L T

/

D\

CrossMark
& click for updates

Cognitive flexibility and long-term depression (LTD) are
impaired following p-catenin stabilization in vivo
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The cadherin/p-catenin adhesion complex is a key mediator of the
bidirectional changes in synapse strength which are believed to
underlie complex learning and memory. In the present study, we
demonstrate that stabilization of g-catenin in the hippocampus of
adult mice results in significant impairments in cognitive flexibility
and spatial reversal learning, including impaired extinction during
the reversal phase of the Morris water maze and deficits in a
delayed nonmatch to place T-maze task. In accordance with these
deficits, f-catenin stabilization was found to abolish long-term de-
pression by stabilizing cadherin at the synaptic membrane and
impairing AMPA receptor endocytosis, while leaving basal synap-
tic transmission and long-term potentiation unaffected. These
results demonstrate that the p-catenin/cadherin adhesion complex
plays an important role in learning and memory and that aberrant
increases in synaptic adhesion can have deleterious effects on
cognitive function.

Activity-driven increases and decreases in synapse efficacy—
termed long-term potentiation (LTP) and long-term de-
pression (LTD), respectively—are believed to underlie learning
and memory in the brain. Although LTP has been widely studied
as a physiological correlate of learning (1), LTD has emerged as
a critical and complementary form of synaptic plasticity in tasks
involving the modification or elimination of previously learned
information. Pharmacological disruption of LTD impairs re-
versal learning and behavioral flexibility (2, 3), and it has been
suggested that LTD is required to depotentiate synapses from
earlier memory traces to allow the storage of new memories in
overlapping sets of synapses (2).

Cadherins are homophilic adhesion molecules that play
a central role in regulating changes in synapse strength and
stability during LTP and LTD (4, 5). The recruitment of cad-
herin to synapses is essential for the maintenance of LTP and
memory consolidation (6-8), whereas patterns of activity that
induce LTD have been shown in vitro to cause cadherin in-
ternalization (5).

A major regulator of cadherin stability is its intracellular binding
partner p-catenin (9). In vitro evidence demonstrates that f-cat-
enin/cadherin interactions are dynamically regulated in response
to activity (10, 11), allowing p-catenin to modify cadherin stability
during different forms of synaptic plasticity. Enhanced neural ac-
tivity increases f-catenin/cadherin interaction in dendritic spines,
stabilizing cadherin at synapses (10). In contrast, pharmacological
manipulations that induce LTD disrupt B-catenin/cadherin inter-
actions (5). Targeted deletion of p-catenin has been shown to block
the consolidation of fear memory, indicating that f-catenin is im-
portant for long-term memory formation (12). However, the role
of p-catenin in regulating cadherin stability during the modification
or elimination of memory remains unknown.

Understanding the role of B-catenin in synaptic plasticity and
learning is critical in light of reports implicating deregulation of
fB-catenin in neurological disorders. Significant increases in levels
of p-catenin have been reported in the brains of patients with
Huntington disease (HD) (13). Alzheimer’s disease (AD)-linked
mutations in presenilin-1 (14) and hyperphosphorylation of tau
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(15) have been shown to increase the stability of B-catenin in
cells. Given the importance of f-catenin in regulating adhesion
and synaptic plasticity, it is likely that alterations in p-catenin
levels have significant ramifications for neuronal function and
cognition. In this study, we characterize the effects of B-catenin
stabilization on hippocampal synapses and demonstrate that in
vivo stabilization of p-catenin impairs behavioral flexibility by
aberrantly stabilizing cadherin and AMPA receptors at the syn-
aptic membrane and abolishing LTD.

