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Abstract

Intellectual disability (ID), defined as IQ<70, occurs in 2.5% of individuals. Elucidating the underlying molecular
mechanisms is essential for developing therapeutic strategies. Several of the identified genes that link to ID in humans are
predicted to cause malfunction of f-catenin pathways, including mutations in CTNNB1 (8-catenin) itself. To identify
pathological changes caused by B-catenin loss in the brain, we have generated a new p-catenin conditional knockout mouse
(B-cat cKO) with targeted depletion of B-catenin in forebrain neurons during the period of major synaptogenesis, a critical
window for brain development and function. Compared with control littermates, -cat cKO mice display severe cognitive
impairments. We tested for changes in two B-catenin pathways essential for normal brain function, cadherin-based
synaptic adhesion complexes and canonical Wnt (Wingless-related integration site) signal transduction. Relative to control
littermates, B-cat cKOs exhibit reduced levels of key synaptic adhesion and scaffold binding partners of B-catenin, including
N-cadherin, a-N-catenin, p120ctn and S-SCAM/Magi2. Unexpectedly, the expression levels of several canonical Wnt target
genes were not altered in B-cat cKOs. This lack of change led us to find that g-catenin loss leads to upregulation of y-catenin
(plakoglobin), a partial functional homolog, whose neural-specific role is poorly defined. We show that y-catenin interacts
with several B-catenin binding partners in neurons but is not able to fully substitute for B-catenin loss, likely due to
differences in the N-and C-termini between the catenins. Our findings identify severe learning impairments, upregulation
of y-catenin and reductions in synaptic adhesion and scaffold proteins as major consequences of p-catenin loss.

Introduction

Intellectual disability (ID; IQ<70) is a prevalent developmental
brain disorder that occurs in 2.5% of the general population
(1-5). Effective pharmacotherapeutic interventions are lacking
because the molecular etiology is poorly defined. Emerging evi-
dence from human genetic studies suggests that gene muta-
tions that cause loss of function of B-catenin pathways link
to ID (6-11). Individuals with disruptive mutations in ctnnbl,
which encodes B-catenin, exhibit high penetrance for ID (7-9).

They typically also display microcephaly, motor and speech
delays, reduced muscle tone and increased anxiety. The tight
correlation between B-catenin malfunction and ID presents a
valuable opportunity to gain critical insights into the underlying
molecular changes in the brain in vivo.

B-catenin plays key roles in two pathways that are essential
for normal brain development and function, cadherin-based
synaptic adhesion complexes and canonical Wnt signal
transduction. B-catenin is recruited to synapses by binding to
the intracellular domain of N-cadherin; it links the synaptic
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Figure 1. p-catenin conditional knockout in mouse forebrain neurons. (Left) Western blot showing p-catenin protein levels are dramatically decreased in cortical (ctx)
and hippocampal (hipp) lysates of g-cat cKO mice at 3 months of age. p-catenin deletion is driven by CAMKII promoter-dependent expression of Cre recombinase in
forebrain postmitotic excitatory neurons. (Right) Histogram of decreased B-catenin levels in the indicated brain region lysates of f-cat cKO mice, relative to control
littermate levels. Signals are normalized to GAPDH as a loading control (****P < 0.0001, Student’s t-test, n=9 p-cat cKO mice and n=9 control littermates).

adhesion complex to the submembranous actin cytoskeleton,
via binding to a-N-catenin, thereby stabilizing the synapse
(12-15). Additionally, B-catenin binds directly to key postsynaptic
scaffolds, the synaptic scaffolding cell adhesion molecule (S-
SCAM/Magi2) and adenomatous polyposis coli protein that
bring together other adhesion proteins, glutamate receptors
and signaling molecules that impact synapse maturation and
function (16-19). In the canonical Wnt signaling pathway, B-
catenin functions as a transcription co-activator with TCF/LEFE.
Synaptic activity induces the release of soluble Wnt, which
binds to its cognate receptors on the neuron surface, activates
downstream signals, leading to B-catenin stabilization and
translocation to the nucleus where it mediates Wnt responsive
gene expression (20-22). Abnormal Wnt signaling and abnormal
synaptic adhesion in the developing brain alter axon guidance
cues, synapse differentiation, plasticity and network connectiv-
ity (13,14,23-30).

Our study provides new insights into how Ctnnb1 disrup-
tive mutations (B-catenin loss-of-function) affect these two key
pathways in the brain and lead to ID. We have generated a
new conditional knockout mouse targeting B-catenin deletion
predominantly in excitatory neurons of the forebrain during the
early postnatal stage of major synaptic differentiation, a critical
period of brain development (31). This timing differs from other
published studies of B-catenin loss of function (31-33).

