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Dendritic spines are dynamic, actin-rich structures that form the
postsynaptic sites of most excitatory synapses in the brain. The
F-actin severing protein cofilin has been implicated in the remod-
eling of dendritic spines and synapses under normal and patho-
logical conditions, by yet unknown mechanisms. Here we report
that p-arrestin-2 plays an important role in NMDA-induced remod-
eling of dendritic spines and synapses via translocation of active
cofilin to dendritic spines. NMDAR activation triggers cofilin acti-
vation through calcineurin and phosphatidylinositol 3-kinase
(P13K)-mediated dephosphorylation and promotes cofilin translo-
cation to dendritic spines that is mediated by p-arrestin-2. Hippo-
campal neurons lacking B-arrestin-2 develop mature spines that
fail to remodel in response to NMDA. p-Arrestin-2—-deficient mice
exhibit normal hippocampal long-term potentiation, but signifi-
cantly impaired NMDA-dependent long-term depression and spatial
learning deficits. Moreover, -arrestin-2—deficient hippocampal neu-
rons are resistant to Ag-induced dendritic spine loss. Our studies
demonstrate unique functions of $-arrestin-2 in NMIDAR-mediated
dendritic spine and synapse plasticity through spatial control over
cofilin activation.

he postsynaptic sites of the majority of excitatory synapses in

the central nervous system are found on dynamic protrusions
called dendritic spines (1-5). Dendritic spines are filamentous
actin (F-actin)-rich structures, which are regulated by actin-
binding proteins that sever, bundle, polymerize, or cap F-actin
filaments (6). Structural plasticity of dendritic spines has been
linked to synaptic plasticity (7, 8) and is thought to underlie
learning and memory processes (9), whereas defects in dendritic
spine morphology are associated with certain neurological dis-
orders (10, 11). Cofilin is an F-actin—severing protein that
increases the turnover of F-actin by severing the filaments and
creating new barbed ends for F-actin growth (12-17). Several
studies suggest that cofilin activation by dephosphorylation may
trigger dendritic spine remodeling in neurons, resulting in the
destabilization and transformation of mature mushroom-shaped
spines with large heads into immature thin spines in hippocam-
pal neurons (18, 19). Moreover, cofilin-mediated plasticity was
reported to underlie both dendritic spine enlargement and sta-
bilization induced by long-term potentiation (LTP) (20), as well
as spine shrinkage and elimination associated with long-term
depression (LTD) (21). Recent studies showing an increased
number of mature spines with large heads in cofilin-deficient
neurons support the role of cofilin in dendritic spine plasticity
(22). Excessive cofilin activity has been implicated in stress-in-
duced cofilin-actin rods that are found in the brain with several
neurological disorders associated with dendritic spine loss (23,
24). Conversely, the suppression of endogenous cofilin activation
by phospho-mimetic cofilin®*" has been reported to protect
neurons against amyloid-beta (Af)-mediated spine loss (25, 26).
Therefore, understanding cofilin regulation in dendritic spines
will advance our knowledge of normal learning and memory
processes, as well as neuropathology such as that found in
Alzheimer’s disease.

www.pnas.org/cgi/doi/10.1073/pnas. 1118803109

Whereas cofilin activation is regulated through its dephos-
phorylation, the mechanisms that achieve temporal and spatial
control over cofilin activity in dendritic spines have not been
identified. B-Arrestins are known to be involved in the de-
sensitization and internalization of G-protein—coupled receptors
(27-29) and are also recognized for their ability to regulate F-
actin organization and cytoskeletal dynamics through the scaf-
folding of actin assembly proteins (30-32). Here we demonstrate
that B-arrestin-2 spatially regulates cofilin localization in den-
dritic spines and plays an important role in NMDA-induced
dendritic spine and synapse remodeling. NMDA-induced struc-
tural plasticity depends on the translocation of active cofilin into
dendritic spines, which is regulated by the scaffolding protein
B-arrestin-2. Our studies show that NMDA-induced trans-
location of a constitutively active cofilin mutant into dendritic
spines is disrupted in f-arrestin-2 KO neurons. p-Arrestin-2 KO
neurons develop normal mature spines both in vitro and in vivo,
but these spines fail to remodel in response to NMDA or over-
expression of constitutively active cofilin®**, possibly due to ab-
normal spatial regulation of cofilin in neurons lacking B-arrestin-
2. We also find functional abnormalities, as p-arrestin-2 KO mice
exhibit impaired hippocampal LTD and spatial learning deficits
in the radial arm water maze. Furthermore, p-arrestin-2—de-
ficient hippocampal neurons are resistant to a pathological form
of spine plasticity, Ap-induced dendritic spine loss. Our studies
demonstrate that p-arrestin-2 regulates both physiological and
pathological forms of dendritic spine and synapse plasticity
through spatial control over cofilin activation in dendritic spines.