Results

Conditional Stabilization of p-catenin in Hippocampal Neurons in
Vivo. To investigate the effects of increased p-catenin levels on
synapses, we generated mice that expressed a stabilized form of
B-catenin in a subset of neurons in the brain. p-catenin is de-
graded following phosphorylation of serine/threonine residues at
its N terminus, and mutation of these residues leads to the sta-
bilization of B-catenin (16). By using the Cre/loxP system,
B-catenin N-terminal phosphorylation sites can be ablated by
excision of exon 3, resulting in a stabilized, active form of
B-catenin (17). Importantly, this mutant form of p-catenin still
retains all of its binding domains, including its a-catenin binding
region (18) and internal armadillo repeats, which mediate
binding to cadherin and TCF/LEF transcription factors (19), and
is competent for Wnt signaling (20). Thus, this stabilized form of
B-catenin can mediate the same functions as wild-type p-catenin
and is widely used as a tool to increase overall B-catenin levels in
vivo (17, 20, 21). Mice homozygous for this loxP-flanked exon
3 transgene (Ctnnb]'0*(¢x3)/10x(e3) mice) (17) were crossed
with CaMKIla:Cre/+ mice (22, 23), generating heterozygous
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Fig. 1. Reversal learning, spatial memory extinc-
tion, and behavioral flexibility are impaired in
p-cat*®3* mice. (A) X-Gal staining in sagittal sec-
tions of 1-y-old g-cat*®** mice, heterozygous for
both CaMKlla:Cre and the R26R lacZ reporter. X-Gal
staining was detected in the CA1 and CA3 regions
and dentate gyrus of the hippocampus and a subset
of cortical and striatal neurons. Staining was absent
in the cerebellum. Counterstaining was with Fast
Red. (Scale bars, 0.5 mm.) (B) Confocal images
of brain sections from 1-y-old male control and
p-cat**** mice immunostained for p-catenin. SR,
stratum radiatum. (Scale bars, 10 um.) (C) Total
levels of p-catenin (sum of wild-type p-catenin and
Aexon3 f-catenin) were significantly increased in
p-cat**** mice compared with controls (n = 4 blots
from four animals per group; P = 0.017). (D) During
initial acquisition of a hidden platform location,
escape latencies were similar between g-cat*®>+
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and control mice [repeated-measures (RM) ANOVA,
days 1-4, main effect of genotype, P = 0.16]. Fol-
lowing reversal of platform location, s-cat*®*** mice
showed significantly greater escape latencies com-
pared with controls (P = 0.028; main effect of ge-
notype days 5-9, RM ANOVA). (E) p-cat*®** mice
made significantly more entries to the initial plat-
form location over time following learning reversal,
indicating impaired spatial memory extinction (RM
ANOVA, significant interaction between day and
genotype, P = 0.008). (F1-F3) Representative traces
of swim paths (n = 15 mice, control; n = 11 mice,
p-cat*®>; see also Movie S1). (G) Percent correct
choices in a delayed nonmatch to place (DNMTP)
T-maze task. Control mice were significantly better
than g-cat*®® mice following 10 d of training (P =
0.026, main effect of genotype days 1-10; RM
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Ctnnb1 ("™, CaMKIla:Cre/+ mice (termed f-cat**>"* mice for
brevity), as well as Ctnnb 1@+ littermates, which were used as
controls. Cre recombinase is expressed in CaMKIla:Cre/+ mice from
P17, allowing the effects of increased p-catenin levels to be examined
in adult animals while leaving earlier neuronal development to
progress normally. Cre expression was determined by X-Gal staining
(Fig. 14), which was observed throughout the hippocampus (in-
cluding the CA1 and CA3 regions and the dentate gyrus), in a subset
of cortical and striatal neurons and was absent from the cerebellum.
This pattern of Cre expression is consistent with a previous study that
reported Cre expression in 99.5% of CAl neurons, ~9% of cortical
neurons, ~29% of striatal neurons, and no cerebellar neurons (24).
Previous studies have shown that expression of this transgene is re-
stricted to excitatory neurons that express endogenous CamKII (22).

