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Recent human exome-sequencing studies have implicated polymorphic Brg1-associated factor (BAF) complexes (mammalian

SWI/SNF chromatin remodeling complexes) in several intellectual disabilities and cognitive disorders, including autism.

However, it remains unclear how mutations in BAF complexes result in impaired cognitive function. Post-mitotic

neurons express a neuron-specific assembly, nBAF, characterized by the neuron-specific subunit BAF53b. Subdomain

2 of BAF53b is essential for the differentiation of neuronal precursor cells into neurons. We generated transgenic

mice lacking subdomain 2 of Baf53b (BAF53bDSB2). Long-term synaptic potentiation (LTP) and long-term memory,

both of which are associated with phosphorylation of the actin severing protein cofilin, were assessed in these animals.

A phosphorylation mimic of cofilin was stereotaxically delivered into the hippocampus of BAF53bDSB2 mice in an

effort to rescue LTP and memory. BAF53bDSB2 mutant mice show impairments in phosphorylation of synaptic cofilin,

LTP, and memory. Both the synaptic plasticity and memory deficits are rescued by overexpression of a phosphorylation

mimetic of cofilin. Baseline physiology and behavior were not affected by the mutation or the experimental treatment.

This study suggests a potential link between nBAF function, actin cytoskeletal remodeling at the dendritic spine, and

memory formation. This work shows that a targeted manipulation of synaptic function can rescue adult plasticity and

memory deficits caused by manipulations of nBAF, and thereby provides potential novel avenues for therapeutic develop-

ment for multiple intellectual disability disorders.

[Supplemental material is available for this article.]

Recent human exome-sequencing data have implicated de novo
mutations in genes regulating chromatin structure and synaptic
function in a host of human neuropsychiatric disorders including
autism, schizophrenia, depression, bipolar disorder, and intellec-
tual disability (Vogel-Ciernia and Wood 2013). Together these
large-scale sequencing efforts point to a critical role for regulation
of transcription via chromatin modification (e.g., histone acetyla-
tion) and chromatin remodeling (e.g., nucleosome remodeling).
Nucleosome remodeling is carried out by large, multi-subunit
complexes that hydrolyze ATP to alter chromatin structure by slid-
ing, evicting, or exchanging nucleosomes (Hargreaves and
Crabtree 2011). However, the role of chromatin remodeling in
regulating transcription required for cognitive function remains

largely unexplored. This is a critical question considering that
de novo mutations in nucleosome remodeling genes that com-
pose the nBAF (neuron-specific Brg1-associated factor) complex
are considered to be causally involved in human intellectual dis-
ability disorders (Koga et al. 2009; Loe-Mie et al. 2010; Nord
et al. 2011; Hoyer et al. 2012; Neale et al. 2012; Roak et al. 2012;
Santen et al. 2012; Tsurusaki et al. 2012; Van Houdt et al. 2012;
Wolff et al. 2012; Chesi et al. 2013). Mutations in genes encoding
nBAF subunits are associated with several developmental and in-
tellectual disability disorders including Coffin-Siris syndrome
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(Santen et al. 2012; Tsurusaki et al.
2012), Nicolaides–Baraitser syndrome
(Van Houdt et al. 2012), and autism spec-
trum disorders (ASD) (Neale et al. 2012;
Roak et al. 2012). Furthermore, network
analysis has implicated BAF53b in a
gene coexpression module associated
with decreased expression in ASD cortex
samples (Voineagu et al. 2011).

How mutations in nBAF subunits
lead to impaired human intellectual
function is largely unknown and poten-
tially relies on both developmental and
adult functions of nBAF (Vogel-Ciernia
and Wood 2013). Our prior work with
BAF53b, a neuron-specific subunit of
nBAF (Harata et al. 1999; Olave et al.
2002), mutant mice indicated a role for
BAF53b in long-term memory and synap-
tic plasticity that may have been driven
by deficits in actin polymerization
(Vogel-Ciernia et al. 2013). In this study,
we sought to investigate whether manip-
ulation of cofilin, which ultimately
regulates actin polymerization, could
ameliorate BAF53b-dependent impair-
ments in memory and synaptic plasticity.

As a critical part of the nBAF com-
plex, BAF53b is required for nBAF’s role
in regulating activity-dependent gene
expression and dendritic spine forma-
tion in cultured neurons (Wu et al.
2007). BAF53b is unique in that it is
only expressed in post-mitotic neurons
and is found only in the nBAF complex
(Olave et al. 2002), making it an ideal tar-
get for examining the contribution of
nBAF in neuronal function. The non-
neuronal homolog of BAF53b, BAF53a
is found in all other cell types and in mul-
tiple nucleosome remodeling complexes
(Harata et al. 1999; Olave et al. 2002; Park
et al. 2002). BAF53b and BAF53a are en-
coded by two separate genes that share
93% similarity with most of the diver-
gence occurring in subdomain 2 (amino
acids 39–82). Subdomain 2 of BAF53b
appears to be the critical domain for reg-
ulating BAF53b’s function in dendritic
spine maturation. Switching subdomain
2 of BAF53a to b rescued dendritic out-
growth deficits and alterations in gene
expression in Baf53b2/2 knockout neu-
ronal cultures. The reverse swap (BAF53b with subdomain 2
from BAF53a) failed to rescue the phenotype, indicating a critical
role for subdomain 2 of BAF53b in synapse formation (Wu et al.
2007). These findings indicate that BAF53b, and specifically sub-
domain 2, may also be critically important for synaptic structure
and function in the adult brain.

Consequently, to examine the unique contribution of the
neuron-specific function of BAF53b, and consequently nBAF, in
synaptic plasticity and memory in the adult brain we targeted
subdomain 2 of BAF53b by overexpressing a mutant form of
BAF53b lacking subdomain 2 in excitatory forebrain neurons
(BAF53bDSB2 transgenic mice). BAF53bDSB2 mutant mice exhibit
severe, yet specific, impairments in synaptic plasticity and mem-

ory formation. Expression of a phospho-mimetic of cofilin, which
promotes actin polymerization, ameliorated both synaptic plas-
ticity and long-term memory impairments in adult BAF53bDSB2
mutant mice. Together, these results suggest that BAF53b may
lead to a disruption in actin dynamics at the synapse, which af-
fects synaptic plasticity and memory processes in the adult brain.

Results

Generation of BAF53bDSB2 mutant mice
BAF53b is highly expressed throughout the adult brain and local-
izes to the neuronal nucleus (Fig. 1A,B). Subdomain 2 (SB2) of

Figure 1. Characterization of BAF53bDSB2 transgenic mice. (A) The 4× scans of BAF53b expression
in adult (12 wk) mouse brain. BAF53b expression is shown in green, NeuN expression in red, and DAPI
in blue. The merged image contains all three channels. Scale bar 500 microns (B) Same panels as A but
at 63× in dorsal hippocampal CA1. Scale bar 10 microns. (C) Predicted BAF53a, BAF53b, and the
BAF53bDSB2 mutant protein structure models simulated by comparison to know crystal structures
for Actin using Modeller (Eswar et al. 2006). Below is shown the amino acid sequence for subdomain
2 (SB2) of BAF53b aligned to BAF53a. Note the lack of consensus across the domain. (D)
BAF53bDSB2 transgene construction. Amino acids 39–66 of the SB2 domain were deleted from wild-
type BAF53b cDNA to make BAF53bDSB2. This sequence was cloned upstream of the SV40 intron
and polyadenylation signal and downstream from the 8.5 kb mouse CaMKIIa promoter. This construct
was used to generate BAF53bDSB2 transgenic mice. (E) Quantitative RT-PCR was performed with
transgene specific primers to measure transgene expression in dorsal hippocampus of two indepen-
dently derived lines of BAF53bDSB2 mice (n ¼ 9–10 animals per group; Mann–Whitney U ¼ 4.00,
P , 0.001). (F) Endogenous BAF53b expression in the dorsal hippocampus of BAF53bDSB2high (n ¼
12) and wild-type (n ¼ 12) littermates does not significantly differ (Mann–Whitney U ¼ 56.00, P ¼
0.371). Mean (+SEM).
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BAF53b (amino acids 39–82) is the region of BAF53b most diver-
gent from BAF53a (non-neuronal homolog of BAF53b) with
84% identity (95% similarity) over the entire 429 amino acid
alignment compared with amino acids 39–82 of Subdomain
2 (40% identity and 78% similarity) (Fig. 1C; Harata et al.
1999; Kuroda et al. 2002; Olave et al. 2002). To examine the
neuron-specific role of BAF53b in long-term memory processes,
we engineered transgenic mice that express a mutant form of
BAF53b with a deletion of subdomain 2 (BAF53bDSB2; see Fig.
1D). The BAF53bDSB2 transgene (Fig. 1D) is expressed by the
CaMKIIa promoter (Mayford et al. 1996), which allows for
restricted expression to forebrain excitatory neurons during post-
natal development (Kojima et al. 1997). We characterized two in-
dependently derived transgenic lines based on levels of transgene
expression in dorsal hippocampus: a low-expressing line and a
high expressing line (BAF53bDSB2low and BAF53bDSB2high;
Fig. 1E). Endogenous wild-type BAF53b levels are unaltered in
the BAF53bDSB2high at baseline (Fig. 1F). Localization of
BAF53bDSB2 protein was not possible since the only antibodies
that distinguish between BAF53b and BAF53a recognize the SB2
domain, which is deleted in the mutants. However, nuclear stain-
ing of other components of the nBAF complex (Brg1 and CREST,
Supplemental Fig. S1A–D) indicates that expression of the trans-
gene does not disrupt nBAF nuclear localization.

