer,
AGTTAGTAGCTCCGCTTCCGGATCCCTTGTACAGCTCGTCCAT.
Lentivirus was generated in HEK293T/17 (ATCC catalog #CRL-11268,
RRID:CVCL_1926) suspension cells cultured in 293Freestyle expression
medium containing 0.1% Pluronic F68 (Invitrogen). Cells were transfected
at a density of 2 � 106 cell/ml in 200 ml fresh media containing no supple-
ments. The transfer plasmid, pRSV-REV, pVSVG and pMDLp/g plasmids
(Nakagawa et al., 2004) were transfected in a 2:1:1:1 ratio using PEI. Two
days after transfection, the cells were centrifuged and filtered through a 0.45
�m syringe filter. The conditioned media was ultracentrifuged (82,700 � g;
2 h; 4°C) through a 2 ml cushion of 20% sucrose in sterile PBS. The viral
pellet was resuspended in �100 �l of ice-cold PBS and titered using the
Lenti-X p24 Rapid Titer Kit (Clontech) (titers: �1 � 107 TU/ml).

Electrophysiology
Cultured hippocampal neurons (DIV 14) were transduced with lentivi-
ruses expressing GFP alone, GFP, and mApple-CaMKII-WT, or GFP and
mApple-CaMKII-E183V (MOI � 10). Typical neuronal transduction
efficiencies were �80%-90%. On the day of recordings (DIV 20 –22),
neurons were transferred to oxygenated ACSF containing the following
(in mM): 92 NaCl, 2.5 KCl, 2.0 CaCl2, 2.0 MgSO4, 1.25 NaH2PO4, 30
NaHCO3, 25 glucose, 3 Na-pyruvate, 5 Na-ascorbate, 5 N-acetyl-L-
cysteine, 0.05 picrotoxin, and 0.001 tetrodotoxin. Recording pipettes
(resistance: 5– 8 M�) were filled with the following (in mM): 140
K-gluconate, 4 NaCl, 2 MgCl2, 10 HEPES, 4 Mg-ATP, 0.3 Na-GTP, 10
Na-phosphocreatine, pH 7.2. GFP-positive neurons were selected for
miniature EPSC (mEPSC) recordings at 	70 mV in the presence of
tetrodotoxin to block spontaneous firing and 50 �M picrotoxin to inhibit
IPSCs. Following break-in of the cells with the patch pipette, the cells
were allowed to stabilize for 2 min before events were recorded. The first
500 miniature events (or 2 min traces if there were not 500 events total)
were individually selected and analyzed using MiniAnalysis (Synap-
tosoft, RRID:SCR_014441) with a 7 pA amplitude threshold.

Production of E183V-KI mice
Guide RNA design was guided by software developed in the laboratory of
Feng Zhang 
Massachusetts Institute of Technology, http://crispr.mit.edu�.
A specific guide Cas9 CRISPR target (CTCCCCAGAAGTGCTGAGGAA
AG) was chosen due to relative position overlapping the E183 codon and
lack of strongly predicted off-target sequences; notably, no off-target se-
quences were found on chromosome 18. The guide RNA was inserted into
the pX330 plasmid, a generous gift from Dr. Robert Macdonald (Vanderbilt
University), which encodes Cas9. A donor DNA for homology-directed re-
pair was used to insert a double mutation at the second and third bases of
codon 183 to encode valine instead of the natural glutamate, also introduc-
ing a novel restriction endonuclease site (TspRI). Donor DNA sequence is as
follows: CTGCCTGTCTGTGTGTCTGGGGAGCAGGGTTCGCAGGGA
CACCCGGGTACCTCTCCCCAGTGGTGCTGAGGAAAGACCCGTAC
GGGAAGCCCGTGGACCTGTGGGCCTGTGGTAAGTCCAAT. Coin-
jection of donor DNA and pX330 plasmid in hybrid C57BL6J/DBA2J (B6/
D2) embryos was performed in the Vanderbilt Transgenic Mouse Core.
From these injections, one male pup was identified as having the E183V
mutation with no additional insertions or deletions by Sanger sequencing
(Genewiz). PCR amplification of the region in exon 8, including the E183
codon, was performed using the primers: forward, GTTCTCCAGCTC
CAGGGCTATCCTCGTCC; and reverse, GGTCTTCATCCCAGAACGG
GGGATACCC, and the forward primer was used as the sequencing primer.
The male E183V mouse (RRID:MGI MGI: 5811610) (F1) was mated with 2
WT B6D2 hybrid females (The Jackson Laboratory; B6D2F1/J stock
#100006), yielding two litters (F2 generation) with a total of six confirmed
heterozygous E183V-KI pups (3 male, 3 female). These were used for HETx-
HET breeding to produce WT, heterozygous KI, and homozygous KI pups
(F3 generation) for the experiments reported herein.

Mouse brain homogenization
Mice were anesthetized with isofluorane, decapitated, and forebrains
were quickly dissected and immediately frozen on dry ice. Half of a
forebrain (cut alone the mid-line) was homogenized using a Dounce
homogenizer in 150 mM KCl, 50 mM Tris-HCl, 1 mM DTT, 0.2 mM PMSF,
1 mM benzamidine, 10 �g/ml leupeptin, 10 �M pepstatin, and 1 �M

microcystin. Levels of CaMKII� (6G9) and CaMKII� (goat antibody)
were analyzed by immunoblot analysis (above) and normalized to pro-
tein levels from Ponceau staining of nitrocellulose membranes as de-
scribed previously (Gustin et al., 2010).

Subcellular fractionation of mouse forebrain
Forebrains were dissected and fractionated as previously described (Bau-
cum et al., 2013, 2015). Briefly, mice were anesthetized with isofluorane,
decapitated, and forebrains were quickly dissected, cut in half down the
midline, and a half brain was immediately homogenized in an isotonic
buffer (150 mM KCl, 50 mM Tris HCl, pH 7.5, 1 mM DTT, 0.2 mM PMSF,
1 mM benzamidine, 1 �M pepstatin, 10 mg/L leupeptin, 1 �M microcys-
tin). The homogenate (�2 ml) was rotated end-over-end at 4°C for
30 min and then centrifuged at 10,000 � g for 1 h. After removing the
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supernatant (cytosolic S1 fraction), the pellet was resuspended in the
isotonic buffer containing 1% (v/v) Triton X-100, triturated until homo-
geneous, and then rotated end-over-end at 4°C for 30 min. Lysates were
then centrifuged at 10,000 � g, and the supernatant (Triton-soluble
membrane S2 fraction) was removed. The second pellet (Triton-
insoluble synaptic P2 fraction) was resuspended in isotonic buffer con-
taining 1% Triton X-100 and 1% deoxycholate and then sonicated. The
S1, S2, and P2 fractions were mixed with 4� SDS-PAGE sample buffer.
Levels of CaMKII� (6G9), CaMKII� (Thermo Fisher Scientific, 13–
9800), and phosphorylation of Thr286/Thr287 were analyzed by immu-
noblot (above) and normalized to protein loading on each lane, as
determined from Ponceau-S-stained nitrocellulose membranes (Gustin
et al., 2010).

Behavioral assays
Age-matched (7–13 weeks) male and female mice generated as described
above were tested sequentially in the order listed below during the light
cycle (9:00 A.M. to 4:00 P.M.) with �1 d off between tests. The experi-
menter was blinded to genotypes during testing.

Open-field locomotor activity. Mice were placed in the center of a novel
open field box with dimensions of 40 � 40 � 40 cm. Locomotor activities
were recorded for 30 min and analyzed using activity monitors (Med
Associates). The center zone was defined as �10 cm from the wall.

Three-chambered assay. Social interaction was measure in a 3-chamber
polycarbonate apparatus with 4-inch sliding gates separating the 7 �
9-inch chambers. Both side chambers contained an inverted metal wire
pencil cup in the corner. The mouse was prevented from climbing on the
cup by placing a plastic cup full of water on it. There were three phases to
the testing: (1) A 10 min habituation session allowed the test mouse to
freely explore all three chambers. (2) After guiding the test mouse into
the center chamber, a WT novel stranger mouse of the same gender was
placed under one of the two metal cups. The test mouse was then allowed
to freely explore all three chambers for 10 min. (3) The test mouse was
again moved to the center chamber while a second WT stranger mouse
was placed under the remaining empty metal cup. The subject mouse
again freely explored all three chambers for 10 min. Stranger mice were
gender matched and habituated to the metal cup the previous day for

�30 min. The time that test mice spent interacting with stranger mice
was scored as the amount of time the nose of the mouse was located
within 2 cm of the wire cup using ANY-maze software (Stoelting, RRID:
SCR_014289). Rotational behavior was analyzed during the entire 30
min in all three chambers, scored as rotations of the body in ANY-maze
software (Stoelting, RRID:SCR_014289).