We show here that our B-catenin conditional knockout mouse
(B-cat cKO) line displays severely impaired learning, as seen in
individuals with loss-of-function mutations in Ctnnbl. Unex-
pectedly, we find that p-catenin depletion leads to increased
levels of y-catenin, a partial functional homologue that is nor-
mally expressed at low levels in brain neurons (34). We show
that y-catenin can substitute for only some of g-catenin’s neural
functions. Our findings provide critical insights into molecular
changes associated with severe cognitive deficits and identify
new targets with potential for ameliorating the impairments
caused by p-catenin loss.

Results
New B-cat cKO line

To gain insights into the molecular etiology of ID caused by
loss-of-function mutations in Ctnnb1, we have generated a new
mouse model of B-catenin loss in neurons. We targeted p-catenin
depletion during the period of major synaptogenesis, a critical
stage of brain development. We crossed ctnnb1/f! 10x468/10x468
mice (35) with mice expressing Cre-recombinase under con-
trol of the CamKlla promoter (18,36). Previous reporter gene
expression studies show that this Cre93 mouse line drives Cre

recombinase expression during synaptogenesis, beginning at
late embryonic ages, with full activation by postnatal day (P) 21,
in cortical and hippocampal excitatory glutamatergic neurons
(18,31,36). We have confirmed B-catenin protein depletion in the
B-cat cKO mouse brain by showing dramatic reductions in the
hippocampus and cortex, relative to wild-type littermates, using
quantitative immunoblotting (Fig. 1, Ctx: Control 1.00 + 0.09; cKO
0.09 £0.01; t;6=9.31; Student’s t-test P <0.0001; Hipp: Control
1.00£0.03; cKO 0.25 £+ 0.07; t13 = 10.21; P < 0.0001). Small amounts
of B-catenin protein remaining likely derive from glial cells
and interneurons, as p-catenin is ubiquitously expressed, but a-
CaMKII-Cre transgene is not expressed in these cell types (18,36).

B-catenin loss of function leads to severe cognitive
impairments

Because individuals with Ctnnbl disruptive gene mutations
exhibit ID, we tested for altered cognitive function in p-cat cKO
mice, relative to control littermates. We assessed the g-cat cKOs
for hippocampal-dependent learning impairments using two
separate behavioral tasks for evaluatinglearning and memory. In
the contextual fear-conditioning task, p-cat cKO mice exhibited
severe learning deficits [Fig. 2A, genotype F; 57 = 15.18, P < 0.0001;
time Fe16, =25.39, P<0.0001; genotype X time Fgi60 =5.069,
P <0.0001; two-way Analysis of variance (ANOVA)-repeated
measures (RM)]. They showed little improvement in their
performance, never reaching the freezing level of control
littermates over the course of training (7 days). Because of the
lack of learning, they were not able to be tested for memory
deficits in probe trial tests. Pain threshold, as measured by a
latency to paw lick on a heated plate, was not different between
genotypes (Control 14.81+1.12; cKO 14.09+1.51; t,;=0.38,
P=0.71, Supplementary Material, Fig. S1A), suggesting that the
poor performance of the p-cat cKOs is due to cognitive deficits,
but not sensory defects such as reduced sensitivity to the foot
shock.

We next tested for spatial learning and memory deficits
using the Barnes Maze. B-cat cKOs were unable to learn the
location of the goal hole over the course of training (up to eight
trials) (Fig. 2B, main effect of genotype F;3; =17.78, P <0.0001;
main effect of time F;,50=22.04, P<0.0001; interaction of
genotype and time F;,s0 =4.663, P <0.0001; two-way ANOVA)
and could not proceed to probe trials. We found no changes
between genotypes in movement speed during the task (Control
4.83£0.40; cKO 4.63+0.49; t3, =0.30, P=0.77, Student’s t-test,
Supplementary Material, Fig. S1B), removing the confound of
locomotion or exploratory behavior changes due to motor
defects. These data suggest that the lack of B-catenin during
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Figure 2. p-cat cKOs display severe learning impairments. In two different cog-
nitive tasks, p-cat cKOs showed severe learning deficits based on little improve-
ment in their performance over the training period, as seen in (A) their percent
freezing in the contextual fear conditioning assay and (B and C) their latency
to learn the location of the goal hole, using wall-mounted spatial cues, in the
Barnes maze task. In sharp contrast, control littermates showed rapid improve-
ment and learned both tasks (*P <0.05; **P <0.01; ***P < 0.001; ****P <0.0001,
two-way ANOVA with Bonferonni corrected t-test, n=10 p-cat cKO mice and
n=19 control littermates).

synaptic differentiation in forebrain excitatory neurons causes
severe cognitive impairments.