Selective disruption in hippocampal LTP within the

trisynaptic circuit in slices from BAF53bDSB2 mutant mice
To assess the potential contributions of Subdomain 2 of BAF53b
in synaptic plasticity, we examined long-term potentiation
(LTP) in acute hippocampal slices from adult BAF53bDSB2low

and BAF53bDSB2high mice. We tested for differences between
the two mutant groups and respective wild-type littermates at
three sites in adult hippocampal slice (Fig. 2A): Schaffer-com-
missural projections to CA1, mossy fiber projections from the den-
tate gyrus to CA3, and in the lateral perforant pathway from
cortex to the dentate gyrus. To compare BAF53bDSB2low and
BAF53bDSB2high to wild types across the three regions, which dif-
fer from each other with regard to degree of stable potentiation,
we normalized the mutant results to percent wild-type stable (pla-
teau) LTP (Fig. 2 insets).

The Schaffer-commissural projections to the proximal apical
dendrites of field CA1 had comparable input/output curves and
paired-pulse facilitation (PPF) across the groups (Supplemental
Fig. S2A,B), indicating that the mutations did not affect axon ex-
citability, packing densities, or transmitter release kinetics. Five
theta burst stimulation delivered to wild-type slices produced
the expected rapid, marked increase in the size of fEPSPs followed
by a decay over 10 min to a stable plateau at �50% above the
pre-TBS baseline (Fig. 2B). A similar rapid increase in responses
was observed for both BAF53bDSB2low and BAF53bDSB2high mu-
tants but failed to stabilize with the level of potentiation falling
to near baseline levels after 60 min (Fig. 2B). Comparisons be-
tween the BAF53bDSB2low and BAF53bDSB2high slices did not ap-
proach statistical significance (Bonferroni corrected t-tests for
each time point P . 0.05 DSB2low versus DSB2high). It is evident
from this analysis that BAF53bDSB2 eliminates the stabilization
of LTP in the Schaffer-commissural pathway.

A very different result was obtained in the mossy fiber con-
nections between the dentate gyrus and field CA3 of hippo-
campus. Postsynaptic responses in this area are contaminated
by spiking elicited by the potent (“detonator”) mossy fiber ter-
minals, making it difficult to measure input/output curves to
assess axonal excitability; accordingly, we used antidromic re-
sponses and did not detect differences between wild types and
BAF53bDSB2low or BAF53bDSB2high slices (Supplemental Fig.

S2C). Following a stable baseline recording in standard aCSF con-
taining 100 mM D,L-APV to block associational fiber projections,
two high frequency trains (HFS; 100Hz, 1 sec, 1-min interval)
were applied to mossy fiber projections in the hilus. HFS of the
mossy fibers in wild-type slices produced a large, short-term po-
tentiation followed by a rapid drop to a stable plateau (�80%
above baseline) that persisted for the duration of the recording
session (Fig. 2C). The BAF53bDSB2 mutant slices also produced
an elevated level of potentiation, with the BAF53bDSB2high show-
ing a larger potentiation compared with wild-type (Bonferroni
corrected t-tests for each time point P , 0.05 WT versus
DSB2high) (Fig. 2C). Bonferroni corrected post hoc tests did not re-
veal a difference between the BAF53bDSB2low animals and wild
type (last 10 min of recording P . 0.05 WT versus DSB2low), how-
ever BAF53bDSB2low and BAF53bDSB2high slices also did not sig-
nificantly differ, indicating both mutant lines show mossy fiber
LTP abnormalities (Bonferroni corrected t-tests for each time
point P . 0.05 DSB2low versus DSB2high). To further examine the
impact of the BAF53bDSB2 transgene, we normalized the percent
potentiation to the values for wild types during the plateau peri-
od, which confirmed that the mutants had a greater degree of re-
sponse facilitation (Fig. 2C inset).

We next tested for the effects of impaired nBAF complex
function on the lateral perforant input to the dentate gyrus, iden-
tified by a robust PPF effect (Supplemental Fig. S2D; Christie and
Abraham 1994). As previously shown induction of LTP in these
synapses with a single train of HFS (100 Hz, 1 sec) was facilitated
by pretreating the slices with an antagonist of GABA-A receptors
(10 mM picrotoxin) (Bramham and Sarvey 1996; Suzuki and
Okada 2007). Under these conditions, HFS produced a marked po-
tentiation in wild-type slices that decayed over 15 min to a stable
level �30% above baseline. A comparable curve was found in
BAF53bDSB2low and BAF53bDSB2high slices (Fig. 2D). Using the
same normalization to stable wild-type potentiation described
for the Schaffer-commissural and mossy fibers, we found no evi-
dence for a difference between wild-type and mutant slices (Fig.
2D inset).

Phosphorylation of cofilin by LTP induction is severely

impaired in BAF53bDSB2 mutant mice
Past studies showed that theta bursts cause a rapid (,2 min) and
transient phosphorylation of cofilin localized to postsynaptic
densities in field CA1 (Lynch and Gall 2013). Cofilin is a constitu-
tively active protein that severs dynamic actin filaments and
thereby prevents polymerization. Phosphorylation at Ser 3 inacti-
vates cofilin, allowing filaments to extend, elaborate, and stabi-
lize. These latter events are critical to the consolidation of
recently induced LTP (Chen et al. 2007). Disruption of cofilin in-
activation is therefore a plausible explanation for the loss of
CA1-LTP in BAF53bDSB2high mutants. We tested this hypothesis
using fluorescence deconvolution tomography (FDT), a technique
that allows for the 3-D reconstruction of large numbers
(�100,000) of synapses in the region surrounding the pipette tip
used to record fEPSPs (Rex et al. 2009; Chen et al. 2010).
Multiple sections through a slice were collected and immuno-
stained for phospho-cofilin and the postsynaptic density (PSD)
marker PSD95; individual PSD95 positive structures matching
the size and eccentricity constraints of synapses that were cola-
beled with phospho-cofilin were counted (Fig. 3A). The total num-
ber of double-labeled contacts (“contacts” refers to PSD95 labeling
that both satisfies the size and eccentricity constraints of a synapse
and is colocalized with phospho-cofilin) in slices collected after
baseline recording was comparable in wild types (14,182+332
per sampling zone; n ¼ 13 slices) and mutants (14,826+239;
n ¼ 15), indicating that baseline activity of cofilin was
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undisturbed in the latter (P . 0.90, t-test). This also held for the
number of psds (with and without pCofilin) (P . 0.50).

Next, we measured the density of phospho-cofilin labeling
for each double-labeled contact and expressed the data as fre-
quency histograms (percentage of double-labeled contacts ac-
cording to density bins). Four groups of slices were measured:
wild type with low-frequency stimulation; wild type removed
3 min after TBS; BAF53bDSB2high with LFS; BAF53bDSB2high fol-
lowing TBS. The distributions of phospho-cofilin densities for
the LFS and TBS were then compared for the wild-type and mu-
tant groups. As described in an earlier study (Vogel-Ciernia
et al. 2013), the frequency distribution for the density of
pCofilin was right-shifted in the low frequency (control) in the
mutant slices relative to wild-type preparations (two-way
ANOVA: F(19,520) ¼ 4.064, P , 0.0001). TBS produced a highly sig-
nificant rightward skew in the frequency curve in wild types sim-

ilar to that previously described for control slices (Fig. 3B; Rex
et al. 2009; Chen et al. 2010), indicating that TBS had increased
phospho-cofilin density in a subpopulation of synapses. In
marked contrast, the LFS and TBS curves were superimposed in
the BAF53bDSB2high slices (Fig. 3C). Similarly, the percent in-
crease in high-density (≥92 units) pCofilin contacts produced
by TBS was much greater in wild-type slices than in mutant slices
(Fig. 3D).