Marble burying assay. Mice were placed in a novel cage with 12 exposed
marbles on �3 inches of Diamond Soft bedding (Harlan #7089). After 30
min, mice were removed. Marbles were scored as buried if �75% was
covered by the bedding.

Molecular graphics
Molecular graphics and analyses were performed with the UCSF Chi-
mera package (RRID:SCR_004097) (Pettersen et al., 2004). Chimera is
developed by the Resource for Biocomputing, Visualization, and Infor-
matics at the University of California, San Francisco.

Statistics
Statistical tests and parameters are indicated in figure legends. Differ-
ences were considered significant if p � 0.05. Sample sizes for each
experiment are based on previously published studies from our labora-
tories and standards in the field. Statistical outliers were identified by the
ROUT method in Prism software (GraphPad Prism, RRID:SCR_002798)
set at 1%. The experimenter was blind to the genotype or mutant being
tested for analyses of CaMKII localization in dendritic spines, dendritic
spine density, and arborization and for all behavioral testing. Data are
mean  SEM with individual data points indicated, or as box plots; the
box limits show first and third quartile, the center line indicates the
median, and whiskers indicate minimum and maximum values.

Results
E183V mutation in CaMKII� disrupts catalytic activity
Glutamate 183 is a highly conserved residue in helix H of the “sub-
strate-binding” C-terminal lobe of the CaMKII� catalytic domain
(Fig. 1A). Because the negatively charged Glu183 side chain is not
surface exposed in any available crystal structure (Chao et al., 2011),

Figure 1. The CaMKII�-E183V mutation reduces catalytic activity. A, Top, Crystal structure of single human CaMKII� subunit (extracted from a holoenzyme structure: PDB: 3SOA) with catalytic
domain (blue), regulatory domain (yellow), and association domain (gray). Positions of Glu183 (E183) and Thr286 autophosphorylation site (T286) are indicated. Bottom, Sequence alignment of
residues 168 –192 of human CaMKII� with the corresponding residues of CaMKII� from the indicated species, with E183 highlighted in red. B, Top, CaMKII� immunoblots of soluble fractions from
HEK293T cells transfected with 3 �g plasmid DNA to express either CaMKII�-WT or CaMKII�-E183V. Middle, Ponceau stain of nitrocellulose membrane showing total protein. Bottom, Relative
expression levels of CaMKII�-WT and CaMKII�-E183V. **p � 0.0025 (one-sample t test, t(3) � 9.505). Data are mean  SEM; n � 4. C, GST-GluA1 was incubated with soluble fractions of HEK293T
cells expressing empty vector, CaMKII�-WT, or about equal levels of CaMKII�-E183V in the presence of Ca 2�/CaM/ATP. After the indicated time, samples were immunoblotted for GST, pS831-
GluA1, and total CaMKII�. Top, Representative immunoblot. Bottom, Summary of pS831-GluA1/GST ratios normalized to CaMKII�-WT at 5 min. **p � 0.0002 (one-way ANOVA with Tukey’s post
hoc analysis, F(2,6) � 51.07). D, Specific kinase activity of HEK293T cell-soluble fractions after expression of empty vector control, CaMKII�-WT, or CaMKII�-E183V using a peptide substrate (20 �M

syntide-2). **p � 0.0040 (one-way ANOVA with Tukey’s post hoc analysis, F(2,3) � 57.57; n � 2).
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we predicted that replacement with a hydrophobic valine side chain
(E183V), detected in a whole exome sequencing study of ASD indi-
viduals (Iossifov et al., 2014), would affect catalytic function. We first
noted that transfection of equal amounts of plasmid DNA (3 �g)
into HEK293T cells resulted in lower levels of CaMKII�-E183V ex-
pression relative to CaMKII�-WT (33  7%) (Fig. 1B). Therefore,
to equalize protein expression levels for subsequent analyses, we
transfected cells using an �1:3 ratio of cDNA expressing
CaMKII�-WT or CaMKII�-E183V.

We next tested for effects of E183V mutation on CaMKII� activ-
ity using a physiological substrate that is important for LTP induc-
tion, the AMPA receptor GluA1 subunit. CaMKII� phosphorylates
serine 831 on GluA1 to enhance AMPA receptor conductance (Bar-
ria et al., 1997b). Incubation of HEK293T cell-soluble fractions ex-
pressing CaMKII�-WT with purified GST-GluA1, Ca 2�/
calmodulin, Mg 2�, and ATP at 30°C resulted in robust time-
dependent phosphorylation of Ser831 on GST-GluA1. GluA1
phosphorylation, using HEK293T cell-soluble fractions containing
similar levels of CaMKII�-E183V, was significantly reduced (by
68.3  12% at 5 min; one-way ANOVA with Tukey’s post hoc, p �
0.0002, n � 3) (Fig. 1C), but there was no detectable GluA1 phos-
phorylation using control HEK293T cell-soluble fractions. Thus, the
CaMKII�-E183V mutant retains only a low level of kinase activity
toward GluA1. Interestingly, CaMKII�-E183V appears to be essen-
tially inactive in similar experiments performed using the model
peptide substrate syntide-2 (Fig. 1D), indicating a possible substrate-
selective effect of E183V mutation on kinase activity. In combina-
tion, these data establish that E183V mutation severely compromises
the catalytic function of CaMKII�.

CaMKII�-E183V forms a holoenzyme
To determine whether E183V mutation affects holoenzyme forma-
tion, we analyzed soluble fractions of HEK293T cells expressing
CaMKII� (WT or mutated) by size-exclusion chromatography on a
calibrated Superose 6 column. As expected based on prior studies,
the peak of CaMKII�-WT elution was in fraction 18, the same frac-
tion in which thyroglobulin (�600 kDa) eluted (Fig. 2A). CaMKII�-
E183V consistently eluted in fraction 16, indicative of a holoenzyme
structure with slightly larger Stoke’s radius, perhaps due to an altered
(more open) conformation and/or post-translational modifications.
However, a CaMKII�-K42R mutant, which is inactive due to the
mutation in the nucleotide binding site, eluted in the same fractions
as CaMKII�-WT. These data suggest that CaMKII�-E183V can as-

semble into a holoenzyme-like structure, and that it is slightly larger
Stoke’s radius is not a direct result of the lack of kinase activity.

To assess whether CaMKII�-WT and CaMKII�-E183V can
coassemble to form a mixed holoenzyme, GFP-tagged CaMKII�-WT
or GFP alone was coexpressed with untagged CaMKII�-WT or
CaMKII�-E183V in HEK293T cells. Similar amounts of
CaMKII�-WT or CaMKII�-E183V were coimmunoprecipitated
with GFP-CaMKII�-WT from the soluble fractions, but the un-
tagged kinases were not coprecipitated with GFP alone (Fig. 2B).
Similarly, CaMKII�-WT and CaMKII�-E183V formed mixed
holoenzymes with myc-CaMKII� (Fig. 2C). Together, these data
indicate that the ASD-associated E183V mutation does not affect
the ability of CaMKII� to form holoenzymes with WT kinase
subunits.

CaMKII�-E183V has dominant-negative activity
toward CaMKII�-WT
Next, we tested the hypothesis that the coexpression of
CaMKII�-E183V interferes with Thr286 autophosphorylation of
CaMKII�-WT. GFP-CaMKII�-WT was expressed in HEK293T
cells with untagged CaMKII�-WT or CaMKII�-E183V. Addi-
tion of the GFP tag reduces electrophoretic mobility, allowing for
independent assessment of the levels of Thr286 autophosphory-
lation of the tagged WT enzyme and the untagged proteins.
HEK293T cell-soluble fractions were incubated with saturating
concentrations of Ca 2�/calmodulin, Mg 2�, and ATP at 30°C and
then immunoblotted for both total and pT286 CaMKII�. Coex-
pression of untagged CaMKII�-E183V significantly reduced the
pT286/total ratio for GFP-CaMKII�-WT by 51.4  7.4% (one-
sample t test, p � 0.0028, n � 5) compared with coexpression of
similar levels of untagged CaMKII�-WT (Fig. 2D). Thus,
CaMKII�-E183V subunits can exert dominant-negative activity
to reduce Thr286 autophosphorylation of CaMKII�-WT sub-
units in the same holoenzyme.