8632 | www.pnas.org/cgi/doi/10.1073/pnas.1404670111

ANOVA; n = 15 mice, control; n = 16 mice, -cat*>").
(H and /) In the Y-maze task, the number of arm
entries (H) and percentage spontaneous alternation
(1) were similar between control and g-cat*®** mice
(P = 0.98 and P = 0.21, respectively; n = 15 mice,
control; n = 16 mice, f-cat*®**). (J) No significant
difference in acquisition or extinction of context-
dependent fear conditioning was observed (day 2,
P = 0.70, ANOVA within days; days 2-10, P = 0.65,
RM ANOVA; n 19 mice, control; n 13 mice,
p-cat*®3), (K) No difference in novel object prefer-
ence was observed in f-cat*®** mice (P= 0.86; n = 17
mice, control; n = 14 mice, -cat*®>"). Data are shown
as mean + SEM. ns., not significant; *P < 0.05 (RM
ANOVA); *P < 0.05; **P < 0.01; ***P < 0.001 (ANOVA
within days).
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p-cat*®* mice exhibited an increase in overall p-catenin levels
in the hippocampus, including the stratum radiatum region where
CA3 pyramidal neurons synapse onto CAl neurons (Fig. 1B).
Using Western blot analysis, we confirmed the expression of both
wild-type and stabilized pB-catenin in the hippocampus of 1-y-old
p-cat*** mice, the latter of which was slightly smaller due to the
deletion of exon 3 (Fig. 1C). The total amount of B-catenin in hip-
pocampal lysates (sum of wild-type and stabilized p-catenin) was
significantly increased in f-cat*** mice compared with age-
matched controls (64.0 + 6.2% increase). Subcellular fractionation
of hippocampal lysates showed that p-catenin levels were increased
in the synaptosomal (P2) and soluble (S1) fractions from g-cat**>"*
mice; however, total B-catenin levels remained unchanged in the
crude nuclear fraction (P1) (Fig. S1).
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mice; >200 synapses). n.s., not significant. (F) Basal
synaptic transmission was unaffected in p-cat*®3*
mice (control, n = 9 slices for five mice; p-cat*®3*,
n = 10 slices for six mice). (G) LTP was intact in
ey p-cat*®>3* mice (P = 0.60, RM ANOVA; n = 6 slices
for six mice, control and g-cat*®**). (H) A 1-Hz
stimulation induced LTD in controls, but LTD was
abolished in -cat*®** mice (P = 0.012, RM ANOVA;
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p-cat***3+ Mice Exhibit Deficits in Reversal Learning and Spatial
Memory Extinction in the Morris Water Maze. We first tested mem-
ory in f-cat*** mice using the Morris water maze (MWM), a test
of spatial learning and reference memory that is dependent on in-
tact hippocampal function (25). During initial visible platform
training, we found that g-car**>* mice exhibited similar escape
latency times (Fig. 1D) and average swim speed (control = 13.7 +
0.67 cm/s; p-cat*®™*=14.9 + 0.22 cm/s; P = 0.12) compared with
controls, indicating no gross physical impairments in these mice.
Initial acquisition of a spatial memory of a hidden platform location
was also similar in control and f-cat**”* mice (Fig. 1D, days 1-4).
An impairment in escape latency was observed on day 3 of training
in f-ca**>"* mice, but by day 4 there were no significant differences
compared with controls, indicating effective learning of the initial
platform location (see also sample traces in Fig. 1F7). We then
sought to determine whether reversal learning was impaired in
p-cat®®* mice. On day 5 of MWM testing, we moved the hidden
platform to the opposite 9uadrant of the pool (Fig. 1D, days 5-9).
Both control and f-car**>™* mice displayed greatly increased escape
latency times after the platform was moved from the initial location
(Fig. 1D, day 5; see sample traces in Fig. 1F2). Several days after the
platform switch (days 6-9), control mice could quickly locate the
new platform (Fig. 1D) and had almost completely eliminated
entries to the old platform location (Fig. 1E and Fig. 1F3, Upper). In
contrast, f-cat**>* mice showed significantly impaired escape
latency times, taking more than twice as long to locate the new
platform, even after 5 d of training (Fig. 1D, days 5-9), Re-
markably, f-cat**>* mice also showed a striking persistence of
entries to the old platform location up to 5 d after the platform
location switch, indicating an impairment in the extinction of the
initial spatial memory (Fig. 1E; see also sample trace in Fig. 1F3,
Lower, and Movie S1).

p-cat***** Mice Exhibit Impaired Behavioral Flexibility in Delayed
Nonmatch to Place T-Maze Task. We next examined the perfor-
mance of f-cat*®®* mice in a delayed nonmatch to place
(DNMTP) version of the T-maze, another hippocampal-dependent
spatial task that tests behavioral flexibility. On each trial, both goal
arms of the T-maze were baited with reward, and mice were
placed in the start arm of the maze. Testing consisted of two
phases: a “forced” run, in which one goal arm of the maze was
blocked and the open arm contained a reward, and a “choice” run,
in which both goal arms were open. To receive a reward, the an-
imal had to choose the previously blocked arm that had not yet
been visited (DNMTP). Thus, mice had to learn new spatial in-
formation in each trial and use that information to correctly locate
the food reward, thereby requiring the suppression or elimination
of previously learned spatial information similar to the reversal
phase of the MWM. Control animals gradually improved at this
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task, reaching a plateau of 77.4 + 3.4% average correct choices for
the last 3 d. However, f-cat**>* mice showed significantly im-
paired performance on this task, frequently making errors in the
choice run and reaching a plateau of only 57.8 + 3.7% average
correct choices (Fig. 1G). The deficit we observed in DNMTP T-
maze performance was not associated with differences in explor-
atory behavior when on a similar Y-maze apparatus (Fig. 1 H
and I). We also observed no differences in contextual fear con-
ditioning (Fig. 1J) or novel object recognition in S-cat**>* mice
(Fig. 1K), two tasks that have been shown to involve hippocampal
LTP for acquisition of contextual and object location memory.
The lack of impairment in these tasks, together with the normal
acquisition of initial platform location in the MWM, indicated
that stabilization of p-catenin specifically disrupted cognitive
flexibility on hippocampal-dependent spatial memory tasks.