Results

NMDA-Mediated Remodeling of Mature Dendritic Spines and
Synapses Is Blocked by Phospho-Mimetic Cofilin®3°. Our previous
studies have shown that activation of the NMDA receptor pro-
motes dendritic spine remodeling in cultured hippocampal
neurons (18). To determine whether cofilin underlies this event,
we induced NMDA-dependent chemical LTD in cultured hip-
pocampal neurons expressing control GFP, wild-type (WT)
cofilin, constitutively active cofilin>**, or phospho-mimetic cofi-
1in®*P. Control hippocampal neurons exhibited a high occur-
rence of mature mushroom-shaped dendritic spines with large
heads and short necks, resulting in a high spine head area-to-
length ratio (Fig. 1). The mature spines were associated with
synaptophysin-positive puncta, demonstrating the proximity of
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Fig. 1. NMDA-mediated remodeling of mature dendritic spines and synapses is blocked by phospho-mimetic cofilin®3°. (A-F) Confocal images showing the
dendrites of 14 days in vitro (DIV) hippocampal neurons expressing GFP (A, C, and E) or GFP-tagged cofilin®3° (cofilin®3P-GFP; B, D, and F). Neurons were
untreated (Cntl), or treated with 50 uM NMDA in Mg?*-free solution for 5 min to activate NMDA receptors, followed by NMDA washout and 60 min in-
cubation in conditioned media (NMDA). Pre- and postsynaptic sites were identified by immunostaining against synaptophysin (Syn, A and B), PSD-95 (C and
D), the NMDAR subunits NR2A/B (A-D), and the AMPAR subunit GIuR2 (E and F). F-actin was detected by rhodamine-coupled phalloidin (E and F). Arrowheads
denote positive puncta that are associated with dendritic spines, and arrows denote positive puncta in the dendritic shaft. (Scale bars, 10 um.) (G-J)
Quantitative analysis of spine length (G), head area (H), head area/length ratio (/), and density (J) in untreated (Cntl) and NMDA-treated (NMDA) neurons
expressing GFP, WT cofilin, constitutively active cofilin®*, or phospho-mimetic cofilin®3°. Histograms show mean + SEM (n = 100-200 spines from 7-10
neurons per condition). Statistical analysis was performed using one-way ANOVA followed by Tukey’s multiple-comparison posttest (*P < 0.05, **P < 0.01,
***P < 0.001). (K-N) Quantitative analysis of the numbers of synaptophysin (Syn-), PSD-95-, NR2A/B-, GIuR2-, and Phalloidin (Phall)-positive puncta associated
with dendritic spines per 10 pm of dendrite in untreated (Cntl) or NMDA-treated (NMDA) neurons expressing GFP or cofilin®3P. Histograms show mean + SEM
(n = 7-10 neurons per condition). Statistical analysis was performed using one-way ANOVA followed by Tukey’s multiple-comparison posttest (*P < 0.05, **P
< 0.01, ***P < 0.001).

presynaptic boutons, and contained the postsynaptic density further spine head shrinkage in neurons expressing cofilin®**,

(PSD) protein PSD-95, as well as the NR2A/B and GluR2 sub-  perhaps because these spines already exhibit smaller heads be-
units of NMDARs and AMPARs, respectively (Fig. 1 A-F). fore NMDA treatment (Fig. 1 G-J). Our results suggest that
NMDAR activation increased the proportion of immature den- NMDA may induce remodeling of dendritic spines and synapses
dritic spines, indicated by a decrease in spine head size and the  through the regulation of cofilin activation in dendritic spines.
spine head area-to-length ratio (Fig. 1 H and I), and induced
growth of new filopodia resulting in an overall increase in pro- NMDAR Activation Promotes Rapid Translocation of Active Cofilin to
trusion density (Fig. 1J). NMDAR activation also led to a de-  Dendritic Spines, Which Is Disrupted in §-Arrestin-2 KO Neurons. We
crease in the numbers of synaptophysin, PSD-95, NR2A/B, and  found that in addition to cofilin dephosphorylation, proper local-
GluR2 puncta that were associated with dendritic spine heads, ization of active cofilin is essential for its effects on dendritic spines
which could be a result of spine head shrinkage (Fig. 1 K-N).  and synapses. Our studies indicate that acute NMDA treatment of
There was a subsequent increase in synaptic puncta along the 14 days in vitro (DIV) hippocampal neurons results in a rapid
dendritic shaft with no change in the overall number of these translocation of both WT cofilin and the nonphosphorylatable
pre- and postsynaptic puncta following NMDAR activation, ~ constitutively active cofilin®** (Movie S1), but not the phospho-
suggesting their redistribution from the spine heads to the den-  mimetic cofilin®*" mutant, to the heads of dendritic spines within 5
dritic shaft rather than their elimination. min of NMDA treatment (Fig. 2). In addition, cofilin®** is dif-
NMDA-induced changes in dendritic spine morphology and  fusely distributed throughout the spines and dendritic shaft before
the number of synaptic sites associated with dendritic spines = NMDA treatment, indicating that dephosphorylation alone is not
were dependent on cofilin activation, as its inhibition by over-  sufficient to trigger cofilin clustering in dendritic spines.
expression of phospho-mimetic cofilin®*” blocked NMDA-in- The scaffolding proteins p-arrestins, which were recently sug-
duced shrinkage of dendritic spine heads and prevented gested to regulate cofilin localization in migrating cells (33, 34),
subsequent loss of synaptic proteins from dendritic spines (Fig. 1 ~ were prime candidates for the regulation of cofilin translocation
K-N). In contrast, overexpression of constitutively active cofi- in response to NMDAR activation. First, we examined the
1in®** induced dendritic spine head shrinkage, similar to the effects of NMDA on the localization of WT cofilin, constitutively
effects of NMDA treatment. NMDAR activation did not induce  active cofilin®**, or inactive phospho-mimetic cofilin®*" in
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Fig. 2. NMDAR activation promotes rapid translocation of cofilin to dendritic spines, which is disrupted in p-arrestin-2 KO neurons. (A-C) Time-lapse fluorescent
images showing the dendrites of WT, B-arrestin-1 KO, or p-arrestin-2 KO hippocampal neurons at 14 DIV expressing DsRed (red) and WT cofilin-GFP (4), cofilin®3A-GFP
(B), or cofilin®3P-GFP (C), before (Cntl) or 5 min after treatment with NMDA. (Scale bars, 10 um.) See also Movies S1 and S2. (D-G) Quantitative analysis of the distribution
of GFP and GFP-tagged cofilin before and after NMDA treatment is shown by the dendritic spine head-to-base (head/base) ratio of GFP fluorescence, normalized
against DsRed fluorescence. A ratio of 1 would indicate uniform distribution of GFP or GFP-tagged cofilin in the spine heads and dendritic shaft (base), whereas a ratio
that is significantly >1 would indicate specific targeting of GFP-tagged cofilin to dendritic spines. Histograms show mean + SEM (n = 100-200 spines from five neurons
per condition). Statistical analysis was performed using one-way ANOVA followed by Tukey’s multiple-comparison posttest. *P < 0.05, **P < 0.01, ***P < 0.001
compared with respective control; a indicates value significantly different from that of untreated WT neurons (P < 0.001); b indicates value significantly different from
that of NMDA-treated WT neurons (P < 0.01); ¢ indicates value significantly different from that of NMDA-treated p-arrestin-2 KO neurons (P < 0.001).