B-cat cKOs do not display ASD-like behaviors

In addition to ID as the major phenotype, loss-of-function
mutations in human Ctnnb1 may also lead to autism (37). Thus,
we tested B-cat cKOs using diagnostic assays designed to test for
relevant autism-like behaviors (altered social interest and repeti-
tive behaviors) in mice (38). In the classic three-chambered social
interaction task, f-cat cKOs and their littermate controls both
displayed a similar preference for interacting with the caged
novel mouse versus a caged nonsocial object (Fig. 3A, genotype
F120=0.01, P=0.17; object F1,0=61.98, P <0.0001; genotype X
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time F; 50 =0.0001, P=0.99; two-way ANOVA-RM; Control social
stimulus 109.8 +14.51, nonsocial stimulus 19.41+3.10; cKO
social stimulus 108.4 + 14.53, nonsocial stimulus 18.32 & 4.30).

We then tested for altered repetitive behaviors using
the marble burying assay. Increased marble burying reflects
repetitive digging behavior and does not correlate with anxiety-
related measures (18,39). B-cat cKOs and littermate controls
buried a similar amount of marbles (Fig. 3B, Control 2.4 +0.31;
cKO 2.9+0.56; ts3=0.84, P=0.41, Student’s t-test). These data
suggest that loss of p-catenin in excitatory forebrain neurons
does not cause autism-like behaviors.

B-cat cKOs exhibit increased anxiety

Because a subset of individuals with Ctnnb1 disruptive muta-
tions also display increased anxiety or motor deficits, we tested
for these phenotypes in our p-cat cKO mouse model. Further,
mouse studies of Ctnnbl in the nucleus accumbens show a
critical role in regulating anxiety through micro-RNA-dependent
mechanism (40). Our B-cat cKOs exhibited increased anxiety-
like behavior in the open field test, spending significantly less
time exploring the open portion of the arena compared to litter-
mate controls (Fig. 3C, Control 10.27% +1.70%; cKO 2.47% +0.94%,;
tsy =3.742, P <0.001, Student’s t-test). They displayed no differ-
ences in total exploration distance, suggesting no motor impair-
ments (Fig. 3D, Control 3773 +245, cKO 3374 +376, ts; =0.939,
P=0.38). As a separate test of anxiety, we used the light/dark
box assay. B-cat cKOs spent significantly less time in the lit box
compared to littermate controls (Fig. 3E, Control 26.89% + 3.36%;
cKO 9.99% +2.33%,; t1o =3.86, P < 0.01, Student’s t-test). To further
assess motor function as a potential confound, we used 24 h
home cage monitoring. Overall locomotor behavior was compa-
rable between p-cat cKOs and littermate controls (Fig. 3F, Control
51801 +6485; cKO 43161 + 11 846; t;, =0.64, P=0.53, Student’s t-
test). In the rotorod test, which assesses motor coordination, we
observed no differences in performance between the genotypes
(Fig. 3G, Control 25.15 £0.99; cKO 26.25 + 1.24; t,0 =0.70, P=0.49,
Student’s t-test). Again, we found no difference in movement
speed in the Barnes Maze task. Thus, p-cat cKOs show normal
locomotion and motor function. However, they exhibit increased
anxiety.

Normal Wnt target gene expression levels

To begin to define molecular changes in the brain caused by
B-catenin loss, we focused on its dual roles in the canonical Wnt
signal transduction pathway and cadherin-containing synaptic
adhesion complexes, pathways required for normal synaptic
function, stability and plasticity. Given that B-catenin is the
major mediator of canonical Wnt-stimulated gene transcription
(41), we anticipated finding reduced expression levels in the
B-cat cKO brain. Unexpectedly, the mRNA levels of several Wnt
targets previously found to be responsive to changes in p-catenin
levels or function (18,42-44) were normal in the p-cat cKO
cortex (Fig. 4A), relative to control littermates, including c-myc
(Control 1.00£0.06, cKO 0.99 +0.10, t;3=0.01, P=0.99, unpaired
t-test), dkkl (Control 1.00+0.18, cKO 1.425+0.224, t;3=1.49,
P=0.16), cycdl (Control 1.00+0.04, cKO 0.67+0.11, t;, =1.49,
P=0.19), c-met (Control 1.00+0.18, cKO 1.31+0.24, t;, =1.03,
P=0.32), lefl (Control 1.00+0.05, cKO 1.20+0.16, t;,=1.44,
P=0.17) and syn2 (Control 1.00+0.02, cKO 1.02 +0.07, t;4 =0.27,
P =0.79). We found similar results in the B-cat cKO hippocampus
(Supplementary Material, Fig. S2A) for c-myc (Control 1.00 4 0.04,
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Figure 3. p-cat cKOs exhibit increased anxiety, but no autism-like behaviors or motor impairments. (A) In the three-chambered social interaction assay, p-cat cKOs and
wild-type littermates showed a similar preference for interacting with a caged, novel mouse over a caged, novel object. (B) -cat cKOs and wild-type littermates buried
a similar number of marbles in the marble burying task, suggesting no aberrant repetitive behaviors. (C) Compared to littermate controls, p-cat cKOs exhibit increased
anxiety, as they spend less time in the center during the open field test. (D) p-cat cKOs have normal locomotion, based on the distance traveled in the open field test.
(E) In the light/dark box assay, p-cat cKOs spend less time in the lit portion of the chamber, further suggesting increased anxiety. (F) Monitoring home cage behavior
shows similar levels of motor activity between p-cat cKOs and littermate controls. (G) f-cat cKOs display normal motor coordination in the rotorod test.