Given that baseline counts of phospho-cofilin colocalized
with PSD95 did not differ, the overall results suggest that a lack
of phospho-cofilin induction in response to stimulation leads to
impaired LTP in BAF53b mutant mice (Chen et al. 2010). To fur-
ther evaluate any global structural changes in dendritic spine den-
sity or morphology, we examined CA1 neurons by Golgi staining.
Dendritic spine density and spine morphology were examined for
the first and second branches of pyramidal cells in stratum

Figure 2. Selective disruption in hippocampal LTP within the trisynaptic circuit in BAF53bDSB2low and BAF53bDSB2high slices. (A) Recording sites within
the hippocampal slice. Schematic illustrating three synaptic recording sites within the hippocampus; R1 (blue, CA1 stratum radiatum), R2 (red, Mossy
fiber projections (MFP)), and R3 (green, lateral perforant path (LPP)). The medial perforant path (MPP) runs close to the granular cell layer and can
be distinguished from LPP with its characteristic paired-pulse depression. (B) LTP in CA1 stratum radiatum. Simultaneous recordings of slices receiving
baseline stimulation (white circle) and five theta bursts (TBS; arrow) (gray, blue, and light blue circles). LTP gradually decayed toward baseline in
slices recorded from BAF53bDSB2low (DSB2low) and BAF53bDSB2high (DSB2high) mice with respect to wild-type (WT) control LTP (n ≥ 4 mice per
group, RM ANOVA: F(2,19) ¼ 19.11, P , 0.0001). (Inset) fEPSP slopes from DSB2low and DSB2high slices were combined and normalized to WT controls.
Plot illustrates percent potentiation in mutant (black circles) and WT (gray circles) mice beginning 10 min following TBS. (C) LTP in Mossy Fiber
Projection—CA3. LTP in slices recorded from DSB2low (orange circle) and DSB2high (red circle) mice produced a slight, but significant increase in level
of LTP 50 min post-HFS relative to controls WT slices (n ≥ 6 mice per group, RM ANOVA: F(2,26) ¼ 5.36, P ¼ 0.01). (Inset) fEPSP amplitude from
DSB2low and DSB2high slices were combined and normalized to WT controls. Plot illustrates percent potentiation in mutant and WT mice beginning 5
min following HFS. When combined, there was a significantly greater potentiation in the mutants compared with WT (RM ANOVA: F(1,28) ¼ 9.55, P ¼
0.005). (D) LTP in lateral perforant pathway—dentate gyrus. LTP induction and maintenance were similar in slices from DSB2low (light green circle),
DSB2high (green circle), and WT mice (n ≥ 4 mice per group, RM ANOVA: F(2,30) ¼ 0.09, P ¼ 0.91). (Inset) fEPSP slope from DSB2low and DSB2high

slices were combined and normalized to WT controls. Plot illustrates percent potentiation in mutant and WT mice beginning 10 min following HFS.
Combined analysis indicate no differences between groups (RM ANOVA: F(1,31) ¼ 0.001, P ¼ 0.98). All inset traces represent field recordings collected
during baseline stimulation (black line) and 50 min following stimulation (red line) in DSB2high and WT mice. Scale bars: 1 mV, 5 msec.
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radiatum of dorsal hippocampus CA1 (Fig. 3E,F). Nine to 11
branches were analyzed for each animal (Supplemental Fig. S3A)
and an average of 440–490 dendritic spines were analyzed per an-
imal (Supplemental Fig. S3B). BAF53bDSB2high mice were similar
to wild-type littermates for overall spine density (Fig. 3G)
(Mann–Whitney U (12) ¼ 21.00, P ¼ 0.71), head diameter (Fig.
3H) (Mann–Whitney U (12) ¼ 13.00, P ¼ 0.16), and spine length
(Fig. 3I) (Mann–Whitney U (12) ¼ 19.00, P ¼ 0.54). Spines
were categorized into stubby, thin or mushroom using
NeuronStudio (Fig. 3J) and there were no differences in the densi-

ty of each spine type between the mu-
tants and wild-type animals (Fig. 3J)
(two-way ANOVA no main effect of geno-
type F(1,36) ¼ 0.27, P ¼ 0.61, significant
effect of spine type F(2,36) ¼ 569.8, P ,

0.0001, no significant interaction
F(2,36) ¼ 0.39, P ¼ 0.68). Similarly, there
were no differences in the measured
head diameters or spine lengths for any
of the categories of spines
(Supplemental Fig. S3C–H). The lack of
obvious, gross structural differences in
CA1 between wild-type and mutant
animals suggests specific deficits in
cofilin-dependent activity-regulated
spine remodeling and not large-scale,
developmental abnormalities.

A mimetic of phospho-cofilin

rescues LTP deficits in BAF53b

mutant mice
To determine whether manipulation of
phospho-cofilin could ameliorate the
hippocampal synaptic plasticity deficits
in BAF53b mutant mice, we directly ma-
nipulated cofilin using adeno-associated
virus (AAV) to introduce a phospho-
mimic cofilin protein (cofilinS3D) into
the dorsal hippocampus of adult mice.
In the cofilinS3D construct, serine 3 was
replaced by an aspartic acid and con-
sequently acts as a phospho-mimetic
of inactivated cofilin (Shi et al. 2009;
Pontrello et al. 2012; Parisiadou et al.
2014; Newell-Litwa et al. 2015; Havekes
et al. 2016). CofilinS3D overexpressed
in hippocampal neuronal cultures local-
izes to the PSD (Newell-Litwa et al.
2015) and impacts dendritic spine mor-
phology by promoting actin polymeriza-
tion (Shi et al. 2009; Pontrello et al. 2012;
Parisiadou et al. 2014; Newell-Litwa et al.
2015). CofilinS3D overexpressed in vivo
in the dorsal hippocampus rescues mem-
ory, synaptic plasticity, and synapse den-
sity deficits induced by sleep deprivation
without impacting endogenous cofilin
expression (Havekes et al. 2016).

Three weeks after viral infusion ro-
bust expression is detected throughout
the dorsal hippocampus (Fig. 4A). Both
paired-pulse facilitation and input/out-
put curves were similar between geno-
types and viral conditions, indicating
that viral expression did not negatively

affect basic neuronal function (Fig. 4B,C). To examine the impact
of virally expressed, constitutively inactive cofilin (cofilinS3D) on
long-term plasticity in area CA1, five theta bursts were delivered to
slices from BAF53bDSB2high mice expressing the control AAV-GFP
in one hemisphere and AAV-cofilinS3D in the other. Field re-
sponses showed a significant impairment in LTP in mutants ex-
pressing AAV-GFP when compared with wild-type littermates
with either AAV-GFP or AAV-cofilinS3D (Fig. 4D). The overexpres-
sion of AAV-cofilinS3D did not appear to negatively impact wild-
type animals as there was no difference between animals receiving

Figure 3. Theta burst induced phosphorylation of synaptic cofilin is impaired in hippocampal slices
prepared from BAF53bDSB2high mice. Slices were removed 3 min after delivery of low-frequency stim-
ulation (LFS) or theta burst stimulation (TBS) to the Schaffer-commissural projections to the apical den-
drites of field CA1b. (A) Sections were immunostained for PSD95 (green) and phospho-cofilin (red).
Double-labeled structures matching the size constraints of synapses (arrows) were counted and the
density of phospho-cofilin measured. Scale bars: 5 mm and 1 mm (inset). (B) Frequency distribution
of the density of phospho-cofilin labeling colocalized with PSD95. The percentage of all double-labeled
contacts at different phospho-cofilin intensities is described. TBS produced a highly significant (n ¼ 13–
14); (F(19,475) ¼ 6.117; P , 0.0001) rightward skew to the curve relative to LFS. (C) Results for
BAF53bDSB2high slices; there was no statistical difference between the LFS and TBS curves (n ¼ 15
per group; (F(19,532) ¼ 0.5519; P ¼ 0.9381). (D) The percent difference in pCofilin density between low-
frequency stimulation and TBS slices for high-density bins (≥92.5 units) was greater in the wild-type
group than in the mutants (P ¼ 0.029, t-test, two tails). (E) Example image of Golgi staining for the
first or second dendritic branch of a wild-type mouse in stratum radiatum dorsal hippocampus CA1
(left panel). Single plane image. Scale bar 1 micron. (Middle panel) Maximum intensity projection fol-
lowing processing in Image J. (Right panel) Analysis of the dendritic segment using NeuronStudio. The
branch is first traced (green circles) and then dendritic spines are automatically detected, measured,
and categorized. Stubby spines are labeled with pink dots, mushroom spines with orange dots, and
thin spines with blue dots. See Materials and Methods for further details on spine categorization. (F)
Same as (E) but for BAF53bDSB2high mice. (G) Overall spine density (number of spines per micron)
for wild-type and BAF53bDSB2high mice is equivalent (Mann–Whitney U (12) ¼ 21.00, P ¼ 0.71) n ¼
7 animals per genotype, 9–11 branches per animal. (H) Overall head diameter (microns) was equiva-
lent between the two genotypes (Mann–Whitney U (12) ¼ 13.00, P ¼ 0.16). (I) Overall spine length
was not different between wild-type and BAF53bDSB2high mice (Mann–Whitney U (12) ¼ 19.00, P ¼
0.54). (J) Density of different spine types are equivalent between genotypes two-way ANOVA no
main effect of genotype F(1,36) ¼ 0.27, P ¼ 0.61, significant effect of spine type F(2,36) ¼ 569.8, P ,

0.0001, no significant interaction F(2,36) ¼ 0.39, P ¼ 0.68. Mean (+SEM).
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AAV-GFP or AAV-cofilinS3D. There was, however, a rescue of LTP
in the BAF53bDSB2high animals with overexpression of
cofilinS3D (BAF53bDSB2high AAV-cofilinS3D was not different
than either WT group) (Fig. 4D).