LTP Is Intact but LTD Abolished in g-cat*®*** Mice. Impairments in
spatial learning have frequently been linked to deficits in synaptic
plasticity in the hippocampus, so we next determined whether
different forms of long-term plasticity were affected by p-catenin
stabilization. We first determined whether synapse density and
basal synaptic transmission were altered in f-cat**¥* mice. We
examined synapse ultrastructure in a defined region of the stratum
radiatum directly below CA1l pyramidal neurons (Fig. 24). Be-
cause Cre recombinase is expressed in both CA3 and CA1 pyra-
midal neurons in f-car**>* mice, p-catenin levels were elevated
both presynaptically and postsynaptically at synapses in this re-
gion. However, no changes in synapse density (Fig. 2B), dendritic
spine head width (Fig. 2C), active zone length (Fig. 2D), or post-
synaptic density (PSD) area (Fig. 2E) were detected in ﬁ-catggﬁ/ +
mice. We also observed no difference in the input-output re-
lationship of field excitatory postsynaptic potentials to evoked fiber
volley amplitudes at synapses in this region, indicating that basal
synaptic transmission was not affected by p-catenin stabilization
(Fig. 2F). We observed some deficits in presynaptic responses
during repetitive stimulation and an overall increase in synaptic
vesicles localized to synapses in f-cat**>* mice (Fig. S2). Because
no perturbations in basal synaptic transmission or postsynaptic
strength were detected in in f-cat**¥* mice, these results sug-
gest that the impaired responses to repetitive stimulation
indicate a mild presynaptic impairment in the mobilization, re-
plenishment, or release of synaptic vesicles due to increased levels
of B-catenin at the synapse.

We assayed LTP induced by using brief high-frequency stim-
ulation (HFS; 100 Hz, 1 s). In slices from control and p-cat**>"*
mice, we observed a persistent increase in synaptic strength up to
60 min after HFS, with no significant differences detected be-
tween the two groups (Fig. 2G). The LTP observed (~20%) was
consistent with previous studies showing reduced magnitude of
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LTP in aged mice (26). After HFS, there was a transient im-
pairment in responses in f-cat**>* mice, but no significant dif-
ferences in LTP were detected 50-60 min after HFS, indicating
that long-term increases in postsynaptic strength were not af-
fected in f-cat**>'* mice. We then examined LTD, because dis-
ruption of LTD has been shown to produce impairments in
reversal learning and behavioral flexibility similar to the deficits
observed in f-cat**** mice (2, 3). We induced LTD by low-
frequency stimulation (1 Hz, 900 stimuli) in the presence of 20 pM
threo-p-benzylaspartic acid (TBOA), a competitive blocker of glu-
tamate transporters (27). In slices from control mice, we observed
a decrease in synaptic strength that persisted >1 h after stimulation,
but in f-cat*®>* mice this long-lasting depression in synaptic
strength was completely abolished (Fig. 2H).