B-arrestin-1 KO and p-arrestin-2 KO hippocampal neurons (Fig.
2). NMDA-triggered translocation of constitutively active cofi-
1in®** into the spines was seen in WT hippocampal neurons (Fig.
2 B and F and Movie S1), but was impaired in p-arrestin-2 KO
neurons (Fig. 2 B and F and Movie S2). This reduction in the
level of cofilin clustering in spines following NMDA treatment
demonstrates that p-arrestin-2 is required for proper trans-
location of active nonphosphorylatable cofilin®** to the spines

in response to NMDAR activation. In contrast to active non-

Pontrello et al.

phosphorylatable cofilin®**, NMDA-induced translocation of
WT cofilin to dendritic spines was not affected in either
B-arrestin-1 KO or B-arrestin-2 KO neurons (Fig. 24 and E). It is
possible that -arrestin-1 may regulate cofilin translocation in
B-arrestin-2 KO neurons, which is blocked by the substitution of
Ser to Ala in active nonphosphorylatable cofilin®**, whereas
B-arrestin-2 controls translocation of active nonphosphorylatable
cofilin®** in p-arrestin-1 KO neurons. These results suggest that
both p-arrestins may be involved in the translocation of cofilin,
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Fig. 3. p-Arrestin-2 KO neurons develop normal mature spines that are resistant to spine remodeling induced by NMDA or constitutively active cofilin®A. (A-E)
Confocal images showing the dendrites of 14 DIV hippocampal neurons from WT, p-arrestin-1KO, or p-arrestin-2 KO hippocampal neurons expressing DsRed and GFP
(A and B) or DsRed and WT cofilin-GFP (C), cofilin®*A-GFP (D), or cofilin®3P-GFP (E). (B) Neurons were treated with NMDA (50 uM, 5 min), followed by washout and
incubation in conditioned media for 60 min. (Scale bar, 10 pm.) (F-K) Quantitative analysis of spine length (F), head area (G), head area/length ratio (H and J), density
(1), and percentage of filopodia (K). Graphs display mean + SEM (n = 600-800 spines from 12-15 neurons per condition). Statistical analysis was performed using one-

way ANOVA followed by Tukey’s multiple-comparison posttest. *P < 0.05, **P < 0.

01, ***P < 0.001; a indicates value significantly different from that of WT neurons

expressing GFP, WT cofilin, or cofilin®*® (P < 0.001); b indicates value significantly different from that of g-arrestin-2 KO neurons expressing GFP (P < 0.05), WT cofilin
(P < 0.01), or cofilin®3 (P < 0.001); c indicates value significantly different from those of all other conditions of the corresponding genotype (P < 0.001).

but p-arrestin-2 is necessary for the translocation of the active
form of cofilin to the spines in response to NMDAR activation.

p-Arrestin-2 KO Neurons Are Resistant to NMDA-Induced Dendritic
Spine Remodeling. The NMDA-induced translocation of cofilin
to spines, which occurred rapidly within 5 min of NMDA treat-
ment, is followed by transformation of mature spines with large
heads into immature thin spines with small heads (Fig. S1). To
investigate whether the ability of B-arrestin-2 to localize active
cofilin into dendritic spines is required for NMDA-induced spine
remodeling, we examined the effects of NMDA on spine mor-
phology in hippocampal neurons that lack p-arrestin-1 or
fB-arrestin-2. Our results indicate that deletion of the scaffolding
protein p-arrestin-2 abolished the ability of NMDA to induce
dendritic spine remodeling. Whereas NMDA treatment of WT
neurons resulted in a more immature spine phenotype, the
morphology of p-arrestin-2 KO neurons did not change with
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NMDA treatment (Fig. 3.4, B, and F-I). Statistical analysis showed
no significant changes in spine length, spine head area, and the
spine head area-to-length ratio in NMDA-treated f-arrestin-2 KO
neurons compared with untreated p-arrestin-2 KO neurons (Fig. 3
F-H). Although the deletion of p-arrestin-2 blocked NMDA-in-
duced spine remodeling, it did not affect normal development of
dendritic spines, as p-arrestin-2 KO neurons developed mature
spines with large heads that were similar to WT neurons in 14 DIV
hippocampal cultures (Fig. 3 A, B, and F-J). In contrast, f-arrestin-
1 KO neurons exhibited more immature spines that were longer
with smaller heads and lower spine head area-to-length ratios than
WT neurons, but phospho-mimetic cofilin®*” rescued a mature
spine phenotype in the p-arrestin-1 KO neurons (Fig. 3 E and J).
This result suggests that f-arrestin-1 is required for normal den-
dritic spine development and may act to suppress excessive cofilin
activity in dendritic spines, resulting in spine maturation, whereas

Pontrello et al.
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loss of p-arrestin-1 may increase the vulnerability of p-arrestin-1
KO neurons to pathological conditions. Indeed, the overexpression
of active nonphosphorylatable cofilin®** in p-arrestin-1 KO neu-
rons resulted in the formation of structures resembling cofilin—actin
rods (Fig. 2B) that have been reported in conditions of cellular
stress (35, 36). These results suggest that both the ability of
B-arrestin-2 to control NMDA-induced spine remodeling and the
B-arrestin-1-dependent development of mature spines depend on
cofilin activation.