Phosphorylation mimetic of phospho-cofilin rescues

long-term memory deficits in BAF53b mutant mice
We next examined short and long-term memory for object loca-
tion (OLM; Fig. 5A) and object recognition (ORM; Fig. 5D) in
the BAF53bDSB2 mutant mice and wild-type littermates.
Both anxiety and motor function were normal in BAF53bDSB2
mice when compared with wild-type controls for open field, dis-
tance traveled during habituation to a novel context, and elevated
plus maze (Supplemental Fig. S4A–F). Wild-type, BAF53bDSB2low

and BAF53bDSB2high mice all demonstrated robust short-term
OLM and ORM (tested at 90 min) (Fig. 5B,E; as measured by pref-
erence for the novel location over the familiar location and calcu-
lated with a discrimination index (DI)). There were no significant
differences in total exploration time between the groups during
testing (OLM: ANOVA F(2,42) ¼ 0.10, P ¼ 0.91; ORM: ANOVA
F(2,35) ¼ 1.60, P ¼ 0.22) or training (OLM: ANOVA F(2,42) ¼ 0.78,
P ¼ 0.47; ORM: ANOVA F(2,35) ¼ 0.12, P ¼ 0.89). In a different co-
hort of animals, the wild-type mice showed significant long-term
OLM and ORM. However, both the high- and low-expressing lines
of BAF53bDSB2 mice exhibited significantly reduced DIs com-
pared with wild-type littermates (Fig. 5C,F). There were no signifi-
cant differences in total exploration time between the groups
during testing (OLM: ANOVA F(2,39) ¼ 0.29, P ¼ 0.75; ORM:
ANOVA F(2,35) ¼ 0.78, P ¼ 0.46) or training (OLM: ANOVA
F(2,39) ¼ 0.67, P ¼ 0.52; ORM: ANOVA F(2,35) ¼ 1.61, P ¼ 0.21).
Together, results shown in Figure 5A–F indicate that the subdo-
main 2 of BAF53b plays a critical role in long-term memory
formation.

To further test the ability of the phospho-mimetic
cofilin to rescue impairments produced by the loss of BAF53b
function, we examined whether introduction of phospho-
mimetic cofilin (AAV-cofilinS3D) into the dorsal hippocampus
of adult BAF53bDSB2high mice could reverse deficits in long-term
memory formation (Fig. 5G). Three weeks following viral infu-
sion, BAF53bDSB2high mice and wild-type littermates were tested
for alterations in anxiety with elevated plus maze and then exam-
ined for long-term OLM. All four groups (BAF53bDSB2high mice
and wild-type littermates with either AAV-cofilinS3D or
AAV-GFP control virus) showed comparable levels of anxiety
and habituation to the OLM context (Supplemental Fig. S4G,H).
When tested for long-term OLM, BAF53bDSB2high mice with the
AAV-GFP virus showed long-term memory impairments relative
to wild-type littermates with the control virus. Overexpression
of cofilinS3D in BAF53bDSB2high mice rescued the long-term
memory impairments (Fig. 5H). There were no differences in over-
all exploration at test (ANOVA no effect of genotype F(1,57) ¼ 0.83,
P ¼ 0.34, no effect of virus F(1,57) ¼ 0.85, P ¼ 0.36 and no interac-
tion F(1,57) ¼ 1.06, P ¼ 0.31) or during training (ANOVA no effect
of genotype F(1,57) ¼ 0.30, P ¼ 0.58, no effect of virus F(1,57) ¼

1.26, P ¼ 0.27, and no interaction F(1,57) ¼ 1.84, P ¼ 0.18).
Previous work demonstrated that AAV-cofilinS3D does not nega-
tively impact transcriptionally independent short-term object lo-
cation memory (Havekes et al. 2016). Consequently, the rescue of
long-term OLM with AAV-cofilinS3D suggests a potential link be-
tween BAF53b disruption of long-term memory formation and
synaptic function at the level of actin cytoskeleton signaling.

Discussion

Epigenetic regulation of gene expression and disruption of synap-
tic function are emerging as key contributors to human neuropsy-
chiatric disorders. Large-scale, exome-sequencing studies of both
intellectual disability and autism spectrum disorders have identi-
fied mutations in chromatin remodelers (Ben-David and Shifman
2012). Specifically, de novo mutations in multiple different

Figure 4. AAV-cofilinS3D expression in dorsal hippocampus rescues LTP
deficits in CA1 stratum radiatum. (A) AAV-cofilinS3D and AAV-GFP are ex-
pressed throughout dorsal hippocampus (top image bilateral, 4×). Viral ex-
pression is localized by HA tag (AAV-cofilinS3D) or GFP expression
(AAV-GFP) (lower images 20×). Scale bars 200mm. (B) Paired-pulse facilita-
tionof the initial slopeof the synaptic response inhippocampalCA1(40,60,
100, and 200-msec inter-pulse intervals) was not significantly difference
between groups (n ¼ 5 mice/group, RM ANOVA: F(3,18) ¼ 1.00, P ¼
0.417). (C) Input/output curves across a range of stimulation currents in
hippocampal CA1 show no measurable different between groups (n ¼ 5
mice/group, F(3,18) ¼ 0.37, P ¼ 0.776). (D). LTP in CA1 stratum radiatum
following five theta bursts (TBS; arrow) in slices from wild-type or
BAF53bDSB2high mice expressing either AAV-GFP or AAV-cofilinS3D. Each
animal received both viruses, one per hemisphere. LTP gradually decayed
toward baseline in slices recorded from BAF53bDSB2high mice with the
control vector (BAF53bDSB2high AAV-GFP) with respect to wild-type (WT)
controls (AAV-GFP or AAV-cofilinS3D) (n ¼ 5 mice per group, RM
ANOVA: F(3,18) ¼ 26.28, P , 0.0001). BAF53bDSB2high AAV-cofilinS3D
showed a complete rescue of the LTP deficits relative to WT controls (n ¼
5 mice per group, Bonferroni corrected t-tests for each minute of last 10
min of LTP: WT AAV-GFP versus WT AAV-cofilinsS3D all P . 0.05; WT
AAV-GFP versus BAF53bDSB2high AAV-GFP all P , 0.01; WT AAV-GFP
versus BAF53bDSB2high AAV-cofilinS3D all P . 0.05). Traces represent
field recordings collected during baseline stimulation and 50 min following
TBS for each group. Scale bar: 1 mV, 5 msec.
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subunits of the BAF complex have been found in patients with in-
tellectual disability disorders (Santen et al. 2012; Tsurusaki et al.
2012; Van Houdt et al. 2012) and ASD (Neale et al. 2012; Roak
et al. 2012). Our prior work on BAF53b, a key subunit of the
nBAF chromatin remodeling complex, suggested a critical role
for long-term memory formation and deficits in synaptic plastic-
ity. To further explore a link between BAF53b’s specific function in
neurons and synaptic plasticity we targeted subdomain 2 of
BAF53b, the domain of BAF53b that confers it’s neuron-specific
function (Wu et al. 2007; Tea and Luo 2011). Disruption of
nBAF by targeted overexpression of BAF53b lacking subdomain
2 significantly disrupted LTP in the hippocampal trisynaptic cir-
cuit, phosphorylation of cofilin, and long-term memory forma-

tion. These deficits were rescued by
introducing a constitutively inactive
phosphorylation mimetic of cofilin, pro-
viding a connection between
BAF53b-induced memory and plasticity
deficits and actin remodeling at the den-
dritic spine.

The most profound LTP deficits
were observed in CA1 stratum radiatum,
a region of the hippocampus where
phosphorylation of cofilin is the final sig-
naling step in the actin remodeling path-
way that underlies LTP maintenance
(Chen et al. 2007). In response to neuro-
nal activity the transient phosphoryla-
tion of cofilin at Ser3 blocks cofilin’s
interaction with F-actin and inhibits ac-
tin severing. The consequent shift in ac-
tin dynamics results in both dendritic
spine remodeling and regulation of
AMPA receptor dynamics (Gu et al.
2010; Rust et al. 2010). Cofilin phosphor-
ylation has been linked to spine enlarge-
ment and stabilization following LTP
induction (Chen et al. 2007), destabiliza-
tion and shrinkage following long-
term depression (Zhou et al. 2004), and
the transformation of mature mushroom
spines to immature thin spines (Shi et
al. 2009). A lack of phosphorylation of
cofilin in multiple models of BAF53b mu-
tant mice (Vogel-Ciernia et al. 2013) in-
dicates excessively active cofilin (lack of
activity-induced phosphorylation) that
may prevent activity-dependent den-
dritic spine remodeling through disrup-
tion of actin dynamics. These deficits
appear to be linked specifically to long-
term, stable changes in synaptic connec-
tivity as only long-term memory and LTP
maintenance are impaired in multiple
types of BAF53b mutant mice (Vogel-
Ciernia et al. 2013) while overall synapse
morphology and structure remain intact
(Fig. 3).