cKO 0.87 +0.08, t;3 =1.38, P=0.19), dkk1 (Control 1.00 £ 0.20, cKO
1.19+0.38, t1, =0.44, P=0.66) and syn2 (Control 1.00 +0.20, cKO
0.96+0.162, t13=0.12, P=0.91).

Upregulation of y-catenin, a partial function homologue
of B-catenin

The normal levels of Wnt target gene expression in the absence
of B-catenin suggested possible functional compensation.
y-catenin is a partial functional homologue of B-catenin.
Normally, it is expressed at low levels, relative to B-catenin, in
neurons (34) and its neural function is poorly defined. Studies in
non-neuronal cells show that y-catenin is primarily enriched in
desmosomal junctions and to a lesser extent, adhesion junctions
(22,45). Thus, we first tested whether y-catenin levels are altered
in the B-cat cKO brain. Indeed, y-catenin levels showed 4-
fold increases in the B-cat cKO hippocampus (Fig. 4B, Control
1.00+£0.14, cKO 3.6 £0.30, t;5=8.11, P <0.001) and cortex (data
not shown; Ctl 1.00+0.15, cKO 3.5+0.30; t16=7.67, P <0.001)
compared with littermate controls.

Next we tested for y-catenin interactions with LEF-1, the
main transcriptional co-activator of canonical Wnt target
gene expression. Nuclear LEF-1 levels were normal in the
B-cat cKO hippocampus (Fig. 4D, 1.00+0.14, cKO 0.95+0.20,
te =0.222,P=0.83, Student’s t-test). However, we found increased
association of y-catenin with LEF-1 by co-immunoprecipitation
with hippocampal lysates from B-cat cKOs, compared to
littermate controls (Fig. 4B, IP, cKO 1.45+0.06, t, =8.23, P < 0.05,
one-sample t-test). These findings suggest that Wnt target gene
expression is likely maintained by compensatory increases in
y-catenin, in the absence of B-catenin.

Reduced levels of g-catenin synaptic partners

Next we tested for changes in the N-cadherin-based synaptic
adhesion complex, focusing on p-catenin direct binding part-
ners. We found reductions in the N-cadherin transmembrane
adhesion protein in frontal cortical lysates of p-cat cKOs,

compared to littermate controls (Fig. 5A, Control 1.00+0.04,
cKO 0.75+0.03; ti6=4.61, P <0.001, unpaired t-test). Similarly,
we found reduced levels of a-n-catenin, which stabilizes the
synapse by linking N-cadherin to the actin cytoskeleton via B-
catenin (Fig. 5A, Control 1.00+0.05, cKO 0.43+0.06; ti4 =10.45,
P <0.0001, unpaired t-test). Further, p-cat cKOs also exhibit
decreases in pl120 catenin (Fig. 5A, Control 1.00+0.14, cKO
0.34+£0.08, t;6=3.89, P < 0.01). p120 catenin binds to N-cadherin
and coordinates signaling between cadherins and Rho-family
GTPases to regulate cytoskeletal changes that impact synapse
formation, spine density and dendritic arborization (46—49).
Additionally, similar reductions in these B-catenin binding
partners were seen in the hippocampus (N-cadherin, Control
1.00+£0.02, cKO 0.69+0.10, t9=3.19, P<0.05; «-N-catenin,
Control 1.00+0.08, cKO 0.27+0.03; to=7.81, P<0.001; p120
catenin, Control 1.00+0.03, cKO 0.52 +£0.08, t;4 =5.36, P <0.001;
Supplementary Material, Fig. S2B). These findings suggest that
y-catenin cannot fully substitute for the loss of B-catenin at the
synaptic complex. We therefore tested for y-catenin association
with these B-catenin binding partners in the p-cat cKO mouse
brain.

Despite reductions in their total levels, both N-cadherin and
a-N-catenin displayed increased levels of co-immunoprecipi-
tation with y-catenin in B-cat cKOs, compared to littermate
controls (Fig. 5B N-cadherin, IP, cKO 5.31 £ 0.80, t(3y = 5.36, P < 0.05;
a-N-catenin, IP, cKO 15.43+£1.90, t4 =7.69, P <0.01, one-sample
t-test). The ratio of N-cadherin co-immunoprecipitated by y-
catenin to total N-cadherin levels was 8-fold higher (Fig. 5B,
N-cadherin, IP/input, cKO 7.89+2.10, ts =3.331, P <0.05, one-
sample t-test) and the ratio of a-N-catenin co-immunoprecipi-
tated by y-catenin to total o-N-catenin levels was 35-fold
higher (Fig. 5B, a-N-catenin, IP/input, cKO 35.27 +4.52, t) =7.56,
P <0.01, one-sample t-test). However, our data suggest that
y-catenin cannot stabilize these synaptic binding partners.