B-Arrestin-2 Deletion Affects Dendritic Spine Remodeling Induced by
Constitutively Active Cofilin®**. If the ability of B-arrestin-2 to
regulate the localization of cofilin in dendritic spines underlies
NMDA-mediated spine remodeling, then deletion of f-arrestin-2
might also affect dendritic spine remodeling induced by consti-
tutively active cofilin>**. Indeed, constitutively active cofilin®**
failed to cluster in dendritic spines of p-arrestin-2—deficient
neurons in response to NMDA treatment (Fig. 2B), and the
ability of constitutively active cofilin>** to induce dendritic spine
remodeling was also disrupted in p-arrestin-2—deficient neurons
(Fig. 3D). Whereas constitutively active cofilin®** induced an
immature spine phenotype in WT hippocampal neurons, similar
to the effects of NMDA treatment, p-arrestin-2 KO neurons
expressing constitutively active cofilin®** exhibited mature spines
with a larger head area-to-length ratio and lower percentage of
immature filopodia-like protrusions than either WT neurons ex-
pressing constitutively active cofilin>** or p-arrestin-1 KO neurons
(Fig. 3 D, J, and K). Our results suggest that p-arrestin-2 plays an
important role in the translocation of active cofilin to dendritic
spines to regulate spine remodeling in response to NMDA.

Overexpression of p-Arrestin-1 or p-Arrestin-2 Reverses the Effect of
p-Arrestin Deletion on Dendritic Spine Morphology Under Normal
Synaptic Activity or in Response to NMDA. We were able to re-
verse the effects of p-arrestin-1 KO on dendritic spine mor-
phology by overexpressing f-arrestin-1 that was tagged with the
FLAG peptide sequence (DYKDDDDK) in p-arrestin-1-deficient
neurons (Fig. 4 A, C, and E). Analysis of the distribution of
transfected FLAG-tagged p-arrestin-1 revealed diffuse localiza-
tion throughout both the dendritic shafts and spines (Fig. 4 C and
F). In addition, overexpression of FLAG-tagged p-arrestin-2 res-
cued NMDA-induced spine remodeling in f-arrestin-2—deficient

neurons (Fig. 4 B, D, and E), confirming that p-arrestin-2 is in-
volved in NMDA-mediated dendritic spine remodeling.

We also found that p-arrestin-2 can directly interact with WT
cofilin, cofilin®**, and cofilin®*P, with the highest affinity toward
constitutively active cofilin®** (Fig. 4G). These findings are
consistent with a model in which p-arrestin-2 binds to activated
cofilin and promotes its translocation to dendritic spines.
B-Arrestin-2 is also distributed equally among dendritic spines
and shafts, but appears to form clusters in response to NMDA
treatment, which are detected in the heads of dendritic spines
(Fig. 4 D and F). These results suggest that both p-arrestins are
involved in spine development and maintenance under normal
synaptic activity, whereas p-arrestin-2 is also involved in cofilin-
mediated dendritic spine remodeling in response to NMDA.

B-Arrestin-2 Mediates NMDA-Induced Cofilin Translocation Independent
of Cofilin Dephosphorylation. B-Arrestins may also regulate cofilin
phosphorylation levels through scaffolding cofilin with its kinase
LIM kinase 1 (LIMKI1, where LIM is an acronym of the three
gene products Lin-11, Isl-1, and Mec-3)-1 or phosphatase chro-
nophin (CIN) (33, 34), so we examined whether NMDA-induced
cofilin dephosphorylation is affected in p-arrestin-2 KO neurons.
Whereas deletion of B-arrestin-2 affected NMDA-induced trans-
location of active cofilin to dendritic spines and spine remodeling, it
was not sufficient to block NMDA-mediated cofilin dephosphory-
lation, as we observed reduced levels of phosphorylated cofilin in
NMDA-treated p-arrestin-2 KO neurons compared with untreated
controls (Fig. 54 and B). Similar to previously published reports, we
found that NMDA-induced activation of calcineurin and a Ras-
PI3K pathway is responsible for NMDA-mediated cofilin dephos-
phorylation (37, 38), as concurrent treatment of hippocampal
neurons with a calcineurin inhibitor [S0 pM cyclosporin A (CycA)]
and a PI3K inhibitor [50 pM LY294,002 (LY)] completely blocked
NMDA-induced cofilin dephosphorylation in hippocampal neurons
(Fig. 5 A and B). However, dephosphorylation is not required for
cofilin clustering in dendritic spines following NMDAR activation,
as inhibition of cofilin dephosphorylation did not prevent NMDA-
induced translocation of WT cofilin to dendritic spines, an effect
that was blocked by the specific NMDAR inhibitor MK801 (Fig.5 C
and F). Nevertheless, inhibition of cofilin dephosphorylation with
the calcineurin and PI3K inhibitors did block NMDA-induced
changes in dendritic spine morphology, suggesting that cofilin can