Overexpression of a phospho-
mimetic cofilin (cofilinS3D) has been
used previously to examine the role of
cofilin phosphorylation on dendritic
spine morphology (Shi et al. 2009;
Pontrello et al. 2012; Parisiadou et al.
2014; Newell-Litwa et al. 2015) and to
rescue memory and LTP deficits induced

by sleep deprivation (Havekes et al. 2016). Similar to endogenous
phosphorylation of cofilin, cofilinS3D fails to bind F or G actin in
vitro (Moriyama et al. 1996) and consequently may act as a com-
petitive inhibitor by binding to Slingshot phosphatases and in-
creasing endogenous p-cofilin levels at the synapse (Havekes
et al. 2016). A similar type of mechanism was shown for a synthet-
ic cell-permeable peptide of cofilin that enhanced the level of
nonphosphorylated cofilin by effectively competing with endog-
enous cofilin as a substrate for LIM kinase (Aizawa et al. 2001).
Overexpressing the cofilinS3D mutant may restore the p-cofilin/

cofilin equilibrium by inhibiting dephosphorylation of endoge-
nous p-cofilin. In support of this conclusion, cofilinS3D overex-
pression can reverse plasticity-induced changes in spine

Figure 5. BAF53bDSB2 transgenic mice have intact short-term and impaired long-term memory. (A)
Mice received 10 min training in an environment with two identical objects and received a retention
test either 90 min (short-term) or 24 h (long-term) later in which one object is moved to a new location
(OLM). (B) Wild-type (n ¼ 22), BAF53bDSB2low (n ¼ 10), and BAF53bDSB2high mutant mice (n ¼ 13) all
exhibit similar 90-min short-term hippocampus-dependent OLM (ANOVA F(2,42) ¼ 0.60, P ¼ 0.55). All
three genotypes showed a DI significantly different from zero (wild-type t-test t(21) ¼ 11.54, P ,

0.0001; BAF53bDSB2low t-test t(9) ¼ 8.31, P , 0.0001 and BAF53bDSB2high t-test t(12) ¼ 9.80, P ,

0.0001) (C) BAF53bDSB2low (n ¼ 12) and BAF53bDSB2high mutant mice (n ¼ 9) show significant def-
icits in 24-h long-term OLM compared with wild-type littermates (n ¼ 21) (ANOVA F(2,39) ¼ 30.37,
P , 0.0001, Bonferroni corrected t-test: BAF53bDSB2low versus wild type t(31) ¼ 5.81, P , 0.05;
BAF53bDSB2high versus wild type t(28) ¼ 6.82, P , 0.05). (D) Mice received 10-min training in an envi-
ronment with two identical objects and received a retention test 90 min (short-term) or 24 h (long-
term) later in which one object is replaced with a novel one. (E) In a hippocampus-independent
object recognition task BAF53bDSB2low (n ¼ 9) and BAF53bDSB2high (n ¼ 8) exhibit 90-min short-term
ORM similar to wild-type littermates (n ¼ 21) (Kruskal–Wallis H(2,35) ¼ 2.19, P ¼ 0.33). All three geno-
types showed a DI significantly different from zero (wild-type t-test t(20) ¼ 13.14, P , 0.0001;
BAF53bDSB2low t-test t(8) ¼ 10.53, P , 0.0001 and BAF53bDSB2high t-test t(7) ¼ 9.01, P , 0.0001).
(F) BAF53bDSB2low (n ¼ 10) and BAF53bDSB2high mutant mice (n ¼ 11) show significant deficits in
24 h long-term ORM compared with wild-type littermates (n ¼ 17) (ANOVA F(2,35) ¼ 15.93, P ,

0.0001, Bonferroni corrected t-test: BAF53bDSB2low versus wild type t(25) ¼ 4.26, P , 0.05;
BAF53bDSB2high versus wild type t(26) ¼ 5.05, P , 0.05). (G) AAV-cofilinS3D is expressed throughout
dorsal hippocampus of wild-type and BAF53bDSB2high mutant mice. Viral expression is localized by
HA tag. Scale bar 200 mm. (H) BAF53bDSB2high mice with AAV-GFP viral expression in dorsal hippocam-
pus (n ¼ 13) show impaired OLM compared with wild-type littermates with hippocampal AAV-GFP ex-
pression (n ¼ 14) (ANOVA no main effect for genotype F(1,57) ¼ 2.01, P ¼ 0.16, no effect of virus
F(1,57) ¼ 4.00, P ¼ 0.05 but a significant interaction F(1,57) ¼ 4.57, P ¼ 0.04). Overexpression of
AAV-cofilinS3D in dorsal hippocampus of BAF53bDSB2high mice (n ¼ 18) completely restored the long-
term memory formation compared with wild-type littermates with AAV-cofilinS3D expression (n ¼ 16)
(Bonferroni corrected t-test: AAV-GFP and BAF53bDSB2high mice with AAV-GFP t(25) ¼ 2.38, P , 0.05;
wild-type AAV-cofilinS3D and BAF53bDSB2high mice with AAV-cofilinS3D t(32) ¼ 0.54, P . 0.05).
Mean (+SEM).
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morphology observed with inhibition of other components of the
actin signaling cascade including EphB2, FAK (Shi et al. 2009), and
b-arrestin (Pontrello et al. 2012). Future work will be needed to
carefully dissect which components of the actin signaling path-
way are disrupted in BAF53b mutant animals, and whether
BAF53b and the nBAF complex directly regulate expression of ac-
tin signaling pathway genes including cofilin.

The analysis of mossy fiber potentiation further supports the
conclusion that disruption of conventional LTP in BAF53b mu-
tants reflects disturbances to spine dynamics. Unlike CA1 where
LTP has been firmly linked to reorganization of the postsynaptic
cytoskeleton, activity-driven increases in transmission in the
mossy fibers are expressed by presynaptic modifications (Staubli
and Lynch 1990; Zalutsky and Nicoll 1990). This latter effect
does not depend on spine changes and was not impaired in the
BAF53b mutants, but instead was measurably greater than in
wild types. Whether small but reliable enhancement reflects dys-
regulation of cofilin responses in mossy terminals to HFS is an
open question, but there is evidence relating the actin severing
protein and cytoskeletal remodeling to vesicle mobilization and
exocytosis (Wolf et al. 2015). The discreteness of the plasticity
defects in the BAF53b transgenics was further emphasized by
the apparent normalcy of LTP in the lateral perforant path.
Recent studies demonstrated that activity-driven enhancement
of responses in these contacts is induced postsynaptically but ex-
pressed and stabilized presynaptically with the endocannabinoid
2-archidonoylglycerol serving as the requisite retrograde (spine to
terminal) messenger. In marked contrast to CA1, actin polymeri-
zation in spines is not required for the production of LTP in the
dentate gyrus (Wang et al. 2016). Collectively, the results indicate
that disruptions of BAF53b selectively affect memory-related syn-
aptic modifications that depend on reorganization of the spine
cytoskeleton.

The findings from this study and others (Vogel-Ciernia et al.
2013) have demonstrated a role for BAF53b and the nBAF complex
in learning and memory. In all of the different manipulations of
BAF53b (BAF53bDSB2 mice, Baf53b+/2 heterozygous knockout
mice, and dominant-negative BAF53bDHD mice (Vogel-Ciernia
et al. 2013)) induction of LTP was normal and long-term mainte-
nance of LTP was impaired, indicating a critical role for BAF53b
and nBAF in regulating processes required for long-term, stable
changes in neuronal circuits. BAF53b appears to play a critical
role in the adult brain, independent from the potential role of
BAF53b in neuronal differentiation and development, as reintro-
duction of BAF53b into the adult Baf53b+/2 heterozygous knock-
out mice rescued long-term memory (Vogel-Ciernia et al. 2013).
These findings are similar to those in the BAF53bDSB2 mutant
mice in that delivery of cofilinS3D in the adult hippocampus res-
cued long-term OLM and synaptic plasticity deficits. The revers-
ibility of the memory phenotype in the adult animal suggests
that BAF53b may serve as a novel therapeutic target for reversing
memory and cognitive symptoms associated with intellectual dis-
ability and ASD.

Together these findings indicate a critical role for subdomain
2 of BAF53b in regulating synaptic plasticity in the adult brain.
The ability of cofilinS3D to rescue both long-term memory and
synaptic plasticity in the BAF53bDSB2 transgenic mice suggests
that a failure in the activity-dependent induction of p-cofilin
may be a key deficit in these animals. This study shows that a di-
rect, targeted manipulation of synaptic activity-dependent cyto-
skeletal remodeling can rescue functional impairments driven
by manipulations of neuron-specific chromatin remodeling ma-
chinery. These findings offer novel insight into the potential
mechanism by which a neuron-specific chromatin remodeling
complex for nervous system functions and helps explain why mu-
tations impairing complex function in human neurodevelop-

mental disorders result in severe intellectual impairment (Koga
et al. 2009; Loe-Mie et al. 2010; Nord et al. 2011; Hoyer et al.
2012; Neale et al. 2012; Roak et al. 2012; Santen et al. 2012;
Tsurusaki et al. 2012; Van Houdt et al. 2012; Wolff et al. 2012;
Chesi et al. 2013). Elucidating how chromatin remodeling com-
plexes like nBAF shape the chromatin landscape and ultimately
regulate gene expression and synaptic function is critical for fur-
ther development of novel, activity-dependent synaptic thera-
peutics for ID and ASD.

Materials and Methods

Animals
All animals were between 8–15 wk old at the time of behavioral
testing. Mice had free access to food and water and lights
were maintained on a 12:12 h light–dark cycle, with all behavio-
ral testing performed during the light portion of the cycle. All
animals were group housed and backcrossed at least five
generations to C57BL/6 (Jackson Labs). All experiments were
conducted according to National Institutes of Health guidelines
for animal care and use and were approved by the Institutional
Animal Care and Use Committee of the University of California,
Irvine.