We then tested for altered levels of the postsynaptic
scaffolding protein S-SCAM/MAGI-2. S-SCAM binds to p-catenin
via its C-terminus PDZ (Postsynaptic density protein 95, PSD-
95; Discs large, Dlg; Zonula occludens-1 protein, ZO-1) domain,
which is lacking in y-catenin (45). S-SCAM is a key organizer of
the postsynaptic multi-protein complex; it binds to and brings
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Figure 4. Normal levels of canonical Wnt target gene expression and increased levels of y-catenin in p-cat cKO forebrain. (A) mRNA levels of several Wnt targets
are unchanged in the p-cat cKO frontal cortex, compared to wild-type littermates. (B) Representative immunoblot and quantification showing increased levels of y-
catenin in p-cat cKOs. N=7-9 p-cat cKO mice and 7-9 control littermates. (C) Co-immunoprecipitation and quantification showing increased association of y-catenin
with LEF-1 in B-cat cKOs. IP = quantification of protein not normalized to input; IP/input = quantification of protein normalized to input. N=3 p-cat cKO mice and 3
control littermates. (D) Representative immunoblot demonstrating similar levels of LEF-1 in the nuclear fraction of g-cat cKOs and littermate controls. SP3 transcription
factor, as a loading control. N =4 p-cat cKO mice and 4 control littermates. (*P < 0.05; **P <0.01; ***P < 0.001; ****P < 0.0001, Student’s t-test for (B) and (C), one-sample

t-test for D).

together synaptic adhesion proteins (neuroligin, sidekick),
signaling molecules (phosphatase and tensin homolog), dendrite
arborization and synapse maturation 1, NMDA receptors,
hyperpolarization-activated cation channels, axin and both B-
and a-catenin (16,50). Our B-cat cKO mice exhibit reductions in
S-SCAM levels, as measured in hippocampal isolated membrane
preparations (Fig. 5C, Control 1+0.11; cKO 0.56 +0.08; tg =3.21,
P <0.05). Our findings suggest that y-catenin can functionally
substitute for f-catenin in canonical Wnt target gene expression,
but notin orchestrating the stable retention of synaptic adhesion
and scaffold proteins.

Altered synaptic spine density in the absence of
B-catenin

B-catenin is known to regulate spine density and stability in
cultured neurons via its role in linking N-cadherin to the actin
cytoskeleton (51). Further, our p-cat cKO displays decreases in
N-cadherin, a-N-catenin and p120ctn synaptic adhesion and
cytoskeletal regulators required in vivo for spine stability and
structural plasticity, particularly at the early stages of synapse
formation (30,46,52,53). We therefore tested whether spine den-
sity was altered in the p-cat cKO brain. We found modest, but
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Figure 5. Decreased levels of synaptic adhesion and scaffold proteins and reduced spine density in the p-cat cKO forebrain. (A) Representative immunoblot and
quantification showing reduced levels of N-cadherin, a-N-catenin and p120 catenin in the p-cat cKO cortex, compared with control littermates. GAPDH, as a loading
control. N=7-9 p-cat cKO mice and 7-9 control littermates. (B) Co-immunoprecipitation and quantification showing increased association of N-cadherin and «-N-
catenin with y-catenin in the -cat cKO. IP = quantification of protein not normalized to input; IP/input = quantification of protein normalized to input. N=4-5 p-cat
cKO mice and 4 control littermates. (C) Immunoblot and quantification showing reduced levels of S-SCAM in membrane fractions prepared from the g-cat cKO and
control littermate cortex. PMCA, as a loading control. N=4 p-cat cKO mice and 4 control littermates. (D) Histogram showing reduced spine density in layer III of
mPFC and CA1 pyramidal neurons (dHipp). N=4 p-cat cKO mice and 4 control littermates, 7-8 neurons per mouse (*P <0.05; **P <0.01; ***P <0.001; ****P < 0.0001).
(E) Representative images from control and p-cat cKO CA1 pyramidal neurons. Student’s t-test for (A), (C) and (D); one-sample t-test for (B).

significant, reductions in spine density in pyramidal neuron
apical dendrites in both medial prefrontal cortex (mPFC) layer
I and dorsal hippocampal (dHipp) CA1 (Fig. 5D and E; mPFC: Ctl
11.05+0.35; cKO 9.18 +0.24, P < 0.05; dHipp: Ctl 13.72 £0.15; cKO
12.21+0.24, P <0.01, Student’s t-test, n=4 mice per group, 7-
8 neurons per mouse). The reductions in spine density and in
synaptic binding partners of p-catenin are consistent with the
cognitive impairments displayed by p-cat cKOs.

