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Neuroligin 1 regulates spines and synaptic plasticity
via LIMK1 /cofilin-mediated actin reorganization
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Neuroligin (NLG) 1 is important for synapse development and function, but the underlying mechanisms remain unclear.
It is known that at least some aspects of NLG1 function are independent of the presynaptic neurexin, suggesting that the
C-terminal domain (CTD) of NLG1 may be sufficient for synaptic regulation. In addition, NLG1 is subjected to activi-
ty-dependent proteolytic cleavage, generating a cytosolic CTD fragment, but the significance of this process remains
unknown. In this study, we show that the CTD of NLG1 is sufficient to (a) enhance spine and synapse number, (b) mod-
ulate synaptic plasticity, and (c) exert these effects via its interaction with spine-associated Rap guanosine triphospha-
tase—activating protein and subsequent activation of LIM-domain protein kinase 1/cofilin-mediated actin reorganization.

Our results provide a novel postsynaptic mechanism by which NLG1 regulates synapse development and function.

Introduction

Neuroligins (NLGs) are type I transmembrane proteins contain-
ing an extracellular cholinesterase domain, a transmembrane
region, and a cytoplasmic C-terminal domain (CTD). Exten-
sive studies have indicated that NLGs are important in synapse
development and function (Baksh et al., 2005; Chubykin et
al., 2007; Conroy et al., 2007; Dong et al., 2007; Futai et al.,
2007). For example, expression of NLGs in nonneuronal cells
cocultured with primary neurons induces synapse formation
onto the nonneuronal cells, suggesting that NLGs may play a
role in the initial establishment of the synapse (Scheiffele et
al., 2000; Graf et al., 2004; Cline, 2005; Nam and Chen, 2005;
Dean and Dresbach, 2006; Gottmann, 2008; Kwon et al., 2012).
In addition, overexpression of NLGs in transfected neurons in-
creases the number of spines and synapses (Chih et al., 2004;
Boucard et al., 2005). Consistent with these in vitro studies,
knockout (KO) mice lacking NLGs are severely impaired in
synaptic transmission (Kattenstroth et al., 2004; Varoqueaux et
al., 2006; Chubykin et al., 2007). Interestingly, the KO mice
did not exhibit a reduction in synapse numbers, suggesting that
NLGs are not essential for the initial formation of the synapses,
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but rather in their functional regulation during synaptic activity
(Chubykin et al., 2007).

How NLGs exert their effects on spines and synapses re-
mains unclear. Postsynaptic NLGs are thought to function by
binding to and dimerizing presynaptic neurexins. Consistent
with this idea, genetic deletions of neurexins have been shown
to have a similar effect on synapse development and function
(Tabuchi et al., 2007; Blundell et al., 2010). In addition, ma-
nipulations of presynaptic neurexin are sufficient to induce
presynaptic specializations (Dean et al., 2003) and changes in
postsynaptic glutamate receptors (Graf et al., 2004; Katten-
stroth et al., 2004). Indeed, NLG1 mutants deficient in presyn-
aptic neurexin binding are impaired in NLG-induced formation
of neuronal synapses onto transfected nonneuronal cells (Va-
roqueaux et al., 2006). However, in transfected neurons, the ef-
fect of NLG1 on spine and synapse seems independent of either
o- or B-neurexin. Therefore, overexpression of either wild-type
(WT) or mutant NLG1 deficient in neurexin binding equally
increases spine and synapse density and synaptic strength (Ko
et al., 2009). These results suggest that the CTD of NLG1 may
be sufficient in mediating some aspects of NLG1’s effects. In
addition, recent studies have demonstrated that NLG1 under-
goes activity-dependent proteolytic cleavage, releasing the
CTD fragment to the cytosol (Peixoto et al., 2012; Suzuki et al.,
2012), but the role of this process remains unknown.
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In this study, we have investigated the role of the CTD of
NLGTI in spine and synaptic regulation. We demonstrate that the
CTD of NLG1 is sufficient to promote spine and synapse growth
and that it does so through its interaction with spine-associated
Rap GTPase-activating protein (SPAR) and subsequent activa-
tion of the LIM-domain protein kinase (LIMK)/cofilin pathway.