AAV Production and infusion
The AAV2.9-CamKII-cofilinS3D-HA virus (AAV-cofilinS3D) ex-
presses a modified cofilin protein where serine 3 was replaced
by an aspartic acid to serve as a phospho-mimetic of inactivated
cofilin (Ser3-P). The construct was HA tagged and expression
was driven by the neuron-specific CamKII promoter. The control
virus AAV2.9-CMV-eGFP expresses green fluorescent protein un-
der the CMV promoter. Both viruses were purchased from the
University of Pennsylvania Vector Core.

Three weeks prior to the behavioral experiments 1.0 mL of vi-
rus was infused bilaterally into the dorsal hippocampus (AP 2.0
mm; ML +1.5 mm; 1.5 mm DV from bregma) at a rate of 6 mL/
h (Vogel-Ciernia et al. 2013). All infusions were confirmed by im-
munohistochemistry for the HA tag.

Immunohistochemistry and Western blot analysis
Immunohistochemistry and Western blot analysis were per-
formed as previously described (Vogel-Ciernia et al. 2013).
Primary and secondary antibodies: Mouse anti BAF53b (1:500,
N332B/15, NeuroMab), Rabbit anti NeuN-Cy3 (1:500 Millipore,
N78C3), Mouse anti CREST (1:200, 12439-1-AP, Proteintech),
Rabbit anti Brg1 (1:1000, ab70588, Abcam), and Rat anti HA tag
3F10 (1:1,000, 11867423001, Sigma). Secondary antibodies:
Alexa Fluor 555-conjugated anti-rabbit IgG (1:500, 4413S,
Cell Signaling), Alexa Fluor 488 conjugated anti-mouse IgG
(1:500, A11017, Invitrogen), Alexa Fluor 555-conjugated anti-
rat IgG (1:1,000, A-21434, Invitrogen), donkey anti-mouse-
HRP (1:10,000; 715-036-150, Jackson ImmunoResearch) rabbit
anti-GAPDH (1:10,000; SC25778, Santa Cruz Biotechnology)
and donkey anti-rabbit-HRP (1:10,000; 711-036-152, Jackson
ImmunoResearch).

Hippocampal slice physiology
Hippocampal slices were prepared from BAF53bDSB2low,
BAF53bDSB2high, and wild-type mice (�2 mo of age). For details
in slice preparation see Vogel-Ciernia et al. (2013).

Field excitatory postsynaptic potentials (fEPSPs) were record-
ed from three regions within the hippocampus in three separate
experiments using a single glass pipette (2–3 MV) filled with 2
M NaCl positioned in; (1) area CA1b stratum radiatum, (2) lateral
perforant path (LPP) in the dentate molecular layer, and (3) area
CA3b stratum lucidum (Fig. 2A). Placement of electrodes for
area CA1 and LPP were positioned as previously described
(Vogel-Ciernia et al. 2013; Trieu et al. 2015).
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For area CA3 recordings, the stimulating electrode was posi-
tioned on the hilar side of the dentate gyrus granular cell layer
to activate and record mossy fiber (MF) synaptic responses in
area CA3b stratum lucidum. Identification of MF fEPSPs was based
on several criteria; (1) negative waveform restricted to stratum
lucidum, (2) short latency (,5 msec), (3) fast time course (,10
msec), and (4) strong paired-pulse facilitation (PPF) (.100% at
40-msec interstimulus interval; PPF was expressed as the ampli-
tude ratio between the second and the first fEPSP of the pair).
Stimulation intensity was adjusted to elicit a fEPSP amplitude
that was 50%–60% of maximum amplitude. Because mossy fiber
LTP is NMDAR-independent (Harris and Cotman 1986; Jaffe and
Johnston 1990), aCSF contained 100 mM D-APV to eliminate the
possibility of signal contamination from recurrent collateral fibers
expressing NMDAR-dependent LTP in area CA3. MF potentiation
was induced by applying two trains of HFS, each consisting of 100
pulses at 100 Hz, separated by 1 min. Data were collected and dig-
itized by NAC 2.0 Neurodata Acquisition System (Theta Burst
Corp.) and stored on a disk.

Data in the text are presented as means+ SEM, and the fEPSP
slope was measured at 10%–90% fall of the slope. Data in figures
on LTP were normalized to the last 10 min of baseline. Data were
collected from control slices in parallel with experimental tissue.
At the end of the study, measurements from control slices were
pooled and used as the comparison to slices from experimental
groups.

Fluorescence deconvolution tomography
Hippocampal slices used for fluorescence deconvolution tomog-
raphy were prepared as described above. Following at least 1.5 h
incubation period, stimulation electrodes were positioned at
two sites (CA1a and CA1c) in the apical Schaffer collateral-
commissural projection to provide convergent activation of
CA1b pyramidal cells. During low-frequency stimulation (con-
trol), baseline pulses were administered in an alternating manner
to the two electrodes at a frequency of 0.05 Hz using a current that
elicited 50% maximum response. Synaptic potentiation was in-
duced by delivering TBS (10 bursts of 4 pulses at 100 Hz separated
by 200 msec) to the two stimulation electrodes within 5 sec of
each other, the slice was then collected 3 min after the second
theta train and fixed in 4% PFA in 0.1 M of sodium phosphate
buffer; control slices that did not receive TBS continued to
receive baseline stimulation for an equivalent period before being
collected and submerged in fixative. Following fixation (1.5–2 h),
slices were sectioned at 20mm and then processed for immunolab-
eling (Seese et al. 2013) using primary antisera cocktails including
rabbit anti-phospho-cofilin S3 (1:500, Abcam, ab12866), in
combination with goat anti-PSD95 (1:1000, Abcam, ab12093).
Secondary antisera included AlexaFluor 594 anti-rabbit IgG
and AlexaFluor 488 anti-goat IgG (1:1000, Life Technologies
A21207, A11055). Epifluorescence image z-stacks were collected
at 63× from CA1b stratum radiatum of 5–8 sections through
each hippocampal slice and then processed through restorative
deconvolution (99% confidence, Volocity 4.0, Improvision).
Using in house software, image z-stacks were normalized for back-
ground intensity and iteratively binarized at multiple intensity
thresholds. The z-stack images were then used to construct a 3D
montage of each sample field (136 × 105 × 2 mm) and elements
meeting size constraints of synapses, and detected across multiple
intensity thresholds, were quantified. By this technique approxi-
mately 15,000 synapses were reconstructed per z-stack (Rex et al.
2009; Seese et al. 2013). Elements were considered double-labeled
if there was overlap in fields labeled with the two fluorophores as
assessed in 3D. The density of the label colocalized with PSD95
was measured for each synapse with results expressed as a percent
of all cases belonging to each member of a series of increasing den-
sity bins. Two-way ANOVAs were used to test for differences be-
tween the frequency distributions of the different groups. Three
cohorts of mutant and wild-type slices were tested. Percent in-
creases in synapses associated with high-density phospho-cofilin
produced by theta burst stimulation relative to low-frequency
stimulation were calculated within cohorts for each group.

Golgi staining and dendritic spine analysis
Golgi staining was performed as described for the superGolgi Kit
(Bioenno Tech, LLC cat# 003010). Eight-week-old wild-type and
BAF53bDSB2high mice were sacrificed directly from their home-
cage. All animals were perfused with 0.9% saline for 3 min and
then placed directly in impregnation buffer (solution A; 10 mL
per hemisphere). All brains were incubated in impregnation solu-
tion for 11 d (solution refreshed after the first 24 h). Brains were
then rinsed in water and transferred to post-impregnation buffer
(solution B) for 48 h (renewed after the first 24 h). Sections were
then collected using a vibratome at 150 mm and mounted onto
gelatin-coated slides (FD NeuroTechnology, cat# PO101). Slides
were covered in the staining jar and allowed to try overnight.
The next day slides were washed with 0.01M PBS-Tween (30
min), washed in water, and incubated in staining solution C for
20 min. The slides were then rinsed in water and placed in post-
staining buffer for 20 min followed by three 10 min washes in
PBS-Tween. Slides were dehydrated in 100% ethanol for three 10
min washes followed by coverslipping in DPX (Sigma, cat#
06522).

Bright-field images were taken with a 100× oil objective
(NA 1.4) using a stereology workstation (StereoInvestigator,
MicroBrightField) for the first or second dendritic branch within
stratum radiatum of CA1 of dorsal hippocampus. Images from
9–10 neurons were collected per animal by an investigator blind
to genotype. All images were then converted to 8 bit, inverted
and background subtracted using a sliding paraboloid (4 pixels)
in Fiji (ImageJ) (Schindelin et al. 2012). Dendritic spine analysis
was then conducted using NeuronStudio (Rodriguez et al. 2008).
Briefly, for each image dendritic spines were automatically and
quantified for spine size, shape, and volume using the rayburst al-
gorithm (Rodrı́guez et al. 2006) in NeuronStudio. Voxel size was
set to 0.064 × 0.064 by 0.1 mm (x, y, z) and the default spine clas-
sification settings were used with the following exceptions: mini-
mum spine height 0.3 mm, maximum spine height 3.0 mm, and
maximum spine width 3.0 mm. In order to account for the lower
limit of optical resolution any spines with head diameters less
than 0.3 mm were removed from analysis. NeuronStudio classifies
spines based on the following default parameters: neck ratio 1.1
mm, thin ratio 2.5 mm, and mushroom size 0.35 mm. Spines lack-
ing a neck are classified as stubby. Spines with a neck are classified
as either mushroom or thin based on head diameter (,0.35 mm is
thin). Spine classification has been verified using manual count-
ing (Rodriguez et al. 2008).