Discussion

Several human gene mutations that link to ID, including
ctnnbl, are predicted to cause B-catenin malfunction (7-11,
33,54,55). Our findings provide critical mechanistic insights
by identifying novel molecular changes caused by B-catenin

loss in the brain, in vivo. We have developed a new f-cat cKO
mouse model that exhibits severe ID. We assessed molecular
changes in two key B-catenin pathways essential for normal
brain function. Compared with control littermates, g-cat cKOs
display reductions in cadherin synaptic adhesion complex and
postsynaptic scaffold components that interact with p-catenin.
In sharp contrast, canonical Wnt target gene expression levels
are not altered, despite the loss of the major mediator of gene
transcription in this pathway. This unexpected result led us
to discover that p-catenin depletion leads to increases in its
partial function homolog, y-catenin/plakoglobin. The role of
y-catenin in neurons is poorly defined. We show here in the
B-cat cKO brain that y-catenin can substitute for p-catenin in
binding to LEF-1 and in mediating normal transcription levels
of several Wnt responsive genes. However, y-catenin cannot



compensate for f-catenin loss at the synapse; we find reduced
levels of the B-catenin direct and indirect binding partners N-
cadherin, a-N-catenin, p120 catenin and S-SCAM/Magi2. These
molecular players are essential for proper synaptic spine density,
maturation and plasticity, consistent with the decreases in
spine density in p-cat cKO cortical and hippocampal pyramidal
neurons. Our findings show that B-catenin’s role at cadherin
synaptic adhesion and scaffold complexes is essential for
normal cognition. We identify synaptic changes, but not Wnt
signaling changes, as key to the learning impairments seen with
B-catenin loss.

Accumulating evidence supports our findings. The ctnnb1
‘batface’ point mutation (Thr653Lys) causes cognitive impair-
ments in both humans and mice (33). This mutation prevents
B-catenin interactions with N-cadherin, leading to loss of its
function in the synaptic adhesion complex, while increasing its
translocation to the nucleus and p-catenin-mediated Wnt target
gene expression (33,56). Whether only one or both of these B-
catenin malfunctions cause the learning deficits is undefined.
Our findings suggest that reductions in synaptic adhesion are
the underlying mechanism that leads to ID. As further sup-
port, N-cadherin cKO in mature hippocampal excitatory neu-
rons leads to decreased p-catenin levels, spatial learning deficits
(more errors) and impaired long-term spatial memory (57). Dele-
tion of Catna2 (a-N-catenin), which links N-cadherin to the actin
cytoskeleton via B-catenin, also causes impaired cognition (58).
Similarly, B-catenin deletion in the amygdala prevents normal
consolidation of fear memory (59).

Interestingly, p-catenin depletion in distinct brain cell types
shows different phenotypes. Our g-cat cKO predominantly tar-
gets forebrain excitatory neurons and displays severe ID and
increased anxiety-like behavior. A similar p-cat cKO that tar-
gets the same cell type at later ages (P21), when there is less
synaptogenesis, exhibits depression-like behavior, but cognitive
function was not assessed (32). Mice with B-catenin depletion
targeted to parvalbumin inhibitory interneurons display autism-
like behaviors (reduced social novelty and increased repetitive
behaviors), increased anxiety and enhanced spatial memory, but
normal contextual fear learning (60). These data suggest neuron
subtype-specific mechanisms by which p-catenin malfunction
can lead to cognitive and autistic-like behavioral changes. Alter-
natively, these data may collectively suggest that dysfunction
in parvalbumin generally, through reductions in p-catenin as a
specific case, may underlie the pathophysiology of autism.