Results

NLG1 is a potent activator of cofilin
phosphorylation

Although overexpression of NLGI in cultured neurons in-
creases spine and synapse growth (Ko et al., 2009; Kwon et
al., 2012), how NLG1 exerts this effect remains unclear. Be-
cause both spine and synapse are regulated by the actin cyto-
skeleton mediated by the Rho GTPases (Govek et al., 2005)
and LIMK1/cofilin (Bamburg, 1999; Bernard, 2007; Jia et al.,
2009; Rust, 2015), we hypothesized that the effect of NLG1
may be mediated by LIMK1/cofilin. LIMK1 can directly phos-
phorylate cofilin at Ser3, rendering cofilin completely inactive,
resulting in assembly and stabilization of F-actin (Bamburg,
1999; Meng et al., 2002; Bernard, 2007). Therefore, the level of
p-cofilin is a reliable indicator of cofilin activity. First, we ana-
lyzed the effect of genetic deletion of NLG1 (KO) on p-cofilin.
As shown in Fig. 1 (A and B), the level of p-cofilin (0.54 +
0.05, n =6, P <0.001), but not total cofilin (0.98 + 0.11, n = 6,
P =0.88), was significantly lower in NLG1 KO compared with
the WT littermates. Because KO mice may suffer develop-
mental compensations that could indirectly affect p-cofilin, we
tested the effect of NLG1 knockdown by NLG1-shRNA (Xu et
al., 2010). As shown in Fig. 1 (C and D), the level of p-cofilin
was significantly lower in NLG1-shRNA compared with con-
trol shRNA-infected neurons (0.65 + 0.07, n = 13, P < 0.001).
The effectiveness of NLG1-shRNA was confirmed in both neu-
rons and HEK?293 cells (Fig. S1, A and B). To determine the
effect of NLG1 on synaptic p-cofilin, we measured p-cofilin in
the dendritic spine (Fig. 1, E and F) and showed that spine p-co-
filin (0.59 £ 0.03, n =10, P < 0.001), but not spine density (WT:
0.64 = 0.04/um, n = 11; NLG1 KO: 0.60 £ 0.03/um, n = 10,
P =0.42), was significantly lower in NLG1 KO compared with
WT neurons. Transfection of the KO neurons with HA-NLG1
(Fig. 1, G and H) rescued spine p-cofilin (1.97 = 0.24, n = 5,
P < 0.01 compared with untransfected NLG1 KO neurons).
These results suggest that NLGI is required for maintaining
a basal level of p-cofilin. To determine whether NLGI1 is in-
volved in activity-dependent cofilin changes, we treated brain
slices with KCI, and p-cofilin was analyzed immediately or 1 h
after the treatment (Fig. 1 I). As shown in Fig. 1 (J and K), in
WT slices p-cofilin was first decreased at the termination of the
treatment (0.74 £ 0.03, n = 6, P < 0.001 compared with vehicle
control group), but increased significantly after a 1-h recovery
period, to a level higher than that of the control group (1.26 +
0.09, n = 7, P < 0.05), indicating rapid and dynamic changes
in cofilin activity induced by neuronal activity. The KCI treat-
ment had no effect on total cofilin (KCI: 0.95 £ 0.06,n=6,P =
0.43 compared with control group; KCI + recovery: 0.92 + 0.1,
n =6, P = 0.44 compared with control group). In NLG1 KO
slices (Fig. 1, L and M), however, although KCI induced an
initial decrease in p-cofilin (0.53 + 0.12, n = 6, P < 0.01 com-
pared with control group), its subsequent increase after the re-
covery period was significantly impaired (0.76 + 0.16, n = 6,
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P = 0.3 compared with control group). These results suggest
that NLG1 is specifically required for activity-induced cofilin
phosphorylation, but not cofilin dephosphorylation. Because
KCl also induces proteolytic cleavage of NLG1 (Peixoto et al.,
2012; Suzuki et al., 2012), which we confirmed (Fig. S2, A-D),
we wondered whether the KCl-induced cofilin phosphorylation
is related to this cleavage process. We treated cultured neurons
with the y-secretase inhibitor MRK (10 nM) followed by the KCl1
treatment. As shown in Fig. 1 (N and O), although MRK did not
impair KCl-induced decrease in p-cofilin (0.19 + 0.03, n = 5,
P <0.001 compared with control group), it blocked KCl-induced
increase in p-cofilin (0.95 + 0.09, n =4, P = 0.57 compared with
control group). Collectively, these results suggest that NLG1 is
required for cofilin phosphorylation and that the proteolytically
released CTD may play a key role in this process.