Activity-Dependent Endocytosis of Cadherin and GluA1 Is Impaired in
p-cat***** Mice. To elucidate the mechanism underlying deficits
in LTD and cognitive flexibility in f-cat**?* mice, we sought
to determine whether enhanced p-catenin stabilization could be
impairing the activity-induced internalization of cadherin and
associated AMPA receptors. We treated acute hippocampal slices
with 20 pM NMDA for 3 min (chemical LTD)—which has been
shown to induce widespread downscaling of synapse strength (28)
and endocytosis of AMPA receptors (5, 29)—and then used im-
munogold electron microscopy to quantify the resulting changes in
the distribution of cadherin and GluAl subunits in these slices.
Immunogold labeling allows for extremely precise spatial resolu-
tion of targets at the synapse; empirical studies have shown that
antibody-conjugated immunogold particles are localized to within
~30 nm of epitopes identified (30). Consequently, to analyze the
amount of GluA1 situated to respond to presynaptic neurotrans-
mitter release, we quantified the proportion of immunogold-
labeled GluA1 (10-nm beads) within only 30 nm of the postsynaptic
active zone membrane. Similarly, because the C-terminal tail of
cadherin could be located up to 10 nm from the synaptic mem-
brane, we have considered immungold particles (15-nm beads)
within 40 nm from the synaptic membrane to represent cadherin
molecules that are situated to participate in transsynaptic ad-
hesion (Fig. 3 A and B).

Although we observed no difference in total amount of cad-
herin and GluAl, the proportion of cadherin localized to the
synaptic membrane under basal conditions (within 40 nm) was
significantly increased in f-cat**”* (Fig. 3 C and D; control,
29.3 + 2.23%; f-cat**'*, 38.3 + 2.03%), whereas the proportion
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of GluAl localized to the active zone was similar in control and
p-cat**mice (control, 47.2 + 5.1%; p-cat**'*, 46.7 + 2.4%).
The lack of change in GluAl under basal conditions was con-
sistent with data showing similar postsynaptic strength under
basal conditions in control and g-cat**”’* mice (Fig. 24). Fol-
lowing NMDA treatment, there was a striking reduction in the
proportion of immunogold-labeled cadherin at the synaptic
membrane (Fig. 3 C and D) and GluAl at the active zone (Fig. 3
E and F) in acute hippocampal slices from control mice, con-
sistent with the expected endocytosis of AMPA receptors and
cadherin (5). In contrast, in f-cat**>'* mice, we observed no sig-
nificant change in the proportion of immunolabeled cadherin at
the synaptic membrane following NMDA treatment (Fig. 3 C and
D) or GluAl at the active zone (Fig. 3 E and F). Analysis of
immunogold particle localization by frequency distribution (Fig. 3
D and F) further demonstrated that, following NMDA treatment
in control mice, there was a redistribution of cadherin and GluA1
to the nonsynaptic or “recycling” population, indicating activity-
dependent endocytosis, but that this redistribution was impaired
in f-cat**"* mice.

Cadherin/p-catenin Interactions at Synapses Are Increased in g-cat* =+
Mice. To confirm the mechanism by which stabilization of p-catenin
was responsible for the impairment in cadherin and AMPA re-
ceptor endocytosis observed in f-cat**>* mice, we next examined
B-catenin/cadherin interactions directly by immunoprecipita-
tion. Synaptosomal fractions from hippocampal lysates were
immunoprecipitated with anticadherin antibodies and analyzed
by Western blot. Both wild-type and stabilized forms of
fB-catenin immunoprecipitated with cadherin, and a significant in-
crease in total B-catenin associated with cadherin was observed in
p-cat**™* mice (Fig. 44; 56.5 + 13.0% increase), indicating en-
hanced p-catenin/cadherin association at synapses. Increasing
p-catenin levels in the brain did not significantly impact cadherin’s
association with p120 catenin, another component of the cadherin
adhesion complex (Fig. 44). There were also no differences in ex-
pression of components of the cadherin adhesion complex (cad-
herin, p120 catenin), postsynaptic proteins (PSD-95, GluR2, and
NR1), or synaptic vesicle proteins (synaptophysin, synaptotagmin,
and synapsin I) (Fig. S3). Thus, stabilization of p-catenin enhances
B-catenin’s association with cadherin at synapses but does not
perturb overall synaptic protein expression in the hippocampus.
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Fig. 4. p-catenin/cadherin interaction is significantly increased, and ex-
pression of Wnt pathway targets is unchanged in -cat***** mice. (A) Rep-
resentative immunoblots and quantification of synaptosomal fractions from
hippocampal lysates immunoprecipitated with anti-pan-cadherin. There was
an increase in total cadherin-associated p-catenin (wild-type B-catenin plus
Aex3 p-catenin; P = 0.029), but not p120 catenin. (B) Representative immu-
noblots and quantification for Wnt pathway targets in hippocampal lysates
from 1-y p-cat**** mice and controls (n = 3 blots; three separate mice for
each condition). No significant differences in Wnt target expression or
N-terminal phosphorylation (Ser-33/37, Thr-41) of wild-type p-catenin was
observed in /3—c.at49"3/+ mice. (C) RT-PCR analysis of relative Lefl and Axin2
mRNA levels from the hippocampus of 2-mo-old, 5-mo-old, and 1-y-old mice.
Expression is reported in relative units normalized to GAPDH expression
(2 mo: n = 4 for g-cat**>*+ and control; 5 mo: n = 4 for g-cat**** and control;
1y: n =3 for g-cat*®**and 4 for control). See also Fig. S4. Data are shown as
mean + SEM. n.s., not significant; *P < 0.05.