The y-catenin, a partial functional homolog of B-catenin,
is normally expressed at low levels in neurons, relative to f-
catenin, and its neural-specific role is poorly defined. It has
mostly been studied in non-neuronal cells or olfactory neurons
where it functions in focal adhesion complexes (61). We show
here that B-catenin loss in neurons leads to upregulation of
y-catenin, but the ability of y-catenin to compensate for f-
catenin’s neural functions is limited. Structural differences
between the two catenins may explain why. The two catenins
share high sequence homology in their central armadillo repeat
regions, but little homology in their N- and C-termini (45).
The armadillo repeat region of both catenins bind cadherins
and LEF-1/TCF. In non-neuronal cells, there is mixed evidence
for y-catenin’s ability to completely substitute for B-catenin
in driving Wnt target gene expression (22,62), likely due to
y-catenin’s lower affinity for LEF-1, compared to B-catenin,
possibly due to their terminal tails (22,62-64). This difference
likely underlies our findings in the p-cat cKO brain of dramatic
increases in y-catenin levels, but only moderate increases
in its association (co-immunoprecipitation) with LEF-1 and
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normal levels of Wnt target gene expression. Moreover, our
data suggest that substitution of y-catenin for p-catenin is
a physiologically and disease-relevant mechanism. Further,
B-catenin and y-catenin both bind to the same site on N-
cadherin’s C-terminus, but the functional consequences may
differ. The p-catenin binding to this site causes PEST sequences
in the unstructured C-terminus tail to become inaccessible
to ubiquitin and proteasome degradation (65,66). Without B-
catenin, cadherins have been shown to be more susceptible to
ubiquitination and proteolysis (65). Thus, although y-catenin
binds to this same region of N-cadherin, it may not be able
to adequately mask the PEST sequences, leading to greater
degradation. Direct tests are needed to confirm this. Consistent
with this possibility, we show increased association of y-
catenin with N-cadherin, but reduced N-cadherin levels, in the
B-cat cKO brain, compared with control littermates. Further,
B-catenin and y-catenin interact with different isoforms of
afadin, that, in turn, have distinct roles in bringing together
and stabilizing cadherin complex components at the synapse
(67). p-catenin interacts with the long form of afadin (afadin-
1), an actin binding scaffolding protein, known to stabilize N-
cadherin-based synaptic adhesion complexes and dynamically
regulate spine structural plasticity through its interactions
with B-catenin, N-cadherin, a-N-catenin, p120ctn and kalirin-7
(67-70). In comparison, y-catenin has high affinity for the short
form of afadin (afadin-s), which lacks the actin binding domain,
does not form complexes with p-catenin and «-N-catenin and
cannot stabilize adherens junctions (67). This difference may
play a role in the decreases in N-cadherin, a-N-catenin and
p120ctn displayed by B-cat cKOs. Similarly, both afadin and
p120ctn KOs exhibit reductions in N-cadherin and a-N-catenin
levels and spine density (70).

As a further difference between B-catenin and y-catenin,
the C-terminus of f-catenin contains a PDZ-binding domain
that is required for binding to the postsynaptic scaffolding pro-
tein S-SCAM/Magi2 (16). In contrast, y-catenin lacks the PDZ-
binding domain and is therefore incapable of substituting for
this B-catenin neural function. We show that S-SCAM levels are
reduced in the B-cat cKO brain. Given that p-catenin interacts
with additional binding partners via its PDZ-binding domain,
including Lin7 (71) and Shank3 (72,73), other synapse organizing
roles of B-catenin may also be altered. Future studies are needed
to further define the synaptic changes caused by f-catenin loss
and the organization of synaptic complexes orchestrated by y-
catenin in the absence of p-catenin.

We provide new insights into the molecular mechanisms
by which ctnnb1 loss-of-function mutations cause ID. We show
that B-catenin depletion leads to increases in y-catenin and
that these two catenins have both shared and unique functions
in neurons. Synaptic adhesion and scaffold components are
selectively altered, whereas Wnt signal transduction is not. We
thereby identify new molecular targets to advance the future
design of therapeutic strategies to ameliorate ID caused by B-
catenin malfunction.

Materials and Methods
Animals

B-cat cKO mice were generated by crossing B6.129-Ctnnb1tm2kem/
Knw] (B-catenin flox/flox) with CamKIlx-Cre mice (36,37). Cre
negative littermates were used as controls for all experiments.
Equal numbers of male and female mice were used between the
ages of 8 and 16 weeks of age. The mice were housed on a reverse
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12 h light/dark cycle and handled 5 min daily for a week before
behavioral testing. Diagnostic behavioral assays were performed
in the Tufts Center for Neuroscience Research Animal Behavior
Facility. All procedures were approved by the Tufts University
Institutional Animal Care and Use Committee in accordance
with National Institutes of Health guidelines.

Contextual fear conditioning

Fear conditioning trials were performed in a specialized cham-
ber [Coulbourn Instruments, Whitehall, PA; H10-11RTC, 120 cm
(W) x 100 (H) x 120 cm (L)] and consisted of 450 s with 2 s, 0.8 mA
foot shocks administered at 240, 300, 360 and 420 s. Mice received
one trial per day for 7 days. Freezing behavior was measured
using a digital camera connected to a computer with Actimet-
rics FreezeFrame (Wilmette, IL) software. Freezing was scored
between 60 s and 240 s of the trial (120 s in total) on each day.

Barnes maze

The Barnes maze was performed as done previously in our
laboratory (18). Mice were tested 8 days, two trials per day. On
each day, they were given two 3 min trials, spaced 20 min apart.
If mice failed to find the goal after 3 min, they were gently guided
to the goal and into the escape box. The latency to reach the goal
box was averaged for each day.