CTD of NLG1 is sufficient to induce cofilin
phosphorylation

To directly test the role of the CTD of NLG1 in cofilin phos-
phorylation, we generated and purified three recombinant pro-
teins using the human immunodeficiency virus TAT sequence
(Becker-Hapak et al., 2001): TAT-tagged WT NLGI1 CTD
(TAT-CTD), TAT-tagged mutant CTD lacking the last four aa
required for its binding to the PDZ domain (TAT-CTDAPBD),
and a control protein derived from the empty vector PET32a
(PET; Fig. 2 A). To determine whether these TAT-tagged pro-
teins could accumulate inside the cells, we treated cultured
hippocampal neurons with these proteins (5 uM) for 1 h and
analyzed the protein lysate prepared from these neurons using
anti-His antibodies. As shown in Fig. 2 A, both TAT-CTD and
TAT-CTDAPBD with an expected molecular weight of 34 kD
were detected, indicating that these proteins could enter the
neurons. To confirm the cellular accumulation in brain tissues,
we analyzed brain slices treated with these proteins and showed
that an application of 1 or 5 uM of the recombinant proteins
was sufficient to accumulate physiological levels of TAT-CTD
(Fig. S3, A-D). Therefore, we used 5 uM of the proteins and
1-h treatment for the rest of the study. First, we examined their
effect on cofilin phosphorylation in cultured neurons. As shown
in Fig. 2 (B and C), p-cofilin was significantly higher in neu-
rons treated with TAT-CTD compared with those treated with
the PET control (1.53 + 0.13, n = 6, P < 0.05). In contrast,
TAT-CTDAPBD had no significant effect (1.19 £ 0.12, n = 6,
P = 0.2 compared with PET). Total cofilin was not affected by
any of the recombinant proteins (TAT-CTD: 1.01 +0.13,n =15,
P = 0.93 compared with PET; TAT-CTDAPBD: 1.06 + 0.16, n
=5, P =0.73 compared with PET). To rule out the possibility
that TAT-CTD might have nonspecific effects on protein phos-
phorylation, we analyzed phosphorylated Akt but found no dif-
ferences between TAT-CTD, TAT-NLG1APBD, or PET-treated
groups (Fig. S4, A and B). To test whether these proteins could
have a similar effect in the brain, we intravenously injected the
mice with either TAT-CTD or control PET, and the brain tissues
of the injected mice were analyzed by immunohistochemical
staining. As shown in Fig. 2 (D and E), p-cofilin was signifi-
cantly higher in mice treated with TAT-CTD than those treated
with control PET (2.01 £0.24,n =5, P < 0.01 for the hippocam-
pus; 1.88 £ 0.32, n =5, P < 0.05 for the cortex). Western blot
analysis of the injected mice (Fig. 2, F and G) also showed that
the recombinant proteins were detected in the brain lysate and
that p-cofilin was significantly higher in TAT-CTD (1.38 = 0.1,
n =4, P <0.05), but not TAT-NLGI1APBD (0.93 +0.12, n = 3,
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Figure 1. NLG1 is required for cofilin phosphorylation. (A) Western blots of whole brain lysate of NLG1 KO and WT mice with indicated antibodies.
(B) Summary graphs of A showing a significant reduction in p-cofilin but not total cofilin in NLG1 KO compared with WT mice. (C) Cultured hippocam-
pal neurons infected with NLG1-shRNA or control mismatch shRNA and stained for p-cofilin. Yellow arrows indicate infected neurons (green) and white
arrows indicate noninfected neurons. Note reduced p-cofilin intensity in NLG1-shRNA-infected neuron compared with noninfected neuron (bottom).
No differences between mismatch shRNA-infected neurons and noninfected neurons (top). (D) Summary graph of C showing significantly reduced p-
cofilin in NLG1-shRNA-treated neurons. (E) Cultured hippocampal neurons of NLG1 KO and WT costained for spine (phalloidin) and p-cofilin (circled).
(F) Summary graphs of E showing significantly decreased p-cofilin in NLG1 KO compared with WT neurons, without changes in spine number. (G) Cultured
hippocampal neurons of NLG1 KO transfected with HANLG1 and costained for spine (phalloidin, circled) and p-cofilin. Yellow arrows indicate infected
neurons; white arrows indicate noninfected neurons. (H) Summary graph of G showing significantly increased p-cofilin in HA-NLG 1-transfected NLG1 KO
compared with untransfected neurons. (I) Schematic graph of KCI (30 mM) treatment and recovery. (J) Western blots of protein lysate of WT brain slices
immediately or 1 h after KCl treatment. (K) Summary graph of J showing a transient reduction in p-cofilin immediately after KCl treatment and a sustained
increase in p-cofilin after the 1-h recovery period in WT brain slices. Ctrl, control. (L) Western blots of protein lysate of NLG1 KO brain slices immediately
or 1 h after KCl treatment. (M) Summary graph of L showing significantly reduced p-cofilin right after KCl treatment and no significant increase in p-cofilin
after the 1-h recovery period in NLG1 KO brain slices. (N) Western blots of protein lysate of WT brain slices pretreated with MRK (10 nM) followed by
the KCl treatment showing a transient decrease in p-cofilin right after the KCl treatment. (O) Summary graph of N showing a transient reduction in p-cofilin
after KCl treatment, but no increase in p-cofilin above the baseline after the 1-h recovery period in the presence of MRK in WT slices. n.s., not significant.
*, P<0.05; **,P<0.01; ***, P<0.001.