Wnt Signaling Is Not Affected in p-cat*®*** Mice. We then de-
termined whether any changes in Wnt signaling may have con-
tributed to the impairments observed in f-car**>* mice. We
examined the expression of several known Wnt targets by Western
blot analysis (Fig. 4B) and RT-PCR (Fig. 4C) but found no
changes in Wnt target expression in the hippocampus of f-cat*®>"*
mice. We also examined Wnt target expression by immunohisto-
chemistry, but saw no changes in expression in the dentate gyrus or
other subregions of the hippocampus (Fig. S4). These findings
were in accord with the observations that f-catenin levels in the P1
crude nuclear fraction were similar between f-cat*®>'+ mice and
controls and expression of synaptic proteins was unchanged (Figs.
S1 and S3). We therefore concluded that Wnt signaling was not
augmented in f-cat®** mice, providing further support that
impaired cadherin and AMPA receptor endocytosis following
f-catenin stabilization was responsible for the deficits in LTD and
cognitive flexibility observed in f-ca**>"* mice.

Discussion

In the present study, we demonstrate that stabilization of p-catenin
in the adult hippocampus is sufficient to cause significant dis-
ruption of synaptic plasticity and cognitive flexibility. The results
from this study support three main conclusions. First, increased
levels of B-catenin in the hippocampus leads to significant defi-
cits in spatial memory flexibility and reversal learning. Second,
B-catenin stabilization is sufficient to abolish LTD at hippo-
campal synapses, while leaving basal synapse function and
LTP intact. Third, increased B-catenin/cadherin interaction at
synapses results in impaired activity-dependent endocytosis of
cadherin and AMPA receptors at synapses, which appears to
be the primary mechanism responsible for these synaptic and
cognitive impairments because Wnt signaling was not perturbed
in f-cat**>'* mice. Together, these results indicate that aberrant
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increases in the stability of synaptic adhesion molecules can have
a negative effect on synaptic plasticity and cognitive function.

The behavioral deficits we observed in f-cat**>* mice are all
consistent with a specific impairment in hippocampal LTD and
a subsequent impairment in spatial memory plasticity. Behavioral
tasks that have been shown to involve hippocampal LTP or non-
hippocampal brain regions were largely unaffected in g-car**>*
mice, including contextual fear conditioning, novel object recog-
nition, and initial acquisition of spatial memory in the MWM. Our
data support the hypothesis that LTD acts to depotentiate syn-
apses to facilitate the acquisition of novel information (2); we
observed that f-ca*“>’* mice exhibited impairments in reversal
learning in the MWM and behavioral flexibility on the DNMTP T-
maze—two tasks that involve the modification or elimination of
spatial memory rather than simply memory acquisition. The most
intriguing result from the present study was the persistence of
p-cat**>™* mice in entries to the old learned platform location in
the reversal phase of the MWM, indicating that the deficit in ac-
quiring novel spatial information was due to an inability to elim-
inate previously learned spatial information. This finding suggests
that transient changes in f-catenin/cadherin— mediated adhesion
and stability are critical for the restructuring of synapses underlying
cognitive and behavioral flexibility. Indeed, previous studies have
shown that following enhanced activity a transient disruption of
fB-catenin association with cadherin precedes increased association
of the two proteins (12), suggesting a window of structural plasticity
exists that facilitates normal experience-induced changes in
synapse strength.