Fig. 4. Overexpression of f-arrestin-1 or p-arrestin-2 reverses
the effect of p-arrestin deletion on dendritic spine morphology
under normal synaptic activity or in response to NMDA. (A-D)
Confocal images showing the dendrites of 14 DIV hippocampal
neurons from p-arrestin-1 KO or p-arrestin-2 KO mice express-
ing GFP alone (A and B) or GFP with FLAG-tagged p-arrestin-1
(C) or FLAG-tagged p-arrestin-2 (D). (Scale bar, 10 pm.) (E and F)
Quantitative analysis of dendritic spine morphology (spine
head area/length ratio, E) and the distribution of FLAG-tagged
p-arrestins (F). The ratio of B-arrestin immunoreactivity was
measured in the spine head vs. the dendritic shaft (spine head/
base ratio), in WT or KO neurons expressing FLAG-tagged
p-arrestin-1 or -2. FLAG-tagged p-arrestin-1 or -2 was detected
by immunostaining against FLAG and levels were normalized
to GFP fluorescence. Graphs display mean + SEM (n = 600
Ty spines from 10 cells per condition). Statistical analysis was
performed using one-way ANOVA followed by Tukey’s multi-
ple-comparison posttest (*P < 0.05, ***P < 0.001). (G) Mean
binding of GST-tagged p-arrestin-2 was determined for WT
cofilin, cofilin®**, and cofilin®3*°. Integrated intensity from
replicate experiments (n = 3) was determined and normalized
to maximal signal. Curves were fit using a nonlinear regression
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be translocated to dendritic spines in its phosphorylated form, but
fails to remodel spines (Fig. 5 I-K). These studies show that both
calcineurin- and PI3K-mediated cofilin dephosphorylation and
p-arrestin-mediated translocation of cofilin to dendritic spines are
necessary for NMDA-mediated dendritic spine remodeling
(Fig. S2).

Deletion of B-Arrestin-1, but Not -Arrestin-2, Disrupts the Development
of Mature Dendritic Spines in the Mouse Hippocampus in Vivo. We next
examined whether development of mature dendritic spines is af-
fected in the hippocampus of f-arrestin-1 KO and p-arrestin-2 KO
mice in vivo. CA1 hippocampal neurons from p-arrestin-1 KO mice
displayed longer spines with a significantly smaller head area and
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Cofilin®**-GFP

Cntl MK801CycA CycA

Cntl MK801CycA CycA
+LY 0.05, **P < 0.01, ***P < 0.001).

E
Cofilins*-GFP/ DsRed

Fig. 5. Cofilin dephosphorylation is not required for
cofilin translocation to dendritic spines, but is necessary for
dendritic spine remodeling. (A and B) Fourteen DIV hip-
pocampal neurons were treated with 50 uM NMDA in Mg?*-
free solution to activate NMDA receptors for 5 min with or
without MK801 (10 uM), cyclosporin A (CycA, 50 uM), or
LY294,002 (LY, 50 pM). Cell lysates were subjected to im-
munoblotting with anti-phospho-cofilin antibodies. The
blots were stripped and reprobed against total cofilin. The
levels of phospho-cofilin were quantified by densitometry
and normalized to total cofilin levels, respectively. Exper-
imental values represent mean + SEM (n = 5-10). Statistical
analysis was performed using Student'’s t test (**P < 0.01,
***P < 0.001). (C—E) Time-lapse fluorescent images show-
ing the dendrites of 14 DIV WT hippocampal neurons
expressing DsRed (red) and WT cofilin-GFP (C), cofilin®3A-
GFP (D), or cofilin®3P-GFP (E), before (Cntl) or 5 min after
treatment with NMDA. (Scale bars, 10 um.) (F~-H) Quanti-
tative analysis of the distribution of GFP-tagged cofilin in
neurons expressing WT cofilin-GFP (F), cofilin®*A-GFP (G),
or cofilin>3°-GFP (H), before and after NMDA treatment,
with and without MK801, CycA, or CycA and LY294,002
(CycA+LY). The dendritic spine head-to-base (head/base)
ratio of GFP fluorescence is normalized against DsRed
fluorescence. Histograms show mean + SEM (n = 100-200
spines from 5 neurons per condition). Statistical analysis
was performed using one-way ANOVA followed by
Tukey’s multiple-comparison posttest. *P < 0.05, ***P <
+LY 0.001 compared with respective control; a and b indicate
values significantly different from those of NMDA-treated
neurons without inhibitors (a, P < 0.05; b, P < 0.001);
¢ indicates value significantly different from that of un-
treated neurons (¢, P < 0.01). (I-K) Quantitative analysis of
spine length (/), head area (J), and head area/length ratio
(K) in WT hippocampal neurons expressing WT cofilin,
before (Cntl) and after treatment with NMDA, with and
without MK801, CycA, or CycA+LY. Graphs display mean +
SEM (n = 100-200 spines from 7-10 cells per condition).
Statistical analysis was performed using one-way ANOVA
followed by Tukey’s multiple-comparison posttest (*P <

H Cntl
[ NMDA

lower head area-to-length ratio than did either WT or p-arrestin-2
KO neurons (Fig. 6 A-F and ). In contrast, p-arrestin-2 KO neurons
developed normal mature dendritic spines, similar to those of WT
neurons. There were no changes in the number of spines or per-
centage of filopodia among WT and B-arrestin KO neurons (Fig. 6 G
and H). Whereas the development of mature dendritic spines is af-
fected in B-arrestin-1 KO neurons, p-arrestin-2 KO neurons develop
normal mature spines both in vitro and in vivo, but fail to remodel
spines in response to NMDA-dependent chemical LTD in vitro.

B-Arrestin-2 KO Mice Exhibit Normal LTP, but Significantly Impaired
LTD, in Acute Hippocampal Slices. The abnormal NMDA-mediated
dendritic spine plasticity observed in the p-arrestin-2 KO neu-
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Fig. 6. Deletion of p-arrestin-1, but not p-arrestin-2, disrupts the de-
velopment of mature dendritic spines in the mouse hippocampus in vivo. (A-
C) Confocal images showing the dendrites of CA1 neurons labeled with 1,1'-
dioctadecyl-3,3,3’,3’- tetramethylindocarbocyanine perchlorate (Dil) in hip-
pocampal slices from WT, p-arrestin-1 KO, or f-arrestin-2 KO mice. (Scale bar,
10 um.) (D-/) Quantitative analysis of the spine length (D), head area (E),
head area/length ratio (F and /), number of protrusions per 10 pm of den-
drite (G), and percentage of filopodia (H). Histograms show mean + SEM (n =
700-800 spines from six to eight neurons per condition). Statistical analysis
was performed using one-way ANOVA followed by Tukey’s multiple-com-
parison posttest (**P < 0.01, ***P < 0.001).

rons in vitro suggested that deletion of p-arrestin-2 might result
in altered synaptic plasticity. We induced LTP in acute hippo-
campal slices with two 1-s duration 100-Hz tetani of Schaffer
collaterals (39). A potentiation of 150% of the field excitatory
postsynaptic potentials (EPSPs) was found in both WT and
p-arrestin-2 KO hippocampi following 60 min of high-frequency
stimulation, suggesting that p-arrestin-2 KO mice exhibit normal
levels of LTP (Fig. 7 A and B).