CaMKII�-E183V disrupts interactions with Shank3 and
known CaMKAPs
CaMKII interacts with CaMKAPs to regulate multiple synaptic
functions. Recent proteomic analyses in our laboratory detected sev-
eral ASD-linked proteins associated with synaptic CaMKII holoen-
zymes, including the Shank protein family (Baucum et al., 2015).
Because SHANK3 is one of the most frequently mutated genes asso-
ciated with ASD (Moessner et al., 2007; Jiang and Ehlers, 2013), we

Figure 2. CaMKII�-E183V associates with CaMKII�-WT to reduce Thr286 autophosphorylation. A, Soluble fractions of HEK293T cells expressing similar levels of CaMKII�-WT, CaMKII�-E183V,
or CaMKII�-K42R were resolved by size-exclusion chromatography. CaMKII� immunoblots of the eluted fractions are shown below a graph showing the elution profiles. Data are representative of
three independent analyses. Dotted lines indicate the elution positions of two molecular weight marker proteins. B, Soluble fractions of HEK293T cells coexpressing GFP or GFP-CaMKII�-WT with
untagged CaMKII� (WT or E183V) were immunoprecipitated using GFP antibodies. Inputs and immune complexes were immunoblotted for CaMKII�, as indicated. Data are representative of three
independent analyses. C, Immunoblots of myc-CaMKII� complexes isolated from HEK293T cells coexpressing myc-CaMKII� with empty vector control, CaMKII�-WT, or CaMKII�-E183V. Data are
representative of three independent analyses. D, Soluble fractions of HEK293T cells coexpressing GFP-CaMKII�-WT with untagged CaMKII�-E183V or CaMKII�-WT were incubated with Ca 2�/
calmodulin and ATP (see Materials and Methods) and then immunoblotted using antibodies to total and pT286-CaMKII�. Representative immunoblot (left) and graph summarizing ratios of pT286-
to total-CaMKII�-GFP from five independent experiments (right). **p � 0.0028 (one-sample t test, t(8) � 3.747). Data are mean  SEM; n � 5.

Stephenson et al. • Effects of an ASD-Associated Mutation in CaMKII� J. Neurosci., February 22, 2017 • 37(8):2216 –2233 • 2221



examined the effects of E183V mutation on
CaMKII� interaction with GFP-Shank3 in
soluble fractions of cotransfected HEK293T
cells. Antibodies to the GFP tag readily co-
precipitated WT-CaMKII� from cell-solu-
ble fractions containing GFP-Shank3, but
not from control soluble fractions ex-
pressing GFP alone; the E183V muta-
tion abolished coprecipitation with
GFP-Shank3 (Fig. 3A). To determine
whether CaMKII�-E183V mutation dis-
rupts interactions with other CaMKAPs,
we developed a fluorescence-based bind-
ing assay. GST-tagged CaMKII-binding
domains from various CaMKAPs were
immobilized in glutathione-coated 96-
well plates and then incubated with
mApple(mAp)-tagged CaMKII�-WT or
mAp-CaMKII�-E183V. The mAp-
CaMKII�-WT robustly binds to the
NMDA receptor GluN2B subunit, the
voltage-gated calcium channel �2a sub-
unit, the internal CaMKII-binding do-
main of densin (Den-IN), and the mGlu5
metabotropic glutamate receptor, but
E183V mutation significantly reduced all
of these interactions (two-way ANOVA
with Tukey’s post hoc; percentage reduc-
tion compared with WT: GluN2B 84.0 
2.9%, p � 0.0001; �2a subunit 84.4 
5.2%, p � 0.0001; Den-IN 81.0  5.2%,
p � 0.0001; mGlu5 88.1  5.2%, p �
0.0001; n � 3 biological replicates) (Fig.
3B). Together, these data indicate that
CaMKII�-E183V mutation disrupts in-
teractions with a variety of known
CaMKAPs, including ASD-associated
proteins, such as Shank3, GluN2B, and mGlu5.

CaMKII�-E183V disrupts synaptic targeting
Given the impact of E183V mutation on CaMKII� activity and its in-
teractions with CaMKAPs, we tested whether E183V mutation disrupts
synaptic targeting of CaMKII� in primary cultures of rat hippocampal
neurons. Neurons were transfected after 14 DIV to express a soluble
GFP marker of morphology along with soluble mAp, mAp-CaMKII�-
WT, or mAp-CaMKII�-E183V, and then fixed at DIV 20–22. Fluores-
cence images (Fig. 3C) were collected by confocal microscopy, and the
relativemAppleandeGFPfluorescencelevels indendriticspinesandthe
underlyingdendriticshaftwerecompared(seeMaterialsandMethods).
Both mAp-CaMKII�-WT and mAp-CaMKII�-E183V were signifi-
cantly targeted to synapses (spine/dendrite ratios of 1.77  0.06, n �
56 spines, and 1.31  0.06, n � 53, respectively, compared with the
expected 1.00  0.02 (n � 54) for mApple alone. However, synaptic
targeting of mAp-CaMKII�-E183V mutation was significantly re-
duced compared with mAp-CaMKII�-WT (p � 0.0001) (Fig. 3D).
Thus, E183V mutation reduces CaMKII� targeting to spines under
basal culture conditions, presumably due to disrupted binding to
synaptic CaMKAPs (Figs. 2D, 3B).

CaMKII�-E183V decreases dendritic spine density but does
not affect spine morphology
ASD-associated mutations in several synaptic proteins can affect
dendritic spine density and morphology (Penzes et al., 2011). To

determine the effect of CaMKII�-E183V mutation, we recon-
structed dendritic arbors of neurons transfected as in Figure 3C
using Imaris software (Fig. 4A). Neurons expressing mAp-
CaMKII�-E183V had a significantly lower spine density compared
with neurons expressing mAp alone or mAp-CaMKII�-WT (mAp,
14.5  2.1 spines/10 �m, n � 6 neurons; mAp-WT, 14.8  1.7, n �
7; mAp-E183V, 6.4  0.6, n � 7; one-way ANOVA with Tukey’s
post hoc; p � 0.005 in both cases) (Fig. 4B). However, there was no
significant difference in the distribution of spines between the major
morphological subtypes (stubby, mushroom, or long/thin)
(Swanger et al., 2011) (Fig. 4C). These data indicate that the
CaMKII�-E183V mutant significantly reduces dendritic spine den-
sity in cultured hippocampal neurons but does not affect spine
morphology.

CaMKII�-E183V enhances dendritic arborization
Psychiatric and neurodevelopmental disorders, including ASD,
are often associated with aberrant dendritic arborization (Penzes
et al., 2011). Furthermore, CaMKII has been shown to regulate
dendritic branching in cultured neurons (Fink et al., 2003) and in
vivo (Wu and Cline, 1998; Klug et al., 2012). To determine the
effects of E183V mutation on dendritic development, we trans-
fected cultured hippocampal neurons at DIV 8, during the
normal robust postnatal increase of endogenous CaMKII� ex-
pression (Bito et al., 1996). Images of GFP fluorescence in whole
neurons (10 –12 DIV) were traced to analyze morphology (Fig.

Figure 3. E183V mutation disrupts interactions of CaMKII� with CaMKAPs and CaMKII� synaptic targeting. A, Soluble fractions
of HEK293T cells expressing GFP or GFP-Shank3 with CaMKII� (WT or E183V) were immunoprecipitated using an anti-GFP anti-
body. GFP and CaMKII immunoblots of cell-soluble fractions and GFP immune complexes representative of three independent
replicates. B, Soluble fractions of HEK293FT cells expressing mApple(mAp)-CaMKII� (WT or E183V) were incubated with GST,
GST-GluN2B, GST-�2a, GST-Densin-IN, or GST-mGlu5 in glutathione-coated 96-well plates. All incubations included excess Ca 2�,
calmodulin, and ADP to induce an activated conformation of CaMKII�, except for the GST-mGlu5 wells. Graph summarizes data
from three independent replicates, with binding normalized to the WT interaction with GST-GluN2B. ****p �0.0001(Tukey’s post
hoc). p � 0.0001, mutation effect (two-way ANOVA; F(4,20) � 84.33). Data are mean  SEM. C, Primary hippocampal neuron
cultures (DIV 14) were transfected to express soluble eGFP with either soluble mApple (mAp) or mAp-CaMKII� (WT or E183V).
Dendritic arbors were imaged at DIV 20 –22 by confocal microscopy. Fluorescence levels of mApple and eGFP were quantified in
dendritic spines (circle 1), the underlying dendritic shaft (circle 2), and a nearby background region (circle 3). Scale bar, 1 �m. D,
Ratios of mAp to GFP fluorescence were quantified in spines and in the underlying dendritic shafts. Box plots represent spine/shaft
ratios; box limits show first and third quartiles. Centerline indicates the median. Whiskers represent minimum and maximum
values (n � 54 mAp, n � 56 mAp-WT, n � 53 mAp-E183V spines from 6 or 7 neurons from three separate cultures/transfections).
p � 0.0001 (one-way ANOVA with Tukey’s post hoc analysis, F(2,160) � 60.55). Colored asterisks indicate difference from control.
****p � 0.0001.
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5A). A Sholl analysis revealed that expression of mAp-CaMKII�-
E183V significantly enhanced dendritic arborization relative to
expression of mAp control or mAp-CaMKII�-WT (mAp, n � 22
neurons; mAp-WT, n � 24; mAp-E183V, n � 24; two-way
ANOVA, transfection, p � 0.0021) (Fig. 5B). This was accompa-
nied by significant increases in numbers of dendritic branch
points (mAp, 120  8, p � 0.0024; mAp-WT, 95  10, p �
0.0001; mAp-E183V, 178  16; one-way ANOVA with Tukey’s
post hoc) (Fig. 5C), dendritic segments (mAp, 246  15, p �
0.0023; mAp-WT, 196  97, p � 0.0001; mAp-E183V 364  31;
one-way ANOVA with Tukey’s post hoc) (Fig. 5D) and terminal
points (Fig. 5E). Interestingly, expression of mAp-CaMKII�-WT
significantly decreased total dendritic length compared with con-
trol and mAp-CaMKII�-E183V, yet no significant difference was
observed between control mAp and mAp-CaMKII�-E183V
(mAp, 6853  409 �m, p � 0.0041; mAp-WT, 4894  267 �m;
mAp-E183V, 8179  487 �m, p � 0.0001; one-way ANOVA with
Tukey’s post hoc) (Fig. 5F). Concomitantly, the expression of
mAp-CaMKII�-E183V significantly decreased the length of in-
dividual dendritic segments compared with control mAp and
mAp-CaMKII�-WT (mAp, 28.4  0.9 �m, p � 0.0088; mAp-
WT, 28.9  1.2 �m, p � 0.0022; mAp-E183V, 23.8  1.0 �m,
one-way ANOVA with Tukey’s post hoc) (Fig. 5G). However, no
overall difference was seen in diameter and volume of individual
dendrites (Figs. 5H, I). Together, these data indicate that overex-