P =0.58) compared with the PET-treated group. To test whether
TAT-CTD can induce cofilin phosphorylation in the absence of
NLGI, we treated the NLG1 KO slices with the recombinant
protein, and the results showed that p-cofilin was restored to
the WT level by TAT-CTD (0.98 = 0.06, n = 5, P < 0.05), but
not by TAT-NLG1APBD (0.74 £ 0.2, n =4, P =0.81) compared

with PET-treated NLG1 KO slices. To verify the effect of the re-
combinant proteins on p-cofilin using an independent approach,
we transfected cultured neurons with various NLG1 constructs.
As shown in Fig. 2 (J-L), HA-NLG1 (2.04 + 0.15,n = 16, P <
0.001), but not HA-NLG1APBD (0.89 +0.09, n = 10, P = 0.48)
or HA-NLGI-AA (a proteolytic cleavage mutant known to
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decrease the production of NLG1 CTD; Peixoto et al., 2012;
Suzuki et al., 2012; 1.06 = 0.09, n = 6, P = 0.72), increased
spine p-cofilin compared with untransfected neurons. There-
fore, the CTD of NLG1 is sufficient to activate cofilin phos-
phorylation, and this process requires its terminal PDZ binding
domain (PBD) motif and proteolytic cleavage.

CTD of NLG1 is sufficient to enhance spine
and synapse growth

The result that the CTD of NLG1 is sufficient to induce cofilin phos-
phorylation suggests that it might also be sufficient to promote actin
assembly and spine/synapse growth. To test this possibility, we first
analyzed F-actin in cultured neurons treated with the recombinant
proteins. As shown in Fig. 3 (A and B), TAT-CTD caused a signifi-
cant increase in the amount of F-actin in both dendrites and spines
compared with the control PET or TAT-CTDAPBD (TAT-CTD: 1.6
+0.09, n =19, P < 0.001 compared with PET; TAT-CTDAPBD:
1.21 £0.14, n =19, P = 0.13 compared with PET). The spine den-
sity measured based on the F-actin staining was also increased in
TAT-CTD-treated neurons (Fig. 3 C; PET: 0.62 + 0.03/um, n = 21;
TAT-CTD: 0.84 + 0.04/um, n =31, P < 0.001 compared with PET;
TAT-CTDAPBD: 0.65 + 0.03/um, n =22, P = 0.13 compared with
PET). To verify the effect on spine density, we analyzed cultured
hippocampal neurons infected with the adeno-associated virus
(AAV)-EGFP virus. As shown in Fig. 3 (D and E), the spine den-
sity was increased in TAT-CTD but not TAT-CTDAPBD-treated
neurons compared with the control PET (PET: 0.58 + 0.02/um, n
=15; TAT-CTD: 0.81 £ 0.02/um, n =23, P < 0.001 compared with
PET; TAT-CTDAPBD: 0.59 + 0.03/um, n = 15, P = 0.83 compared
with PET). To confirm whether TAT-CTD has the same effect on
spines in vivo, we intravenously injected the Thy1-GFP transgenic
mice with the recombinant proteins, and the CA1 neurons were
analyzed for spine density. As shown in Fig. 3 (F and G), TAT-
CTD but not TAT-CTDAPBD significantly increased spine den-
sity compared with the PET group (PET: 1.34 + 0.04/um, n = 27,
TAT-CTD: 1.53 + 0.04/um, n = 23, P < 0.05 compared with PET;
TAT-CTDAPBD: 1.34 + 0.04/um, n =27, P = 0.96 compared with
PET). Finally we examined the effect of CTD on synaptic proper-
ties. As shown in Fig. 3 (H-K), TAT-CTD treatment resulted in a
significant increase in the number of synapses (i.e., colocalization
puncta of synapsin [ and PSD95; Fig. 3, H and I; TAT-CTD: 1.39 +
0.07,n=19, P <0.001 compared with PET; TAT-CTDAPBD: 0.97
+0.06, n =18, P = 0.73 compared with PET) and the frequency of
miniature excitatory postsynaptic currents (mEPSCs; Fig. 3, J and
K; PET: 0.67 £ 0.08 Hz, n = 12; TAT-CTD: 0.97 + 0.1 Hz, n =9,
P < 0.05 compared with PET; TAT-CTDAPBD: 0.64 + 0.09 Hz, n
=10, P=0.87 compared with PET). Inclusion of the cofilin peptide
S3, which inhibits cofilin phosphorylation (Aizawa et al., 2001),
to the postsynaptic neurons via the recording pipette blocked the
increased frequency induced by the TAT-CTD treatment (0.76 +
0.12,n =8, P =0.27 compared with the PET group). These results
indicate that the CTD of NLGI is sufficient to promote F-actin
assembly, spine/synapse growth, and synaptic strength, and this
effect requires cofilin phosphorylation.