The cultured f-arrestin-2 KO neurons showed resistance to
NMDA-induced spine head shrinkage, a mechanism that is as-
sociated with LTD, and Rust et al. (22) found significantly al-
tered LTD in conditional cofilin KO mice. Therefore, we next
induced LTD in Schaffer collateral-CAl synapses using paired-
pulse low-frequency stimulation (PP-LFS) at 1 Hz for 15 min.
Interestingly, LTD was significantly impaired in p-arrestin-2 KO
mice, as only a 1.2% depression was detected following 60 min of
PP-LFS, compared with a 16.1% depression observed in WT
mice (Fig. 7 C and D). In addition, EPSPs in the slices from the
B-arrestin-2 KO mice returned to baseline 30 min after stimu-
lation, whereas EPSPs in WT slices remained at 85% of baseline
60 min following stimulation. In contrast, there were no differ-
ences in input/output (I/O) curves between p-arrestin-2 KO and
control mice (Fig. 7F), indicating that basal pre- and post-
synaptic responses are not altered by knockout of p-arrestin-2.
Taken together, these results implicate B-arrestin-2 in cellular
mechanisms involving dendritic spine shrinkage and LTD.

B-Arrestin-2-Deficient Mice Display Deficits in Long-Term Spatial
Learning. Resistance to NMDA-induced dendritic spine remodel-
ing and impaired NMDA-dependent LTD suggested that hippo-
campal-dependent learning and memory may be also affected in the
p-arrestin-2 KO mice. To examine the spatial learning abilities of
B-arrestin-2 KO mice, we used the radial arm water maze, a highly
sensitive test of hippocampal-dependent spatial memory (40, 41).
Both WT and B-arrestin-2 KO mice performed similarly during days
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Fig. 7. B-Arrestin-2 KO mice exhibit normal LTP, but significantly impaired
LTD, in acute hippocampal slices. (A) LTP of Schaffer collateral-CA1 synapses
evoked by two trains of 100-Hz pulses at 1 s duration in WT (solid symbols)
and p-arrestin-2 KO (shaded symbols) mice. Graph shows mean + SEM (WT,
n = 7; B-arrestin-2 KO, n = 7). (B) Quantitative analysis of extracellular field
excitatory postsynaptic potentials (fEPSPs) for minutes 60-75 in WT (solid
bar) and p-arrestin-2 KO (shaded bar) mice. Histogram shows mean + SEM;
Student’s t test, not significant (NS). (C) LTD of Schaffer collateral-CA1 syn-
apses evoked by paired-pulse LFS at 1 Hz for 15 min in WT (solid symbols)
and B-arrestin-2 KO (shaded symbols) mice. Graph shows mean + SEM (WT,
n =29; p-arrestin-2 KO, n = 10). (D) Quantitative analysis of fEPSPs for minutes
75-90 in WT (solid bar) and p-arrestin-2 KO (shaded bar) mice. Histogram
shows mean + SEM; Student’s t test, *P = 0.027. (E) Input/output (I/O) curves
as an indication of basal synaptic transmission for WT (solid symbols) and
p-arrestin-2 KO (shaded symbols) mice. Graph shows mean + SEM (WT, n =
17; B-arrestin-2 KO, n = 15); Student'’s t test, not significant (NS).

1-6 of the training, indicating that short-term reference memory
was not altered in the B-arrestin-2 KO mice (Fig. 8). However,
whereas WT mice continued to improve over the course of 11 d,
B-arrestin-2 KO mice failed to show improvements from day 7 to
day 11. B-Arrestin-2 KO mice needed significantly more time to
locate the hidden platform at the end of the test on days 7-11 (Fig. 8
A, C, and E) and made significantly more errors in the process than
did WT mice (Fig. 8 B, D, and F). These results reveal a deficit in
long-term spatial learning and memory in the p-arrestin-2 KO mice.

p-Arrestin-2-Deficient Hippocampal Neurons Are Resistant to Ap-
Induced Dendritic Spine and Synapse Loss. The phospho-mimetic
cofilin®*” mutant was shown to be protective in hippocampal slices
against spine loss induced by A;_4, oligomers that are implicated
in Alzheimer’s disease (AD) (26). In addition, the formation of
Ap-induced cofilin—actin rods in hippocampal slices and cultured
neurons was prevented by enhancing cofilin phosphorylation
through modulation of LIMK, slingshot phosphatase (SSH), and
CIN (25). Here we have demonstrated that p-arrestin-2—deficient
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Fig. 8. p-Arrestin2-deficient mice display deficits in long-term spatial
learning. (A-F) Quantitative analysis of the latency to locate the hidden
platform (A, C, and E) and number of errors (B, D, and F) in the radial arm
water maze over 11 d of testing. Graphs display mean + SEM (WT, solid
symbols, n = 13; p-arrestin-2 KO, shaded symbols, n = 12). (A and B) Statistical
analysis was performed using one-way ANOVA followed by Tukey’s multi-
ple-comparison posttest. a, WT/D11/T4+5 shows significant improvement vs.
WT/D1/T4+5 (P < 0.05); b and ¢, WT/D11/T4+5 shows significant improvement
vs. WT/D11/T1 (b, P < 0.001; ¢, P < 0.05); d, p-arrestin-2 KO/D11/T4+5 is sig-
nificantly impaired vs. WT/D11/T4+5 (P < 0.05). (B and D) Latency to find the
platform (B) and number of errors (C) were averaged for the early days of
testing (days 1-6) and the late days of testing (days 7-11) to evaluate long-
term performance (**P < 0.01, ***P < 0.001). (E and F) Histograms show
latency (E) and number of errors (F) for trials 4 and 5 (averaged). Statistical
analysis for each individual day of testing was performed using Student’s t
test (*P < 0.05, **P < 0.01, ***P < 0.001).