pression of the CaMKII�-E183V mutant in cultured neurons
enhances dendritic arborization.

CaMKII�-E183V reduces AMPAR-mediated
synaptic transmission
To investigate the impact of the E183V mutation on synaptic
transmission, we compared AMPAR-mediated mEPSCs in
cultured hippocampal neurons following viral expression of
mAp-CaMKII�-WT or mAp-CaMKII�-E183V together with
soluble eGFP (Fig. 6 A, B). Neurons were transduced at DIV
14, and mEPSCs were recorded from GFP-positive cells at DIV
20 –22. Expression of mAp-CaMKII�-WT significantly in-
creased both the amplitude and frequency of mEPSCs relative
to the control (expression of GFP alone) (Fig. 6C--E). In con-
trast, expression of mAp-CaMKII�-E183V significantly
reduced mEPSC frequency compared with both mAp-
CaMKII�-WT and mAp control, but significantly reduced
mEPSC amplitude only compared with mAp-CaMKII�-WT
(amplitude means: mAp � 26.9  1.0 pA, n � 20; mAp-WT �
31.6  1.6 pA, n � 19, mAp-E183V � 24.2  1.4 pA, n � 20;
one-way ANOVA, p � 0.0013; frequency means: mAp �
17.5  1.8 Hz, n � 20; mAp-WT � 25.7  2.3 Hz, n � 19;
mAp-E183V � 9.0  1.4, n � 20; one-way ANOVA, p �
0.0001) (Fig. 6C–E). Overall, these results indicate that the
CaMKII�-E183V mutation disrupts AMPAR-mediated syn-

Figure 4. Expression of CaMKII�-E183V reduces spine density but does not alter spine morphology. A, Rat hippocampal neurons were transfected at DIV 14 with soluble GFP plus soluble mAp or
mAp-CaMKII� (WT or E183V). Confocal images (63�) were collected at DIV 20 –22. Scale bar: Top, 20 �m. Representative images of GFP in transfected neurons are shown, along with a zoomed-in
view of GFP and mAp fluorescence in the indicated dendritic segments. Imaris 3D reconstructions used to quantitatively analyze dendritic spines are shown below. Scale bar: Bottom, 5 �m.
B, Dendritic spine densities (one-way ANOVA with Tukey’s post hoc analysis, F(2,17) � 9.462, p � 0.0017). C, Percentages of stubby, mushroom, or thin spines (two-way ANOVA with Tukey’s post
hoc analysis, transfection F(2,54) � 8.2e-14, p � 0.9999). Summary data (mean  SEM) were quantified from 2– 4 nonprimary dendritic segments per neuron from 6 – 8 neurons (three
independent cultures/transfections). **p � 0.01.
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aptic transmission. Moreover, the decreased mEPSC fre-
quency is likely related to the observed decreases in spine
density due to CaMKII�-E183V expression. These data indi-
cate that CaMKII�-E183V can exert a dominant-negative ef-
fect on the endogenous CaMKII�-WT in these hippocampal
cultures to modulate excitatory synaptic transmission.

CaMKII�-E183V knock-in mice have reduced levels
of CaMKII�
To investigate the in vivo impact of the ASD-linked E183V-
CaMKII� mutation, we created a knock-in mouse on a hybrid
C57BL6J/DBA2J background using a CRISPR/Cas9 strategy (see

Materials and Methods; Fig. 7A). Mice were maintained on the
hybrid background and all animals used were bred from F2
E183V heterozygotes (Fig. 7B). Notably, all mice bred normally,
were viable, and had no visible anatomical differences. Immuno-
blots of whole forebrain extracts from mice at approximately P90
revealed that total CaMKII� levels were significantly reduced to
50  13% (one-sample t test, p � 0.0341, n � 4) and 15  5%
(one-sample t test, p � 0.0004, n � 4) in heterozygous
(Camk2aWT/E183V) and homozygous (Camk2aE183V/E183V) mutant
mice, respectively, compared with WT (Camk2aWT/WT, n � 4), (Fig.
7C, top). Total levels of CaMKII� were unchanged (Fig. 7C,
bottom).

Disruption of CaMKII localization and autophosphorylation
in CaMKII�-E183V knock-in mice
To assess the biochemical impact of E183V mutation in vivo, we
prepared cytosolic (S1), Triton-soluble membrane (S2), and Triton-
insoluble synaptic (P2) fractions from forebrains of Camk2aWT/WT,
Camk2aWT/E183V, and Camk2aE183V/E183V mice, and assessed levels
of CaMKII� and Thr286 autophosphorylation by immunoblotting.
Total levels of CaMKII� were significantly, if modestly, reduced in
S1 fractions from Camk2aE183V/E183V mice (73  11%) compared
with S1 fractions from Camk2aWT/WT and Camk2aWT/E183V mice
(Fig. 8A,B, left). However, total levels of CaMKII� in the S2 and P2
fractions were significantly reduced in both Camk2aWT/E183V and
Camk2aE183V/E183V compared with Camk2aWT/WT (S2: 78  8%
and 24  2%, respectively; P2: 88  3% and 18  3%, respectively)
(Fig. 8A,B, middle, right). Recalculation of these data revealed gen-
otype-dependent differences in the relative distribution of CaMKII�
between the subcellular fractions expressed as a percentage of total
CaMKII� levels in S1, S2, and P2 combined. Relative CaMKII� dis-
tributions between subcellular fractions from Camk2aWT/WT and
Camk2aWT/E183V mice were not significantly different, but a signifi-
cantly higher percentage of the reduced total CaMKII� levels
was in the cytosolic fraction from Camk2a E183V/E183V mice
(Camk2a WT/WT: 15  3%; Camk2a WT/E183V: 15  2%;
Camk2aE183V/E183V: 33  6%; mean  SEM; p � 0.0092, one-way
ANOVA), with a significantly reduced percentage in the synaptic
fraction (Camk2aWT/WT: 67  3%; Camk2aWT/E183V: 68  2%;
Camk2aE183V/E183V: 47  5%; mean  SEM; p � 0.0023, one-way
ANOVA). Interestingly, relative levels of CaMKII� Thr286
autophosphorylation in the S1 fraction were increased in
Camk2a E183V/E183V mice (124  8%) compared with
Camk2a WT/WT and Camk2a WT/E183V mice (Fig. 8C, left), whereas
levels of Thr286 autophosphorylation were reduced in
Camk2a WT/E183V P2 fractions (61  7%) and in
Camk2a E183V/E183V S2 and P2 fractions (S2: 58  6%; P2: 56 
7%) compared with Camk2a WT/WT (Fig. 8C, middle, right). To-
gether, these data indicate that the E183V mutation interferes
with both the subcellular distribution and autophosphorylation
of CaMKII� in vivo.