NLG1 regulates cofilin phosphorylation
through its PBD interaction with SPAR
Having established that NLG1 is necessary and its CTD alone
is sufficient to promote cofilin phosphorylation and synaptic
strength, we next investigated how this process was achieved.
We focused on SPAR because it was previously shown to be
a potent regulator of the actin cytoskeleton (Irie et al., 1997;
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Pak et al., 2001; Hoe et al., 2009). Actin is the key structural
component of the spine, essential for spine growth and synaptic
function (Cingolani and Goda, 2008; Asrar and Jia, 2013). First,
we showed that TAT-CTD, but not TAT-CTDAPBD or PET,
was able to pull down SPAR from the brain lysate (Fig. 4 A),
confirming that the CTD of NLG1, via its PBD, is sufficient to
interact with SPAR in an in vitro assay. To test whether NLG1
and SPAR interact in a heterologous cell system, we cotrans-
fected HEK293 cells with myc-tagged SPAR and HA-NLGI or
HA-NLG1APBD and immunoprecipitated the transfected cell
lysate with anti-SPAR antibodies. As shown in Fig. 4 B, the
anti-SPAR antibodies were able to coimmunoprecipitate with
HA-NLG1 but not HA-NLG1APBD. Finally, to test whether
SPAR is required for cofilin phosphorylation induced by NLG1,
we again cotransfected HA-NLG1 or HA-NLG1APBD with or
without SPAR into HEK293 cells, and 36 h later, p-cofilin was
analyzed. As shown in Fig. S5 (A and B), neither HA-NLG1
nor HA-NLG1APBD transfection alone altered p-cofilin. In
contrast, as shown in Fig. 4 (C and D), cotransfection of myc-
SPAR with HA-NLG1 (1.59 = 0.17, n = 6, P < 0.01), but not
with HA-NLG1APBD (0.94 + 0.12, n = 6, P = 0.64), signifi-
cantly increased p-cofilin compared with myc-SPAR transfec-
tion alone. None of these transfections affected total cofilin
(HA-NLG1: 0.96 £ 0.09, n = 6, P = 0.69 compared with SPAR
alone; HA-NLG1APBD: 0.92 = 0.1, n = 6, P = 0.46 compared
with SPAR alone). To further corroborate this result, we trans-
fected HEK293 cells with myc-SPAR, and 36 h later the trans-
fected cells were treated with TAT-CTD or TAT-CTDAPBD.
As shown in Fig. 4 (E and F), TAT-CTD (1.83 £ 0.34, n =5,
P < 0.05 compared with PET), but not TAT-CTDAPBD (1.19
+0.13, n =5, P = 0.18 compared with PET), significantly in-
creased p-cofilin, consistent with the results obtained from myc-
SPAR and HA-NLGI cotransfection data. These results support
the idea that NLG1 increases p-cofilin via its PBD interaction
with SPAR. Finally, to determine whether the effect of NLG1
on p-cofilin is dependent on proteolytic cleavage of NLGI1, we
cotransfected HEK293 cells with myc-SPAR and HA-NLG1
or HA-NLG1-AA. As shown in Fig. 4 (G and H), the level of
the full-length HA-NLG1 was lower and the level of the CTD
fragment was higher in HA-NLG1-transfected cells compared
with that of HA-NLG1-AA—transfected cells, confirming that
the proteolytic generation of the CTD was blocked in the HA-
NLG1-AA mutant. Importantly, p-cofilin was also significantly
lower in HA-NLG1-AA than in HA-NLGI1-transfected cells
(HA-NLG1: 1.62 £ 0.2, n = 5, P < 0.01 compared with SPAR
transfection alone; HA-NLG1-AA: 1.22 +0.15,n=5,P=0.17
compared with SPAR transfection alone). To test whether the
endogenous NLG1 cleavage could promote NLG1CTD/SPAR
interaction, we treated mouse brain slices with KCI and immu-
noprecipitated the slice lysate with anti-NLG1-CTD antibodies.
As shown in Fig. 4 (I and J), more SPAR was immunoprecipi-
tated with NLG1 (1.49 £ 0.17, n = 4, P < 0.05 compared with
untreated control group). Collectively, these results suggest that
the effect of NLG1 on p-cofilin requires the proteolytic release
of the CTD of NLG1 and its subsequent binding to SPAR.