Our data indicate that the impairments in LTD observed in
p-cat*®"* mice were due to increased association of p-catenin
with cadherin at hippocampal synapses, resulting in impaired
activity-dependent endocytosis of both cadherin and associated
AMPA receptors. Cadherins form both direct and indirect asso-
ciations with AMPA receptors (31-33), and stabilizing p-catenin/
cadherin interactions in vitro has been shown to prevent the
internalization of both cadherin and AMPA receptors during
conditions that induce LTD (5). Interestingly, mGluR-dependent
LTD has also been shown to require interaction between
N-cadherin and the GluR2 subunit of AMPA receptors, pro-
viding further evidence of an important functional relationship
between cadherin and AMPA receptors at synapses (33). Be-
cause LTD is achieved through removal of AMPA receptors from
the postsynaptic membrane (34), the physiological impairment in
LTD observed in f-cat**>* mice is consistent with the deficits in
AMPA receptor endocytosis observed by immunogold electron
microscopy. This model of synaptic dysfunction is also consistent
with the lack of impairment in hippocampal LTP in f-cat**>*
mice; enhanced cadherin stability at the synaptic membrane is
unlikely to affect the insertion of additional AMPA receptors
to the synaptic membrane, which is the primary mechanism re-
sponsible for LTP (34). Interestingly, basal synaptic transmission
and postsynaptic strength were unaffected by the stabilization of
cadherin in f-cat**>"* mice, and previous studies have shown that
knockdown of N-cadherin (35, 36) or B-catenin (23) in vivo also
did not significantly impact synapse number or basal synaptic
transmission. These findings suggest that, although cadherin is
important for activity-dependent plasticity, other mechanisms play
a more dominant role in determining basal synapse density and
synaptic strength. Furthermore, ablation of N-cadherin in vivo has
been shown to impair spine enlargement and LTP, but does not
affect LTD (36), compared with our study in which cadherin stabi-
lization results in intact LTP but impaired LTD. Together, these
studies suggest a consistent model where N-cadherin must be
present to stabilize synapses and AMPA receptors to mediate
LTP, but must be transiently destabilized or removed from syn-
apses to facilitate LTD.

We observed no difference in Wnt target expression in f-ca
mice, indicating that changes in Wnt signaling did not contribute

tAax3/+
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to the physiological and behavioral changes observed in these
animals, although the stabilized form of p-catenin lacking exon 3 is
competent for Wnt signaling (17, 20). Why was Wnt signaling un-
affected in the hippocampus of p-ca*®>* mice? p-catenin sta-
bilization was also restricted to adult, differentiated neurons, which
are less sensitive to changes in p-catenin levels (37), and much of
the available p-catenin was localized to synapses due to its asso-
ciation with cadherin. Finally, nuclear transport of f-catenin may
also be more carefully regulated in neurons (38), and levels of Lefl
are relatively low in the hippocampus compared with other brain
regions (39), reducing the sensitivity of Wnt signaling to changes in
levels of cytoplasmic p-catenin (39).

The findings of the present study indicate that changes in
pB-catenin and cadherin stability can have pronounced effects on
synapse function and, more generally, demonstrate that increases
in synaptic adhesion can have a detrimental effect on normal
synaptic plasticity and cognition. Increased levels of pB-catenin
have been reported in a wide variety of neurological disorders,
including AD (14, 15), HD (13), and alcoholism (40), but the
contribution of B-catenin to these disorders remains unclear. In
HD, p-catenin levels are significantly increased in the brains of
HD patients as well as in mouse and Drosophila models of HD,
and targeted reduction of p-catenin was shown to have a thera-
peutic effects (13). Intriguingly, deficits in reversal learning due to
perseveration similar to those observed in f-cat**** mice have
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been reported in both mouse models of HD and in HD patients
(41). Together with these studies, our work supports the hypoth-
esis that enhanced levels of p-catenin may contribute to the pa-
thology of HD. Also, lithium, a widely used antipsychotic, is known
to inhibit GSK3p, stabilizing p-catenin in neurons (42). Increased
Whnt signaling is believed to exert a therapeutic effect in these
cases, but data from the present study lead us to speculate that
enhanced structural stability at synapses may also contribute. Be-
cause alterations in p-catenin levels can have significant effects on
synaptic plasticity and memory, understanding the contribution
of p-catenin and synaptic adhesion in individual neurological dis-
orders may provide important insights into disease pathology and
therapeutic approaches.

Materials and Methods

See SI Materials and Methods for a detailed description of transgenic mice,
behavioral testing immunohistochemistry, immunoblot analysis, subcellular
fractionation, coimmunoprecipitation, immunogold electron microscopy,
NMDA-evoked endocytosis assay, electrophysiology, RNA real-time PCR, and
statistical analysis.
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