We extended these analyses of brain subcellular fractions to
CaMKII�. The total CaMKII� levels in each fraction were not sig-
nificantly different in Camk2a WT/WT, Camk2a WT/E183V, and
Camk2aE183V/E183V mice (Fig. 8D,E). Moreover, the fraction of
total CaMKII� in the three subcellular fractions was unaf-
fected by genotype (data not shown). However, pT287/total
levels were reduced in both S2 and P2 fractions from
Camk2a E183V/E183V mice compared with Camk2a WT/WT

(S2: 66  12%; P2: 45  6%) (Fig. 8F ). Thus, although the
CaMKII� subcellular distribution is unaffected, these data are
consistent with the notion that CaMKII�-E183V exerts a dom-
inant-negative effect to reduce CaMKII� phosphorylation.

Figure 5. Expression of CaMKII�-E183V enhances dendritic arborization but decreases in-
dividual dendrite length. A, Rat hippocampal neurons were transfected at DIV 8 with soluble
GFP, plus soluble mAp or mAp-CaMKII� (WT or E183V). Confocal images were collected at DIV
10 –12; representative traces of the dendritic arbors generated using Imaris for quantitative
analyses are shown. A total of 22–24 cells from three separate cultures/transfections were
analyzed. B, Sholl analyses of dendritic arbor traces (two-way repeated-measures ANOVA with
Tukey’s post hoc analysis, F(78,2613) � 2.032, p � 0.0001, interaction; F(39,2613) � 53.05, p �
0.0001, distance; F(2,67) � 6.757, p � 0.0021, transfection; F(67,2613) � 28.15, p � 0.0001,
subjects). C, Dendritic branch points (one-way ANOVA with Tukey’s post hoc analysis, F(2,66) �
13.36, p � 0.0001). D, Numbers of dendritic segments (one-way ANOVA with Tukey’s post hoc
analysis, F(2,66) � 13.36, p � 0.0001). E, Terminal points (one-way ANOVA with Tukey’s post
hoc analysis, F(2,67) � 9.584, p � 0.0002). F, Total dendritic length (one-way ANOVA with
Tukey’s post hoc analysis, F(2,64) � 16.33, p � 0.0001). G, Average dendritic length (one-way
ANOVA with Tukey’s post hoc analysis, F(2,67) � 7.463, p � 0.0001). H, Average dendritic
diameter (one-way ANOVA with Tukey’s post hoc analysis, F(2,67) � 0.1876, p � 0.8294). I,
Average dendritic volume (one-way ANOVA with Tukey’s post hoc analysis, F(2,66) � 2.017, p �
0.1412). *p � 0.05. **p � 0.01. ***p � 0.001. ****p � 0.0001. Data are mean  SEM.
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E183V-CaMKII� reduces protein stability and
enhances ubiquitylation
Because CaMKII�-E183V is expressed at lower levels than
CaMKII�-WT in both transfected HEK293T cells and in
Camk2aE183V/E183V mice (Figs. 1B, 7C), we tested the hypothesis that
E183V mutation increases the turnover of CaMKII�. Cyclohexi-
mide was added to HEK293T cells expressing CaMKII�-WT or
CaMKII�-E183V to inhibit protein synthesis 48 h after transfection.
Levels of CaMKII�-E183V, but not CaMKII�-WT, in the soluble
fraction decreased significantly after 8 h (two-way repeated-
measures ANOVA, transfection, p � 0.0001. 0 h vs 8 h: E183V,
54  16%, p � 0.015. WT, 110  13%, n � 4) (Fig. 9A). Thus, the
CaMKII�-E183V mutation enhances protein degradation/
turnover.

To determine whether CaMKII�-E183V affects the stability of
coexpressed CaMKII�-WT, HEK293T cells were cotransfected to
express untagged CaMKII�-WT and/or mAp-CaMKII�-E183V
and treated with cycloheximide. The mApple-tagged CaMKII�-
E183V protein is relatively unstable when expressed alone (49  8%
residual protein after 8 h), similar to the instability of untagged mu-
tant protein (see above), and this instability was not significantly

altered by the coexpression of CaMKII�-WT (Fig. 9B). However,
CaMKII�-WT levels were significantly lower when coexpressed
with CaMKII�-E183V than when expressed alone (82  3% of time
0 and 120  10%, respectively) (Fig. 9B). Furthermore, levels of a
kinase-dead CaMKII�-K42R mutant protein were stable over an 8 h
cycloheximide treatment (999%) (Fig. 9B). In combination, these
data indicate that the instability of CaMKII�-E183V is not a direct
result of the low levels of kinase activity and that the mutant protein
can exert a dominant effect to decrease the stability of coexpressed
WT protein.

The ubiquitin-proteasome system is a major pathway for cellular
protein degradation/turnover. To investigate potential ubiquityla-
tion of CaMKII�, we expressed CaMKII�-WT or CaMKII�-E183V
in HEK293T cells with/without HA-tagged ubiquitin. Cell-soluble
fractions and immunoprecipitated CaMKII� complexes were then
isolated and immunoblotted for CaMKII� and HA-ubiquitin. As
expected, cell-soluble fractions contained numerous HA-ubiquity-
lated species that form an immunoreactive smear. Moreover, HA-
ubiquitylated species coimmunoprecipitated with CaMKII�-E183V
but could not be detected in CaMKII�-WT immune complexes
(Fig. 9C). Furthermore, samples immunoprecipitated from soluble

Figure 6. Expression of CaMKII�-E183V inhibits basal excitatory synaptic transmission. A, Design of lentiviral constructs. A synapsin promoter and a P2A cleavage site allow for coexpression of
mAp-CaMKII� (WT or E183V) with soluble GFP or GFP alone. B, Rat hippocampal neurons (DIV 14) were transduced at DIV 14, and representative confocal images were collected at DIV 20 –22.
C, Representative mEPSC recordings from virally transduced rat hippocampal neurons at DIV 20 –22, GFP alone (black), mAp-CaMKII�-WT (mAp-WT; blue), or mAp-CaMKII�-E183V (mAp-E183V;
red). A total of 19 or 20 cells from three separate cultures/transductions were analyzed. D, Cumulative probability distributions of mEPSC amplitudes and average mEPSC amplitudes (inset).
Cumulative probability: Kruskal-Wallis with Dunn’s post hoc analysis (K-W statistic � 23.03, p � 0.0001). Box plot inset, p � 0.0013 (one-way ANOVA with Tukey’s post hoc analysis, F(2,55) �
7.511). Colored asterisks indicate difference from control. E, Cumulative probability distributions of mEPSC interevent intervals and average mEPSC frequencies (inset). Cumulative probability:
Kruskal-Wallis with Dunn’s post hoc analysis (K-W statistic � 133.7, p � 0.0001). Box plot inset, p � 0.0001 (one-way ANOVA with Tukey’s post hoc analysis, F(2,55) � 20.00). Colored asterisks
indicate differences from control. *p � 0.05. **p � 0.01. ***p � 0.001. ****p � 0.0001. Data are mean  SEM.
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fractions of cells expressing CaMKII�-E183V using an antibody to
the HA tag on ubiquitin contained a robust smear of CaMKII-
immnunoreactive high molecular weight proteins, but HA
immunoprecipitates from cells expressing CaMKII�-WT or
CaMKII�-K42R contain unmodified CaMKII� (Fig. 9D). To-
gether, these data indicate that CaMKII�-WT and CaMKII�-
K42R associate directly or indirectly with HA-ubiquitylated
proteins and are also consistent with the hypothesis that
CaMKII�-E183V is uniquely polyubiquitylated to enhance
CaMKII� degradation and reduce total expression levels.

CaMKII�-E183V knock-in mice are hyperactive and display
repetitive behaviors
We assessed the behavioral impact of the ASD-associated E183V
mutation using a cohort of 3 litters, containing 10 Camk2aWT/WT, 23
Camk2aWT/E183V, and 13 Camk2aE183V/E183V mice. Initial testing in a
novel open field arena revealed that Camk2aE183V/E183V mice are
hyperactive throughout the 30 min test period compared with
Camk2aWT/WT and Camk2aWT/E183V littermates (two-way repeat-
ed-measures ANOVA, genotype, p � 0.0001) (Fig. 10A). There was
also a significant genotype effect on time spent in the center of
the open field arena (two-way repeated-measures ANOVA,
genotype, p � 0.0032), with Camk2a E183V/E183V and
Camk2a WT/E183V mice spending significantly less time in the cen-
ter compared with the Camk2a WT/WT controls (Fig. 10B), consis-

tent with an allele-dose-dependent increase of anxiety.
Camk2a E183V/E183V mice also exhibited significantly increased
rearing and jumping (two-way repeated-measures ANOVA, ge-
notype, p � 0.0001 for both rearing and jumping) compared with
Camk2a WT/WT and Camk2a WT/E183V, (Fig. 10C,D). Interestingly,
changes in center time, rearing, and jumping behaviors were per-
sistent across the entire 30 min time period, in contrast to the
normal habituation of horizontal locomotor activity. The en-
hanced vertical activities of Camk2a E183V/E183V mice in the open
field can be interpreted as an increased repetitive behavior, mim-
icking a core ASD phenotype. The overall hyperactivity and
heightened anxiety of Camk2a E183V/E183V mice also may mimic
commonly comorbid symptoms of ASD.