NLG1/SPAR-induced cofilin phosphorylation
requires Rap1 and LIMK1 activation

We next investigated how NLG1 CTD binding to SPAR regu-
lates cofilin phosphorylation. Because SPAR is a RapGAP for
the Rap GTPases (e.g., Rap1), which are known to be important
for Racl activation and spine morphogenesis (Pak et al., 2001;
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Figure 2. NLG1 CTD is sufficient to regulate cofilin activity. (A) Generation and purification of TAT-CTD, TAT.CTDAPBD, and PET recombinant proteins.
(left) Schematic graph of the fulllength NLG1, TATNLG1CTD, TAT-CTDAPBD, and PET. TM, transmembrane domain; PBD, PDZ binding domain; Trx, thi-
oredoxin tag; His, 6x His tag; TAT, YGRKKRRQRRR. (right) Western blots of protein lysate of cultured neurons treated with TAT.CTD, TAT-CTDAPBD, or PET
for indicated time periods and probed with anti-His antibodies showing the accumulation of TAT-CTD and TAT-CTDAPBD, but not PET inside the neurons.
(B) Western blots of protein lysate of cultured neurons treated with various recombinant proteins. (C) Summary graph of B showing significantly increased
p-cofilin, but not total cofilin, in neurons treated with TAT.CTD compared with those treated with TAT.CTDAPBD or PET. (D) Hippocampal (left) and cortical
(right) sections of the mice i.v. injected with TAT-CTD or PET and costained for p-cofilin and the nuclear marker DAPI. (E) Summary graph of D showing sig-
nificantly increased p-cofilin in both hippocampus and cortex in mice treated with TAT-CTD. (F) Western blots of brain protein lysate from the mice injected
with the recombinant proteins showing the presence of TAT-CTD and TAT-CTDAPBD (as detected by anti-His and anti-NLG 1 antibodies). (G) Summary graph
of F showing significantly increased p-cofilin, but not total cofilin, in mice treated with TATL.CTD compared with those treated with TAT.CTDAPBD or PET.
(H) Western blots of protein lysate of WT and NLG1 KO brain slices treated with TA-CTD or TA-CTDAPBD. (I) Summary graph of H showing rescued p-
cofilin in NLG1 KO brain slices by TAT-CTD but not by TA-CTDAPBD treatment. (J) Schematic graph of ful-length HA-tagged NLG 1, HAtagged NLG1APBD,
and HAtagged NLG1-AA constructs. (K) Cultured hippocampal neurons transfected with HA-NLG, HA-NLG1APBD, or HANLG1-AA and stained for
spine p-cofilin (circled). (L) Summary graph of K showing significantly increased spine p-cofilin in HANLG1, but not in HANLG 1 APBD- or HANLG 1-AA-
transfected neurons compared with untransfected neurons. n.s., not significant. *, P < 0.05; **, P < 0.01; ***, P < 0.001.
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Xie et al., 2005; Freeman et al., 2011), we reasoned that the
effect of NLG1 might be mediated by activation of Rap1/Racl
through inhibiting SPAR. To address this hypothesis, we first
examined whether SPAR could act as a negative regulator of
cofilin phosphorylation. As shown in Fig. 5 (A-C), transfec-
tion of HEK?293 cells with myc-SPAR alone decreased p-cofilin
compared with untransfected cells (SPAR: 0.40 £ 0.09, n =4, P
< 0.001 compared with untransfected cells) and cotransfections
of HEK293 cells of myc-SPAR with SPAR-shRNA, but not
with control shRNA, increased p-cofilin compared with myc-
SPAR transfection alone (SPAR + SPAR-shRNA: 0.83 = 0.12,
n=4,P <0.01 compared with SPAR transfection alone; SPAR
+ mismatch shRNA: 0.40 + 0.08, n =3, P = 0.96 compared with
SPAR transfection alone; SPAR-shRNA: 0.96 + 0.04, n =3, P
= 0.38 compared with untransfected cells). The SPAR-shRNA
was effective and specific because it decreased SPAR without
affecting cofilin or tubulin (SPAR + mismatch shRNA: 1.01 =
0.06, n = 3, P = 0.76 compared with SPAR transfection alone;