neurons are resistant to NMDA-induced dendritic spine remod-
eling due to impaired spatial localization of cofilin in dendritic
spines. We therefore tested whether depletion of f-arrestin-2
would also protect neurons against Ap-mediated spine loss, similar
to the effects of phospho-mimetic cofilin®*", which inhibits en-
dogenous cofilin activity. Whereas Af promoted immature spines
in WT neurons, f-arrestin-2—deficient neurons did not display
spine remodeling with Ap treatment (Fig. 9 A-I), and p-arrestin-2
deletion was also protective against spine loss induced by Ap
peptide (Fig. 9/). In addition, whereas Ap induced a significant
decrease in the overall numbers of synaptophysin-positive pre-
synaptic terminals; postsynaptic sites containing PSD-95—, NR2A/
B-, and GluR2-positive puncta; and phalloidin-positive F-actin
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clusters in WT hippocampal neurons, B-arrestin-2—deficient neu-
rons were resistant to these changes induced by Ap treatment (Fig.
9 K-M). The numbers of the pre- and postsynaptic proteins that
were associated with dendritic spines also did not change in Af-
treated p-arrestin-2—deficient neurons (Fig. 9 N-P). These studies
suggest that p-arrestin-2 may also be involved in some pathological
forms of dendritic spine plasticity, such as Ap-induced spine loss,
and may emerge as a new target for AD therapies.

Discussion

Cofilin has recently been implicated as an important regulator of
synaptic plasticity under both physiological and pathological
conditions (20-22, 26, 42). Whereas active cofilin has been
shown to preferentially associate with the more dynamic pe-
ripheral F-actin pool in dendritic spines (43), the phosphoryla-
tion of cofilin that suppresses its activity has been shown to
promote mature stable mushroom-shaped spines in response to
LTP (20). Furthermore, hippocampal neurons lacking cofilin
exhibited an increased number of mushroom-shaped spines and
showed a substantial enlargement of head area, indicating the
prevalence of more mature spines (22). We have made similar
observations, showing that the enhancement of cofilin activity by
overexpression of constitutively active cofilin®** leads to more
immature spines and filopodia, whereas cofilin inhibition with
phospho-mimetic cofilin®*” promotes stable mature mushroom
spines (19). Temporal regulation of cofilin activity has also been
implicated in AMPAR trafficking during synaptic potentiation
and dendritic spine enlargement (42). Consistent with the
structural role of cofilin in regulating spine morphology and
AMPAR trafficking, cofilin was also shown to be involved in
synaptic plasticity and learning (22, 42). Mice lacking cofilin have
demonstrated impaired late LTP (L-LTP), LTD, and associative
learning, including spatial learning, aversive learning, and reward
learning (22). In addition, stress-induced cofilin-actin rods are
found in the brain in several neurological disorders (24), and
cofilin inhibition with phospho-mimetic cofilin>*” in hippocam-
pal slices has been shown to prevent Ap-mediated dendritic spine
loss, which is a hallmark of AD (25, 26). It appears that temporal
and spatial control over cofilin activity determines its effects on
synapses. Here we report that the scaffolding protein p-arrestin-2
spatially regulates cofilin localization in synapses and plays an
important role in NMDA-dependent dendritic spine/synapse
plasticity, hippocampal LTD, and spatial learning.

B-Arrestins are known to be involved in the inactivation of
G protein-coupled receptor (GPCR) signaling (27), but they are
also recognized for their ability to regulate F-actin organization
and cytoskeletal dynamics through the scaffolding of actin as-
sembly proteins (30-32). p-Arrestins were recently shown to
control the spatial localization of cofilin and its regulating proteins
that act downstream of protease-activated receptor-2 (PAR-2) in
fibroblasts and primary leukocytes (34, 44), and this process has
been implicated in the formation of a leading edge and subsequent
chemotaxis (34). Whereas p-arrestin-1 was shown to scaffold
cofilin with LIMK, the kinase that phosphorylates and inactivates
cofilin, B-arrestin-2 has been implicated in associating cofilin with
the phosphatases CIN and SSH, leading to cofilin dephosphory-
lation and activation (33, 34, 44). The ability of p-arrestins to
scaffold cofilin with its enzymes and to regulate dynamic changes
in F-actin organization made it a prime candidate for the regula-
tion of cofilin translocation into dendritic spines. Our data suggest
that B-arrestin-1 is required for normal development of dendritic
spines, as there is an increase in immature spines in the f-arrestin-1
KO hippocampal neurons under normal synaptic activity, both in
vitro and in vivo. This result could be due to decreased association
of LIMK with cofilin in B-arrestin-1-deficient mice, which could
lead to increased cofilin activity. In addition, these neurons still
express B-arrestin-2, which scaffolds cofilin with its activator SSH
phosphatase, leading to a further increase in cofilin activation and
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Fig. 9. B-Arrestin-2—-deficient hippocampal neurons are resistant to Ap-induced dendritic spine and synapse loss. (A—F) Confocal images showing GFP-
expressing dendrites of 14 DIV hippocampal neurons from WT (A, C, and E) or -arrestin-2 KO mice (B, D, and F), untreated (Cntl) or with application of 225
PM AB1_4> oligomers for 24 h (Ap). Pre- and postsynaptic sites were identified by immunostaining against synaptophysin (Syn, A and B), PSD-95 (C and D), the
NMDAR subunits NR2A/B (A-D), and the AMPAR subunit GIuR2 (E and F). F-actin was detected by rhodamine-coupled phalloidin (E and F). Arrowheads
denote positive puncta that are associated with dendritic spines. (Scale bars, 10 um.) (G-J) Quantitative analysis of spine length (G), head area (H), head area/
length ratio (/), and density (J) in untreated or AB,_4>-treated (AB) neurons. Histograms show mean + SEM (n = 7-10 neurons per condition). Statistical analysis
was performed using one-way ANOVA followed by Tukey’s multiple-comparison posttest (**P < 0.01, ***P < 0.001). (K-P) Quantitative analysis of the total
number of synaptophysin (Syn-), PSD-95-, NR2A/B-, GIuR2-, and Phalloidin (Phall)-positive puncta detected in both dendritic spines and shafts (K-M) or of the
number of puncta associated with dendritic spines (N-P) per 10 um in AB;_4,-treated (AB) WT or p-arrestin-2 KO neurons. Statistical analysis was performed
using one-way ANOVA followed by Tukey’s multiple-comparison posttest (*P < 0.05, **P < 0.01, ***P < 0.001).