CaMKII�-E183V knock-in mice display social deficits and
decreased exploratory behavior
To determine the effects of E183V mutation on social interac-
tions, test mice were first habituated to a 3-chamber apparatus
containing empty (E) inverted wire pencil cups in the two outer
chambers. A novel mouse was then placed under one of the cups
(M1), and times spent by the test mice interacting with the two
cups were compared. As expected, Camk2a WT/WT mice spent sig-
nificantly more time with the wire cup containing the novel
mouse (E � 88  10 s; M1 � 119  10 s; paired t test, p � 0.038).
Camk2a WT/E183V also displayed a preference for the novel mouse
(E � 89  8 s; M1 � 143  10 s; paired t test, p � 0.0004), but
there was no significant difference between the times that
Camk2a E183V/E183V mice spent interacting with the two wire cups
(E � 109  12 s; M1 � 141  14 s; paired t test, p � 0.088). In the
next phase of this assay, a second novel mouse is placed under
the remaining empty cup (M2). As expected, Camk2a WT/WT mice
spent more time with the wire cup containing the novel mouse
versus the familiar mouse (M1 � 71  8 s; M2 � 100  11 s;
paired t test, p � 0.008). In contrast, Camk2a WT/E183V mice dis-
played no preference for the novel mouse versus the familiar
mouse (M1 � 102  10 s; M2 � 100  5 s; paired t test, p �
0.923) (Fig. 10E). However, Camk2a E183V/E183V (M1 � 83  10 s;
M2 � 119  15 s; paired t test, p � 0.0304) mice showed a
significant preference for a novel mouse. In addition,
Camk2a E183V/E183V mice displayed increased repetitive rotational
behavior in the 3-chamber assay compared with other groups
(Camk2a WT/WT, 98  5, p � 0.0315; Camk2a WT/E183V, 97  4,
p � 0.0035; Camk2a E183V/E183V, 119  5; one-way ANOVA with
Tukey’s post hoc) (Fig. 10F).

In combination, data from the 3-chamber test indicate that
E183V mutation disrupt normal social behavior. Camk2aWT/E183V

miceexhibiteddeficits insocialmemoryorpreferenceforsocialnovelty,
whereas Camk2aE183V/E183V mice exhibited a deficit in social motiva-
tion, as well as increased repetitive circling behavior, reminiscent of core
repetitive behavior symptoms of ASD. Notably in this context, the ASD
probandharboringtheE183Vdenovomutationshowedtypical impair-
ments in core phenotypic domains of social reciprocity, language/
communication, repetitive behaviors, and restricted interests (Table 1).
Moreover, this proband does not carry any other obvious pathogenic
mutations (Iossifov et al., 2014), including de novo CNVs or SNVs in
genes implicated as high confidence or probable ASD candidate genes
based on large-scale genetic studies (i.e., CNV and whole exome se-
quencing) (Sanders et al., 2015). The only other de novo nonsynony-
mousmutationsidentifiedinthisprobandwereanonsensemutationin
a tumor suppressor gene, TUSC1, and a splice site disruption in TERF2,
which encodes a component of the telomere nucleoprotein complex.

We also tested mice using a marble-burying task, which has been
used to test for repetitive/perseverative behaviors, as well as for ex-

Figure 7. Production of knock-in mutant mice with a CaMKII�-E183V mutation. A, Partial
sequence of exon 8 of the Camk2a gene indicating the selected guide RNA (red) and PAM
sequence (blue) used for CRISPR/Cas9, as well as the Glu183 codon (underlined). Donor DNA
oligonucleotide was designed to substitute the last two bases of the E183 codon with TG to
encode for valine with 60 bp homologous arms on either side of the substitution. B, Represen-
tative genomic sequencing of WT (E/E), heterozygous (E/V), and homozygous mice (V/V). Sec-
ond and third nucleotides of Camk2a codon 183 are highlighted by the dashed box, indicating
the WT GAA (Glu) and homozygous KI mutant GTG (Val). C, Immunoblots of mouse forebrain
homogenates from E/E, E/V, and V/V mice (n � 4 each) for CaMKII� (top) and CaMKII� (bot-
tom) (CaMKII�: one-way ANOVA with Tukey’s post hoc analysis, F(2,9) � 27.59, p � 0.0001;
CaMKII�: one-way ANOVA with Tukey’s post hoc analysis, F(2,9) � 1.442, p � 0.2905). *p �
0.05. ***p � 0.001. Data are mean  SEM.
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ploratory behavior in a novel environment (Moy et al., 2014). Inter-
estingly, there were significant decreases in the number of marbles
buried by both Camk2aWT/E183V and Camk2aE183V/E183V mice com-
pared with Camk2a WT/WT (Camk2a WT/WT, 8.9  0.6;
Camk2aWT/E183V, 5.3  0.8, p � 0.0069; Camk2aE183V/E183V, 1.6 
0.5, p �0.0001; one-way ANOVA with Tukey’s post hoc) (Fig. 10G).
These data indicate that there is an E183V allele dose-dependent
decrease in exploratory behavior in this novel environment.

Discussion
CaMKII is among the most intensively studied neuronal proteins,
with well-defined roles at excitatory synapses linked to LTP and
spatial learning and memory (see Introduction). Studies described
herein characterize at multiple levels the functional impact of the
first human CAMK2A mutation identified in an individual diag-
nosed with any neuropsychiatric disorder, explicitly linking CaMKII
to ASD-related behaviors, such as social interaction deficits and in-
creased repetitive behaviors.

The de novo missense E183V CAMK2A mutation was recently
detected in a proband with a typical ASD diagnosis (Iossifov et al.,
2014); social interaction deficits and repetitive/stereotyped be-
havior, as well as hyperactivity and anxiety (Table 1). This muta-
tion likely contributes to ASD risk in this proband because of: (1)
prior knowledge of the neuronal roles of CaMKII�, particularly

binding to and regulating proteins strongly implicated in ASD,
such as SHANK3 and GRIN2B; (2) lack of other known signifi-
cant genetic risk factors in this proband; (3) clear biochemical
deficits caused by E183V mutation; (4) effects of CaMKII�-
E183V on dendritic morphology and synaptic function; and (5)
ASD-related behavioral phenotypes of E183V knock-in mice.

Mice with a knock-in CaMKII�-E183V mutation had novel
behavioral deficits. Camk2a E183V/E183V mice displayed enhanced
repetitive behaviors and deficits in social interactions (Fig. 10),
which are generally believed to mimic core ASD symptoms and
are similar to other mouse ASD models (Silverman et al., 2010).
Homozygous mice were also hyperactive in an open field test,
with reduced center time suggesting increased anxiety; hyperac-
tivity and anxiety are frequent comorbid symptoms in ASD pa-
tients. Heterozygous mice had less severe phenotypes, but a
striking deficit in the novelty phase of the social testing paradigm,
which contains components of social memory and recognition
(Yang et al., 2011), and more modestly increased anxiety.
Camk2a E183V/E183V mice also had a robust increase of repetitive
vertical behaviors. Thus, the reduced marble-burying behavior of
both Camk2a E183V/E183V and Camk2a WT/E183V mice was initially
surprising. However, reduced marble burying was observed in
other ASD-mouse models, perhaps indicating reduced explora-