Object location and novel object recognition paradigms
Object location and object recognition were performed as previ-
ously described (Vogel-Ciernia et al. 2013). Prior to training,
mice are handled for 2 min per day for 5 d and then habituated
to the experimental apparatus for 5 min a day for 6 d in the ab-
sence of objects. During the training period, mice were placed
into the experimental apparatus with two identical objects (100
mL beakers or tins or vases) and allowed to explore for 10 min.
During the retention test, (24 h for long-term memory or 90
min for short-term memory), mice were allowed to explore the ex-
perimental apparatus for 5 min. Exploration was scored when a
mouse’s head was oriented toward the object within a distance
of 1 cm or when the nose was touching the object. The relative ex-
ploration time (t) was recorded and expressed as a discrimination
index (DI ¼ (tnovel 2 tfamiliar)/(tnovel + tfamiliar) × 100%). Mean ex-
ploration times were then calculated and the discrimination in-
dexes between treatment groups compared. Animals that
explored ,3 sec total for both objects during either training or
testing were removed from further analysis. Animals that demon-
strated an object preference during training (DI . +20) were also
removed. Distance traveled during habituation was tracked using
ANY-maze (Stoelting).

Open field
Animals were placed in a novel environment (46× 61 × 27 cm tall
made of white acrylic) and allowed to freely explore for 5 min.
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Illumination was set at 45 Lux and held constant across the envi-
ronment. Total distance traveled and speed of travel (m/sec) were
recorded throughout the session. A 5 cm perimeter was defined
around the walls of the box (edge) and compared with the remain-
ing interior of the chamber (center).

Elevated plus maze
The plus maze consisted of two open arms, 30 × 5 cm, and two en-
closed arms, 30 (1) × 5 (w) × 15 (h) cm. The arms extended from a
central platform 5 × 5 cm, and the apparatus was raised to a
height of 40 cm above the floor. The light level was adjusted to
15 Lux. Testing (5 min) consisted of placing an animal onto the
central platform of the maze facing an open arm. Between sub-
jects the maze was cleaned with 70% ethanol. The percentage of
time spent in the closed and open arms was scored using
EthoVision 3.1 (Noldus Information Technology).

BAF53a, BAF53b wild-type and BAF53bDSB2-predicted

3D structures
The protein structures for wild-type BAF53a, BAF53b and the
BAF53bDSB2 transgene were predicted using the comparative pro-
tein structure modeling software Modeller (Fig. 1C; Eswar et al.
2006). Model templates with at least 90% of the amino acids align-
ing to BAF53a or BAF53b wild-type sequence and with at least 30%
sequence identity were selected from the Protein Data Bank
(Supplemental Table S1; Berman et al. 2000).

Statistical analysis
Statistical analysis was conducted as indicated in the text and fig-
ure legends using Prism (GraphPad). Parametric tests (t-test or
ANOVA) were used where assumptions of normality (Shapiro–
Wilk) and equal variance (F test or Bartlett’s test) were met and
were replaced by nonparametric equivalents where appropriate
(Mann–Whitney U or Kruskal–Wallis). Main effects and interac-
tions for all ANOVAs or Kruskal–Wallis tests are described in the
text. Repeated-measures ANOVA is abbreviated as RM ANOVA.
The appropriate post hoc tests (Bonferroni or Dunn’s) are listed
for each condition examined. All t-tests were two-tailed using a
P value of 0.05. Sex was considered as a biological variable in all
experiments conducted. In no experiment was there a main effect
of sex or a significant interaction with sex.
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Figure S1. nBAF subunit expression in dorsal hippocampus in wildtype, BAF53b∆SB2low, and 
BAF53b∆SB2high mice. 
(A) Brg1 is expressed throughout dorsal hippocampus in wildtype, BAF53b∆SB2low, and 
BAF53b∆SB2high mice.  Sagittal sections (20um) were taken from animals from each genotype, stained 
for Brg1 and DAPI (nuclear marker) as described in the methods section. 20x scans were taken of 
dorsal hippocampus. Scale bar is 200um. (B) CREST is expressed throughout dorsal hippocampus in 
wildtype, BAF53b∆SB2low, and BAF53b∆SB2high mice.  Images acquired as in (A). Scale bar is 200um. 
(C) Brg1 nuclear expression colocalizes with nuclear marker DAPI in CA1 of wildtype, BAF53b∆SB2low, 
and BAF53b∆SB2high mice.  Sagittal sections (20um) were taken from animals from each genotype, 
stained for Brg1 and DAPI (nuclear marker.  63x confocal images stacks acquired in CA1 were max 
intensity projected using Image J.  Scale bar is 10um. (D) CREST expression colocalizes with nuclei 
marker DAPI in CA1 of wildtype, BAF53b∆SB2low, and BAF53b∆SB2high mice.  Images were prepared 
as in (C).  Scale bar is 10um. 
 
 



 
Figure S2. Baseline electrophysiology in slices from BAF53bΔSB2low and BAF53bΔSB2high mice. 
(A) Paired-pulse facilitation of the initial slope of the synaptic response in hippocampal CA1 (40, 60, 
100, and 200 ms inter-pulse intervals) was not significantly difference between groups in slices from 
BAF53bΔSB2low, BAF53bΔSB2high and WT mice (2-way RM-ANOVA, no main effect of genotype 
F2,48=0.32, p=0.73, a significant main effect of inter-pulse interval F3,48=135.5, p<0.0001, but no 
significant interaction F6,48=0.58, p=0.75).  n=7 slices from >4 animals per genotype. (B) Input/Output 
curves compare amplitudes of the presynaptic fiber volley to the fEPSP amplitude across a range of 
stimulation currents in hippocampal CA1. Input/output curves were not measurable different between 
BAF53bΔSB2low, BAF53bΔSB2high and WT mice (1-way ANOVA on slope of curve, F2=1.50, p=0.25). 
n=7-8 slices from >4 animals per genotype. (C) Input/output curve measuring the amplitude of the cell 
spike in the granular cell layer generated by antidromic stimulation of mossy fiber projections across a 
range of currents showed no significant difference between BAF53bΔSB2low, BAF53bΔSB2high and WT 
mice (2-way RM-ANOVA no main effect of genotype F2,288=2.09, p=0.14, a main effect of stimulation 
F9,288=357.7, p<0.0001, no significant interaction F18,288=0.74, p=0.77). n=11-12 slices from 3-4 animals 
per genotype. (D) Representative trace of characteristic paired-pulse facilitation recorded in the lateral 
perforant path of a wildtype slice during the delivery of a pair of stimuli (40 ms interval) near the 
hippocampal fissure. 



 
Figure S3. Dendritic Spine measures in hippocampal CA1 are similar in wildtype and 
BAF53bΔSB2high mice 
(A) Total length of dendritic branches analyzed (n=7 animals per genotype, 9-11 branches per animal) 
in wildtype and BAF53bΔSB2high mice is equivalent t(12)=1.06, p=0.31.  (B) The total number of spines 
analyzed per animal for each genotype is also equivalent (Mann-Whitney U (12)=16.50, p=0.34). (C) 
Head diameter (microns) of spines categorized as mushroom was equivalent between the two 
genotypes (Mann-Whitney U (12)=15.00, p=0.26).  (D) Head diameter (microns) of spines categorized 
as stubby was equivalent between the two genotypes (Mann-Whitney U (12)=16.00, p=0.32).  (E) Head 
diameter (microns) of spines categorized as thin was equivalent between the two genotypes (Mann-
Whitney U (12)=22.00, p=0.80).  (F) Spine length (from dendritic branch to tip of spine head in microns) 
of spines categorized as mushroom was equivalent between the two genotypes (Mann-Whitney U 
(12)=21.00, p=0.71).  (G) Spine length (from dendritic branch to tip of spine head in microns) of spines 
categorized as stubby was equivalent between the two genotypes (Mann-Whitney U (12)=20.00, 
p=0.62).  (H) Spine length (from dendritic branch to tip of spine head in microns) of spines categorized 
as thin was equivalent between the two genotypes (Mann-Whitney U (12)=16.00, p=0.32). All graphs 
mean +/- SEM. 
 