affecting formation of mature dendritic spines. In support of this,
overexpression of constitutively active cofilin®** in p-arrestin-1
KO neurons leads to formation of cofilin-actin rods, structures
formed under conditions of cellular stress when cofilin is exces-
sively active (23, 35, 36, 45). In contrast, overexpresmon of phospho-
mimetic coﬁlmS3 restores mature dendritic spines in pB-arrestin-1
KO neurons and prevents rod formation, most likely through
competitive inhibition of cofilin dephosphorylation by SSH.

In contrast to the p-arrestin-1 KO neurons, dendritic spines in
B-arrestin-2 KO neurons develop normally, but fail to remodel in
response to NMDA-mediated chemical LTD. Our results show
that deletion of p-arrestin-2 abolished the ability of NMDA or
constitutively active cofilin®** to induce spine head shrinkage and
prevented a subsequent loss of synaptic proteins from dendritic
spines. Although cofilin activation is required for NMDA-medi-
ated remodeling of dendritic spines and synapses, dephos-
phorylation alone is not sufficient to trigger cofilin clustering in the
spines. We see that inhibition of cofilin dephosphorylation by
blocking calcineurin and PI3K does not inhibit NMDA-induced
cofilin translocation, but does inhibit NMDA-induced spine
remodeling, most likely because cofilin is phosphorylated and in-
active. This result suggests that cofilin can be translocated to spines
in response to NMDA independent of its dephosphorylation,
which is mediated by calcineurin and PI3K. The mechanisms that
accomplish spatial and temporal control over cofilin activity de-
termine its synaptic effects, which can lead to spine shrinkage and
LTD or spine enlargement and LTP. Our studies indicate that
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B-arrestin-2 plays an important role in the regulation of cofilin
localization in dendritic spines, which underlies NMDA-induced
spine shrinkage and LTD. In fact, active cofilin failed to trans-
locate into dendritic spines of p-arrestin-2 KO neurons following
NMDA treatment, suggesting that p-arrestin-2 may regulate
NMDA-mediated spine and synapse remodeling through cofilin
translocation. In support of this, p-arrestin-2 KO neurons are also
resistant to dendritic splne remodeling induced by constitutively
active cofilin®**, which is aberrantly expressed in p-arrestin-2 KO
neurons and falls to translocate to spines in response to NMDA.
This result supports the role of p-arrestin-2 in both spatial locali-
zation of active cofilin and NMDA-induced dendritic spine
remodeling, which are disrupted in p-arrestin-2 KO neurons and
are recovered by overexpression of B-arrestin-2.

The ability of p-arrestin-2 to regulate cofilin localization may also
underlie long-term synaptic plasticity and spatial learning, as
B-arrestin-2—deficient mice exhibited deficits in the radial arm water
maze and impaired NMDA-dependent hippocampal LTD, similar
to effects observed by Rust et al. (22) in conditional cofilin KO
mice. These studies suggest that the early phase of LTP is not de-
pendent on changes in dendritic spine morphology and is therefore
unaffected by the decrease in cofilin activity and the resulting de-
crease in spine plasticity in the p-arrestin-2 KO mice. Furthermore,
it has recently been demonstrated that an LTP-blocking NMDAR
2A antagonist had no significant effect on spatial memory perfor-
mance in a Morris water maze task in adult rats, whereas an LTD-
blocking NMDAR 2B antagonist impaired spatial memory con-
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solidation (46). These findings suggest that changes in LTD may
underlie the impaired spatial learning in p-arrestin-2 KO mice.

In addition to mediating the dendritic spine plasticity that is
thought to underlie normal learning and memory, p-arrestin-2 may
also be involved in some pathological forms of spine remodeling.
We show that whereas Ap_4, oligomers induce loss of spines and
synapses in WT hippocampal neurons, $-arrestin-2 deletion pre-
vents spine and synapse loss, similar to the effects of phospho-
mimetic cofilin®*P (26). It would be interesting to determine
whether these events are also mediated through the NMDAR-
dependent pathway or f-arrestin-2 acts through desensitization
and internalization of G-protein—coupled receptors. Although the
mechanism of p-arrestin-2 effects on Ap-induced spine loss is still
not clear, the involvement of p-arrestin-2 in some pathological
forms of dendritic spine remodeling such as Ap-induced spine loss
could lead to a new target for AD therapies. Our studies implicate
pB-arrestin-2 in cofilin regulation during dendritic spine plasticity,
hippocampal LTD, and spatial learning. We have shown here
a unique function of B-arrestins that does not involve GPCR sig-
naling, but regulates NMDA-mediated dendritic spine/synapse
plasticity through the spatial control of cofilin activation.
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