Figure 8. Disruption of CaMKII subcellular targeting and autophosphorylation in CaMKII�-E183V KI mice. A, Cytosolic (S1), membrane (S2), or synaptic fractions (P2) isolated from Camk2a WT/WT,
Camk2a WT/E183V, and Camk2a E183V/E183V mice were immunoblotted for total CaMKII� (top) and phosphorylated Thr286 (pT286, bottom). B, CaMKII� levels in the S1 (left), S2 (middle), and P2
(right) fractions normalized to WT levels within each fraction (S1: Camk2a WT/E183V, t(6) � 1.484, p � 0.1883, n � 7; Camk2a E183V/E183V, t(6) � 2.498, p � 0.0466, n � 7; S2: Camk2a WT/E183V,
t(6) � 2.752, p � 0.0322, n � 7; Camk2a E183V/E183V, t(4) � 31.50, p � 0.0001, n � 5; P2: Camk2a WT/E183V, t(6) � 3.585, p � 0.0116, n � 7; Camk2a E183V/E183V , t(5) � 25.43, p � 0.0001, n �
6; all by one-sample t test compared with theoretical value of 100%). C, The pT286/CaMKII� ratios in S1, S2, and P2 fractions normalized to WT in each fraction (S1: Camk2a WT/E183V, t(6) � 0.033,
p � 0.9744, n � 7; Camk2a E183V/E183V, t(6) � 2.892, p � 0.0276, n � 7; S2: Camk2a WT/E183V, t(6) � 1.882, p � 0.1088, n � 7; Camk2a E183V/E183V, t(5) � 6.908, p � 0.0010, n � 6; P2:
Camk2a WT/E183V, t(6) � 5.910, p � 0.0010, n � 7; Camk2a E183V/E183V, t(6) � 6.545, p � 0.0006, n � 7; one-sample t tests). D, Cytosolic (S1), membrane (S2), or synaptic fractions (P2) isolated
from Camk2a WT/WT, Camk2a WT/E183V, and Camk2a E183V/E183V mice were immunoblotted for total CaMKII� (top) and phosphorylated Thr287 (pT287, bottom). E, CaMKII� levels in the S1 (left), S2
(middle), and P2 (right) fractions normalized to WT in each fraction (S1: Camk2a WT/E183V, t(6) � 0.1665, p � 0.8740, n � 7; Camk2a E183V/E183V, t(6) � 0.1335, p � 0.8967, n � 7; S2:
Camk2a WT/E183V, t(6) � 0.1958, p � 0.8513, n � 7; Camk2a E183V/E183V, t(6) � 0.0279, p � 0.9786, n � 7; P2: Camk2a WT/E183V, t(6) � 0.5819, p � 0.5818, n � 7; Camk2a E183V/E183V, t(6) � 1.679,
p � 0.1443, n � 7; one-sample t tests). F, The pT287/CaMKII� ratios in S1, S2, and P2 fractions normalized to WT in each fraction (S1: Camk2a WT/E183V, t(6) � 0.7554, p � 0.4786, n � 7;
Camk2a E183V/E183V, t(6) � 0.7844, p � 0.4626, n � 7; S2: Camk2a WT/E183V, t(6) � 0.5782, p � 0.5842, n � 7; Camk2a E183V/E183V , t(6) � 2.926, p � 0.0264, n � 7; P2: Camk2a WT/E183V, t(5) �
0.4385, p � 0.6793, n � 6; Camk2a E183V/E183V, t(6) � 9.399, p � 0.0001, n � 7; one-sample t tests).
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tion in a complex environment (Balemans et al., 2010; Feyder et
al., 2010; DeLorey et al., 2011; Moy et al., 2014). It is possible that
the hyperactivity and/or increased anxiety of CaMKII-E183V KI
mice contributes to social interaction deficits and reduced marble
burying. Despite extensive studies of other CaMKII mutant mice,
this is the first study showing that CaMKII mutation causes core
ASD-related phenotypes.

The biochemical properties of CaMKII� are profoundly af-
fected by E183V mutation in the catalytic domain. First, catalytic
activity is dramatically reduced. The CaMKII�-E183V mutant
retained some activity toward GluA1 AMPA receptor subunits
(�30% of WT) but had negligible activity toward a peptide sub-
strate or by Thr286 autophosphorylation. This difference may
relate to prior observations that substrates can interact with
CaMKII� in multiple ways (e.g., Coultrap et al., 2010) and that
some CaMKII activators and inhibitors exhibit substrate-
selective effects (Jiao et al., 2011; Jalan-Sakrikar et al., 2012). No-
tably, CaMKII�-E183V forms holoenzymes with CaMKII�-WT,
presumably accounting for the dominant-negative activity of
CaMKII�-E183V to reduce Thr286 autophosphorylation of
CaMKII�-WT. Second, CaMKII�-E183V mutation disrupted
binding to several CaMKAPs. Approximately 10% of the �100
CaMKAPs specifically associated with synaptic CaMKII holoen-
zymes (Baucum et al., 2015) have been linked to ASD, including
GluN2B; Shank-1, -2, and -3; SAPAP-1, -2, -3, -4; and Homer-1
(Durand et al., 2007; Berkel et al., 2010; Pinto et al., 2010; O’Roak
et al., 2012; Sato et al., 2012). Notably, Shank3 was one of the
most abundant components of synaptic CaMKII holoenzyme
complexes (Baucum et al., 2015) and SHANK3 is among the most
commonly mutated genes in ASD (Moessner et al., 2007; Jiang
and Ehlers, 2013). Moreover, E183V mutation disrupts Shank3
coimmunoprecipitation with CaMKII� from transfected cells.
CaMKII� also interacts directly with and/or regulates other ASD-
linked synaptic proteins, such as voltage-gated calcium channels
and neuroligins (Leonard et al., 1999; Abiria and Colbran, 2010;
Jenkins et al., 2010; Bemben et al., 2014; Baucum et al., 2015). In
combination, these data indicate that E183V mutation disrupts
CaMKII association with an ASD-linked synaptic protein net-
work. Further characterization of biochemical consequences of
CaMKII�-E183V mutation in vitro and in neurons seems likely
to provide novel insights into molecular mechanisms underlying
ASD.

The expression of CaMKII�-E183V in neurons that endoge-
nously express CaMKII�-WT might mimic a heterozygous geno-
type and had a significant impact on dendritic morphology and
synaptic transmission. CaMKII�-WT was targeted to dendritic
spines, as expected, but E183V mutation interfered with synaptic
targeting, presumably reflecting reduced interactions with
GluN2B, Shank3, and other CaMKAPs. Reduced Thr286 auto-
phosphorylation may also contribute to the disrupted subcellular
targeting (McNeill and Colbran, 1995; Strack and Colbran, 1998;
Shen and Meyer, 1999; Robison et al., 2005a; Bayer et al., 2006;
Bingol et al., 2010; Jiao et al., 2011). CaMKII�-E183V expression
strikingly decreased dendritic spine density and enhanced den-
dritic arborization relative to neurons expressing CaMKII�-WT,
reminiscent of prior observations that alterations in synaptic
maturation are observed with ASD-linked mutations in other
synaptic proteins in cultured neurons and in mice (e.g., Shank3)
(Peça et al., 2011; Durand et al., 2012). It is perhaps surprising
that we did not detect changes in the distribution of different
spine types following expression of CaMKII�-E183V because
persistent CaMKII� translocation to spines has been linked to
increased spine size (Zhang et al., 2008; Pi et al., 2010). Moreover,

Figure 9. The E183V mutation reduces CaMKII� stability and enhances ubiquitylation. A,
Left, Cycloheximide (50 �g/�l) was added to HEK293T cells expressing CaMKII�-WT or
CaMKII�-E183V. Cells were lysed at the indicated times and immunoblotted for CaMKII� and
tubulin. Right, Summary graph of CaMKII� levels normalized to total protein loading (two-way
repeated-measures ANOVA with Tukey’s post hoc analysis, F(4,26) � 5.447, p � 0.0025, inter-
action; F(4,26) � 1.458, p � 0.2435, time; F(1,26) � 55.38, p � 0.0001, transfection). Data are
meanSEM; n�4. B, Left, Cycloheximide (50 �g/�l) was added to HEK293T cells expressing
CaMKII�-WT, mAp-CaMKII�-E183V, and/or CaMKII�-K42R. Cells were lysed after 8 h and
immunoblotted for CaMKII�. Right, Summary of CaMKII� levels normalized to total protein
loading and shown as a percentage change from time 0 (two-way ANOVA with Tukey’s post hoc
analysis, F(1,8) � 12.01, p � 0.0085, interaction; F(1,8) � 40.29, p � 0.0002, transfection).
Data are mean  SEM; n � 3. C, Soluble fractions of HEK293T cells expressing HA-ubiquitin
alone or HA-ubiquitin with either CaMKII�-WT or CaMKII�-E183V were immunoprecipitated
using a CaMKII� antibody. Inputs and immune complexes were immunoblotted for HA and
CaMKII�. D, Soluble fractions of HEK293T cells expressing HA-ubiquitin alone or HA-ubiquitin
with CaMKII�-WT, CaMKII�-E183V, or CaMKII�-K42R were immunoprecipitated using an HA-
antibody. Inputs and immune complexes were immunoblotted for HA and/or CaMKII�. *p �
0.05. **p � 0.01. ***p � 0.001. ****p � 0.0001.
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increased dendritic arborization following CaMKII�-E183V ex-
pression in neurons contrasts with the decreased arborization in
striatal MSNs following transgenic overexpression of a CaMKII
inhibitor (Klug et al., 2012). CaMKII can regulate dendritic mor-
phology by interacting with and/or phosphorylating numerous
proteins, including kalirin-7 (Xie et al., 2007), F-actin (Kim et al.,
2015), and Rem2, a small Ras-like GTPase (Ghiretti et al., 2013).
Therefore, the inhibitory actions of CaMKII�-E183V on endog-
enous CaMKII� and/or CaMKII� may disrupt one or more of
these pathways to affect dendritic morphology. Moreover, the
effects of CaMKII�-E183V expression on neuronal morphology
may be cell-type specific.