 



Figure S4. BAF53bΔSB2 transgenic mice have normal anxiety and locomotion. 
 (A) BAF53bΔSB2low (n=14) mice have normal exploration in open field (5min) as compared to wildtype 
littermates (n=11) (RM-ANOVA, main effect of location F1,23=24.58, p<0.0001, genotype F1,23=32.86, 
p<0.001, and no interaction F1,23=1.29, p=0.27; bonferroni corrected t-test edge vs. center for WT 
t(11)=4.07, p<0.001; and BAF53bΔSB2low t(13)=2.88, p<0.05). (B) BAF53bΔSB2high (n=9) mice have 
normal exploration in open field (5min) as compared to wildtype littermates (n=13) (RM-ANOVA, main 
effect of location F1,40=18.33, p<0.0001, no effect of genotype F1,40=0.00, p=1.00, and no interaction 
F1,40=0.06, p=0.81; bonferroni corrected t-test edge vs. center for WT t(12)=3.16, p<0.01; and 
BAF53bΔSB2high t(8)=2.94, p<0.05). (C) BAF53bΔSB2low (n=9) mice have normal habituation 
performance as assessed by total distance traveled across days of exposure to an environment 
(5min/day) as compared to wildtype littermates (n=12) (RM-ANOVA, main effect of day F5,95=8.64, 
p<0.0001 but no effect of genotype F1,19=0.46, p=0.51 or interaction F5,95=1.02, p=0.41). (D) 
BAF53bΔSB2high (n=22) mice have normal habituation performance as assessed by total distance 
traveled across days of exposure to an environment (5min/day) as compared to wildtype littermates 
(n=23) (RM-ANOVA, main effect of day F5,215=34.62, p<0.0001 but no effect of genotype F1,43=1.69, 
p=0.20 or interaction F5,215=0.57, p=0.72).  (E) BAF53bΔSB2low (n=15) mice exhibit normal levels of 
anxiety as assessed by the percentage of time spent in the open arm of the elevated plus maze 
compared to wildtype littermates (n=10) (RM-ANOVA, main effect of arm F1,23=264.8, p<0.0001 but no 
effect of genotype F1,23=-5.58, p=1.00 or interaction F1,23=0.05, p=0.83) with both genotypes showing 
a significant preference for the open compared to closed arm (bonferroni corrected t-test t(9)=10.65, 
p<0.001 and t(14)=12.69, p<0.001 wildtype and mutant respectively). (F) BAF53bΔSB2high (n=9) mice 
exhibit normal levels of anxiety as assessed by the percentage of time spent in the open arm of the 
elevated plus maze compared to wildtype littermates (n=9) (RM-ANOVA, main effect of arm 
F1,16=268.0, p<0.0001 but no effect of genotype F1,16=2.64, p=0.12 or interaction F1,16=0.03, p=0.87) 
with both genotypes showing a significant preference for the open compared to closed arm (bonferroni 
corrected t-test t(8)=11.46, p<0.001 and t(8)=11.69, p<0.001 wildtype and mutant respectively). (G) 
Viral over-expression in adult hippocampus in BAF53bΔSB2high mice (ΔSB2high GFP, n=13 or ΔSB2high 

cofilinS3D, n=18) produces similar behavior on the elevated plus maze as wildtype littermates with 
either AAV-GFP (WT GFP, n=14) or AAV-cofilinS3D (WT cofilinS3D, n=16) expression in dorsal 
hippocampus.  Two-way RM-ANOVA, main effect of arm F1,57=306.43, p<0.0001 but no effect of 
genotype/virus F3,57=0.00, p=1.00 or interaction F3,57=0.77, p=0.52 with all genotype/virus combinations 
showing a significant preference for the open compared to closed arm. Bonferroni corrected t-test: WT 
GFP t(13)=9.29, p<0.001; WT cofilinS3D t(15)=8.99, p<0.001;  ΔSB2high GFP t(12)=6.97, p<0.001; and 
ΔSB2high cofilinS3D t(17)=10.06, p<0.001.  (H) Viral over-expression in adult hippocampus in 
BAF53bΔSB2high mice (ΔSB2high GFP, n=13 or ΔSB2high cofilinS3D, n=18) produces similar habituation 
across days of exposure to a context as in wildtype littermates with either AAV-GFP (WT GFP, n=14) 
or AAV-cofilinS3D (WT cofilinS3D, n=16) expression in dorsal hippocampus.  Two-way RM-ANOVA, 
main effect of day F5,285=102.36, p<0.0001 but no effect of genotype/virus F3,57=0.31, p=0.82 or 
interaction F15,285=1.14, p=0.32. Mean +/- SEM. 
 
 
 
 
 
 
 
 
 
 
 
 



PDB 
ID 

Chain 
ID 

Source 
Organism 

Res. BAF53a 
Cov 

BAF53a 
Ident 

BAF53a 
Pos 

BAF53b 
Cov 

BAF53b 
Ident 

BAF53b 
Pos 

∆SB2 
Cov 

∆SB2 
Ident 

∆SB2 
Pos 

1C0F A Dictyostelium 
Discoideum 

2.40 98% 36% 54% 98% 37% 54% 98% 39% 55% 

4EFH A Acanthamoeba 
Castellanii 

2.48 98% 37% 54% 98% 38% 55% 98% 38% 54% 

3CHW A Dictyostelium 
Discoideum 

2.30 98% 36% 54% 98% 38% 55% 98% 38% 54% 

1NLV A Dictyostelium 
Discoideum 

1.80 98% 36% 54% 98% 37% 55% 98% 38% 54% 

3CI5 A Dictyostelium 
Discoideum 

1.70 98% 36% 54% 98% 37% 55% 98% 38% 54% 

1C0G A Dictyostelium 
Discoideum 

2.00 98% 36% 54% 98% 38% 55% 98% 38% 54% 

1DEJ A Dictyostelium 
Discoideum 

2.40 98% 36% 54% 98% 38% 55% 98% 38% 54% 

3MN5 A Oryctolagus 
Cuniculus 

1.50 97% 35% 53% 97% 37% 54% 97% 39% 55% 

1KXP A Oryctolagus 
Cuniculus 

2.10 97% 36% 53% 97% 38% 54% 97% 38% 54% 

3A5L C Dictyostelium 
Discoideum 

2.40 98% 36% 54% 98% 37% 55% 98% 38% 54% 

1IJJ A Oryctolagus 
Cuniculus 

2.85 97% 36% 53% 97% 38% 54% 97% 38% 54% 

4B1V A Oryctolagus 
Cuniculus 

1.75 97% 36% 53% 97% 38% 54% 97% 38% 54% 

3A5M C Dictyostelium 
Discoideum 

2.40 98% 36% 54% 98% 37% 55% 98% 38% 54% 

1QZ5 A Oryctolagus 
Cuniculus 

1.45 97% 36% 53% 97% 38% 54% 97% 38% 54% 

1EQY A Oryctolagus 
Cuniculus 

2.30 97% 36% 53% 97% 38% 54% 97% 38% 54% 

1YVN A Saccharomyces 
Cerevisiae 

2.10 97% 36% 54% 97% 37% 55% 97% 37% 54% 

1D4X A Caenorhabditis 
Elegans 

1.75 97% 36% 54% 97% 37% 54% 97% 38% 54% 

4B1W B Oryctolagus 
Cuniculus 

1.95 97% 35% 53% 97% 37% 54% 97% 38% 54% 

2OAN A Bos Taurus 2.61 97% 35% 54% 97% 37% 54% 97% 37% 54% 

3U4L A Bos Taurus 2.40 97% 35% 54% 97% 37% 54% 97% 37% 54% 

1YAG A Saccharomyces 
Cerevisiae 

1.90 97% 36% 54% 97% 37% 55% 97% 37% 54% 

1T44 A Oryctolagus 
Cuniculus 

2.00 96% 36% 53% 96% 38% 54% 96% 38% 54% 

2BTF A Bos Taurus 2.55 97% 35% 53% 97% 37% 54% 97% 37% 53% 

1LCU A Oryctolagus 
Cuniculus 

3.50 96% 36% 54% 96% 36% 54% 96% 38% 54% 

2GWJ A Oryctolagus 
Cuniculus 

1.90 96% 36% 53% 96% 38% 54% 96% 38% 54% 



4CBU A Plasmodium 
Falciparum 

1.30 99% 34% 54% 99% 34% 54% 99% 34% 53% 

3W3D A Gallus Gallus 1.80 97% 35% 53% 97% 37% 54% 97% 37% 53% 

4CBW A Plasmodium 
Berghei 

2.50 98% 34% 54% 98% 35% 55% 98% 36% 54% 

1ATN A Oryctolagus 
Cuniculus 

2.80 97% 35% 53% 97% 37% 54% 97% 38% 53% 

4JHD B Drosophila 
Melanogaster 

2.91 97% 35% 53% 97% 37% 54% 97% 37% 53% 

3M6G A Oryctolagus 
Cuniculus 

2.00 96% 35% 53% 96% 37% 54% 96% 38% 54% 

2HF3 A Drosophila 
Melanogaster 

1.80 97% 35% 53% 97% 36% 54% 97% 37% 53% 

4JHD A Drosophila 
Melanogaster 

2.91 97% 35% 53% 97% 36% 54% 97% 37% 53% 

3EKS A Drosophila 
Melanogaster 

1.80 97% 35% 53% 97% 36% 54% 97% 37% 53% 

4M63 C Drosophila 
Melanogaster 

2.75 97% 35% 53% 97% 36% 53% 97% 37% 53% 

4CBX A Plasmodium 
Berghei 

2.20 97% 35% 53% 97% 35% 53% 97% 35% 54% 

 
Table S1. Description of the thirty-six Actin structures used as templates to predict BAF53a, 
BAF53b wildtype and BAF53b∆SB2 3D structures.  
The PDB entry identifier, the chain identifier, the source organism, and the X-ray crystallography 
resolution are reported in the left-most four columns respectively. The percentage of amino acids in the 
protein sequence covered by the alignment (Cov), the percentage of identical amino acids (Ident) and 
positive substitutions (Pos) between the aligned sequences are shown for the blast alignments between 
the Actin protein sequences and BAF53a, BAF53b and the BAF53b∆SB2 mutant construct protein 
sequences.  
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