Three-chamber social interaction test

Three-chamber social interaction test was performed as done
previously (18) [adapted from (74)]. Mice were given a 10 min
habituation period, followed by a 10 min trial to explore all three
chambers, with one side chamber containing a novel, juvenile
male mouse (postnatal day 25) within an inverted, cylindrical
wire mesh cage, while the other side chamber contained an
identical empty, inverted wire mesh cage. Trials were recorded
by a video camera connected to a computer running Ethovi-
sion (Leesburg, VA) software. Ethovision video tracking software
measured the amount of time mice spent in each chamber and
interacting with each mouse.

Home cage monitoring

Home cages were placed inside SmartFrame Cage Rack Sys-
tem (Hamilton/Kinder) frames connected to a computer running
Hamilton/Kinder MotorMonitor software. Distance traveled was
measured and averaged by the software by recording infrared
photobeam breaks over a 24 h period.

Marble burying

Mice were habituated for 15 min in a standard 7” x 11” mouse
cage containing 4 cm deep bedding. The mice were removed, 16
marbles evenly spaced atop the bedding, the mice were returned
to the cage for 15 min, removed and the number of marbles
buried was recorded.

Rotarod

The rotarod treadmill (Ugo Basile, Gemonio, Italy) consists of an
automated rotating cylinder measuring 3 cm in diameter. Mice

were given 10 trials (5 per day over 2 days, with a break of 20 min
between each trial), where the treadmill accelerated from O to
32 rps. The speed at which each mouse fell was calculated using
a stopwatch.

Open field

Mice were placed in a 50 cm (W) x 50 cm (L) x 50 cm (H) plexiglass
arena for 10 min and total distanced travelled and time spent in
the periphery versus center was measured using an overhead
camera linked to a computer running Ethovision video software.

Light/dark box

Mice were tested in the two-chamber (dark and light) plexiglass
apparatus and given a 10 min trial to move freely between
the chambers. Time spent in each chamber was measured by
infrared photobeam breaks using the Kinder Scientific® (Poway,
CA) MotorMonitorll program in the MotorMonitorlI light-dark
frame configuration.

Immunoblotting

Immunoblotting of frontal cortex and hippocampal lysates were
conducted as previously described (18). The following primary
antibodies were used: f-catenin (Thermofisher, Waltham, MA,
1:2500 dilution), «-N-catenin (Cell Signaling, Danvers, MA,
1:1000), p120ctn (Abcam, Cambridge, MA, 1:500), N-cadherin
(Cell Signaling, 1:1000), y-catenin (BD Biosciences, San Jose, CA,
1:5000), S-SCAM (Sigma, Natick, MA, 1:250), plasma membrane Ca
2+ ATPase (PMCA) (Thermofisher, 1:10 000), LEF-1 (Cell Signaling,
1:1000), sp3 (Santa Cruz, Santa Cruz, CA, 1:100), glyceraldehyde
3-phosphate dehydrogenase (GAPDH), as loading control
(Millipore, Burlington, MA, 1:50 000) and goat anti-mouse or goat
anti-rat secondary antibodies conjugated to horseradish perox-
idase (Jackson ImmunoResearch Laboratories, West Grove, PA).

Immunoprecipitation

Immunoprecipitation was performed with hippocampal and
frontal cortex lysates with LEF-1 (Millipore) and y-catenin (BD
Biosciences) antibodies and Protein Agarose A/G PLUS beads
(Santa Cruz) (18).

qPCR

Using the RNeasy Mini Kit (Qiagen), RNA extracted from B-cat
cKO and control frontal cortex and hippocampus was used to
generate cDNAs analyzed by quantitative PCR (qPCR) with the
following primer sets (MGH Primer Bank): ctnnb1, dkk1, c-myc, c-
met, cycD1, lef-1, ctnnb1, ctnndl, cdh2, cthna2 and gapdh (endoge-
nous control).

Spine density analysis

The B-cat cKO and control littermate mice were transcardially
perfused with 4% paraformaldehyde, and the brains were pro-
cessed for spine density analysis via gene gun delivery of micro-
tungsten particles coated with the lipophilic fluorescent dye Dil
(75) and super-resolution laser-scanning confocal microscopy
(Zeiss, Oberkochen, Germany LSM800/880, Airyscan), conducted
by a commercial service (Afraxis, San Diego, CA). Microscopy
was performed blind to experimental conditions. Four mice per



genotype were analyzed and seven to eight neurons samples
were analyzed. Spines were counted visually on the secondary
apical dendrites of layer 3 mPFC pyramidal neurons and CA1l
pyramidal neurons.

Statistics

All data were analyzed using GraphPad Prism 8 (GraphPad Soft-
ware). Statistical analyses are indicated for each experiment in
the Results section. All western blot and qPCR data are normal-
ized to littermate control.

Supplementary Material

Supplementary Material is available at HMG online.
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