Expression of CaMKII�-E183V in cultured neurons also re-
duced mEPSC amplitude and frequency compared with neurons
expressing CaMKII�-WT. Impaired basal synaptic transmission
and/or synaptic plasticity have been observed with ASD-linked mu-
tations of other synaptic proteins. For example, expression of
Shank3 mutants reduces mEPSC amplitude and frequency in disso-
ciated hippocampal neurons (Durand et al., 2012), and basal synap-
tic transmission is altered in Shank3 heterozygous mice (Peça et al.,
2011). Mutations in the neuroligin family of postsynaptic density
proteins have also been linked to ASD (Ylisaukko-oja et al., 2005),
and CaMKII� phosphorylates neuroligin-1, regulating its surface
expression and excitatory synaptic transmission (Bemben et al.,
2014). Overexpression of an ASD-associated neuroligin-3 mutant
also reduces basal synaptic transmission in cultured neurons com-
pared with WT neuroligin-3 (Gutierrez et al., 2009). It will be im-
portant to investigate the impact of CaMKII�-E183V mutation on
synaptic transmission and plasticity in multiple brain regions in fu-
ture studies.

Biochemical analyses indicate that total CaMKII� protein levels
are reduced in Camk2aE183V/E183V and Camk2aWT/E183V mice, per-
haps due to increased polyubiquitylation and turnover of CaMKII�-
E183V. Furthermore, CaMKII�-E183V can act in a dominant
manner to enhance CaMKII�-WT degradation when the two pro-
teins are coexpressed in heterologous cells, in addition to its domi-
nant-negative actions to reduce autophosphorylation (see above).
CaMKII� synaptic targeting and autophosphorylation are disrupted
in both Camk2a E183V/E183V and Camk2a WT/E183V mice, and
CaMKII� autophosphorylation is reduced in Camk2aE183V/E183V

mice, providing evidence for a dominant-negative impact of
CaMKII�-E183V on both isoforms. Further studies of the cellular
mechanisms controlling CaMKII� turnover are clearly warranted.

Mice overexpressing or underexpressing CaMKII� or with
mutated Camk2a alleles that disrupt CaMKII� signaling have
revealed diverse cellular and behavioral roles relevant to psychi-
atric disorders (Elgersma et al., 2004; Robison, 2014). Hyperac-
tivity was observed in heterozygous CaMKII� null mice with
�50% lower CaMKII� levels (Yamasaki et al., 2008) and in
CaMKII�-T286A KI mice with reduced kinase activity, but no
change in expression levels (Easton et al., 2011; Shonesy et al.,
2013), similar to Camk2a E183V/E183V mice. However, CaMKII�-
T286A KI mice displayed reduced anxiety in a light/dark box test
and elevated plus maze (Easton et al., 2011; Gustin et al., 2011),
but not in an open-field test (Easton et al., 2011), in contrast to
Camk2a E183V/E183V mice. In addition, dendritic outgrowth of
hippocampal neurons is reduced in heterozygous CaMKII� null
mice (Yamasaki et al., 2008). Moreover, mice with an inactivating
K42R knock-in mutation in CaMKII� have normal CaMKII�
expression and synaptic targeting (Yamagata et al., 2009). In con-

Figure 10. Behavioral comparisons of CaMKII�-WT and E183V KI mice. A–D, Measures of activity in a novel open field arena, binned by time in the arena. A, Horizontal locomotion (two-way
repeated-measures ANOVA with Tukey’s post hoc analysis, F(10,230) � 5.581, p � 0.0001, interaction; F(5,230) � 55.52, p � 0.0001, time; F(2,46) � 14.36, p � 0.0001, genotype; F(46,230) � 11.99,
p � 0.0001, subjects). B, Time in center (two-way repeated-measures ANOVA with Tukey’s post hoc analysis, F(10,230) � 0.6233, p � 0.7933, interaction; F(5,230) � 1.466, p � 0.2017, time;
F(2,46) � 6.545, p � 0.0032, genotype; F(46,230) � 5.835, p � 0.0001, subjects). Asterisks indicate significant difference from control. C, Rearing counts (two-way repeated-measures ANOVA with
Tukey’s post hoc analysis, F(10,230) �1.017, p �0.4296, interaction; F(5,230) �2.848, p �0.0162, time; F(2,46) �13.10, p �0.0001, genotype; F(46,230) �8.887, p �0.0001, subjects). D, Jumping
counts (two-way repeated-measures ANOVA with Tukey’s post hoc analysis, F(10,230) � 0.6907, p � 7.372, interaction; F(5,230) � 3.63, p � 0.0035, time; F(2,46) � 16.18, p � 0.0001, genotype;
F(46,230) � 10.84, p � 0.0001, subjects). E, Three-chamber test for social interactions. Comparisons of time spent interacting with an empty (E) versus novel mouse (M1) pencil cups (Phase 1; left)
and familiar mouse (M1) versus a novel mouse (M2) (Phase 2; right) for each genotype (paired t test, Phase 1, E/E: t(9) � 2.434, p � 0.038; Phase 2, E/E: t(9) � 3.362, p � 0.008; Phase 1, E/V:
t(24) � 4.117, p � 0.0004; Phase 2, E/V: t(25) � 0.097, p � 0.914; Phase 1, V/V: t(13) � 1.857, p � 0.088; Phase 2, V/V: t(13) � 2.453, p � 0.030). F, Rotational behavior measured in the 3-chamber
test (one-way ANOVA with Tukey’s post hoc analysis, F(2,46) � 17.33, p � 0.0001). G, Marble burying test: number of marbles (of 12 total) buried in 30 min (one-way ANOVA with Tukey’s post hoc
analysis, F(2,46) � 17.33, p � 0.0001). For all behavioral analyses: E/E, n � 10; E/V, n � 25; V/V, n � 14. *p � 0.05. **p � 0.01. ***p � 0.001. ****p � 0.0001. Data are mean  SEM.
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trast, neuronal expression of CaMKII�-E183V disrupts synaptic
targeting and enhances dendritic arborization while reducing
spine density (Fig. 5). Total levels of CaMKII� were reduced in
Camk2a E183V/E183V and Camk2a WT/E183V mice, with decreased
relative synaptic targeting Camk2a E183V/E183V mice. Thus, our
initial studies indicate that the E183V mutation has relatively
unique effects compared with other CaMKII� mutations. How-
ever, elucidating relationships between the molecular, cellular,
and behavioral consequences of E183V mutation will require fur-
ther investigations.

Some studies indicate that CaMKII has indirect roles in devel-
opmental disorders with symptoms that overlap those of ASD.
For example, the Fragile X mental retardation protein directly
regulates CaMKII� mRNA translation (Darnell et al., 2011).
Moreover, CaMKII hyper-phosphorylates Homer proteins in a
Fragile X mouse model, and reducing CaMKII� levels or activity
rescues behavioral phenotypes in these mice (Guo et al., 2015).
Similarly, CaMKII is hyper-autophosphorylated in an Angelman
syndrome mouse model, and preventing CaMKII� Thr306 phos-
phorylation rescues multiple behavioral phenotypes of these
mice (van Woerden et al., 2007). However, the current findings
provide strong support for a more direct role for CaMKII� in
ASD-related synaptic and behavioral phenotypes.

In conclusion, the E183V mutation of CaMKII� profoundly
affects multiple biochemical activities, resulting in dysregulation
of dendritic morphology and synaptic transmission, and ulti-
mately causes robust ASD-like behavioral phenotypes in mice.
Thus, our studies identified a novel role for CaMKII in a synaptic
signaling protein network that modulates ASD-related behav-

iors. Ultimately, it will be important to integrate this novel per-
spective with other information about this network to develop a
more comprehensive understanding of the molecular disrup-
tions that cause ASD at the synaptic and circuit levels.
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aVerbal/nonverbal I. Values are from the following diagnostic instruments: Autism Diagnostic Interview-Revised
(ADI-R) (Lord et al., 1994), Autism Diagnostic Observation Schedule (ADOS) (Lord et al., 2000b), Social Responsive-
ness Scale (SRS) (Constantino et al., 2003), Aberrant Behavior Checklist (ABC) (Aman et al., 1985), and Repetitive
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