O

0:S- Figure 3. NLG1 CID is sufficient to regulate

1.0] %% swn spine and synapse growth. (A) Cultured hippo-
8 campal neurons treated with the recombinant
proteins and costained for F-actin (phalloidin)
and tubulin. (B) Summary graph of A show-
4 ing significantly increased F-actin in TAT-CTD
compared with TAL.CTDAPBD- or PET-reated
neurons. (C) Summary graph of A showing sig-
0.0="2 nificantly increased spine number in TAT-CTD
compared with TALCTDAPBD- or PET+reated
neurons. (D) Cultured hippocampal neurons
infected with the AAV-EGFP virus, treated with
X various recombinant proteins, and stained for
F-actin and microtubule-associated protein 2
(MAP2). (E) Summary graph of D showing sig-
nificantly increased spine number in TAT-CTD
compared with TAL.CTDAPBD- or PET-treated
neurons. (F) CA1 dendritic spines of brain sec-
tions prepared from the Thyl1-YFP transgenic
mice i.v. injected with PET, TAT.CTD, or TAT-CT-
DAPBD. (G) Summary graph of F showing
significantly increased spine density in mice
treated with TAT-CTD compared with those
treated with PET or TAT-CTDAPBD. (H) Cultured
hippocampal neurons treated with the recom-
binant proteins and costained for synapsin |
and PSD95. (I) Summary graph of H show-
ing significantly increased synapsin |/PSD95
colocalization puncta in TAT-CTD compared
with TAT.CTDAPBD- or PETreated neurons.
(J) Sample traces of mEPSC whole-cell record-
ings of CA1 neurons of hippocampal slices
treated with the recombinant proteins. (K) Sum-
mary graph of J showing significantly increased
frequency of mEPSC in TAT-CTD compared
with PET-, TAT.CTDAPBD-, or TAT.-CTD+S3 pep-
tide-treated neurons. n.s., not significant. *, P
<0.05; **, P<0.01; ***, P<0.001.

Spine number
per um

®

aAaaaaan

Spine number
per um
o rRDWOND®®

o

SPAR + SPAR-shRNA: 0.37 £ 0.11, n =3, P < 0.01 compared
with SPAR transfection alone). Therefore, SPAR is a negative
regulator of cofilin phosphorylation. To determine whether
the effect of SPAR on cofilin phosphorylation is regulated by
NLGI, we transfected HEK293 cells with myc-SPAR and sub-
sequently treated these cells with the recombinant proteins.
The results (Fig. 5, D and E) showed that TAT-CTD, but not
TAT-CTDAPBD, increased p-cofilin compared with the control
PET group (SPAR + PET: 0.32 + 0.05, n = 16, P < 0.001 com-
pared with untransfected cells; SPAR + TAT-CTD: 0.63 + 0.09,
n =20, P <0.05 compared with the SPAR + PET group; SPAR
+ TAT-CTDAPBD: 0.39 + 0.03, n = 16, P = 0.33 compared
with the SPAR + PET group; Fig. 4, C and D), supporting that
NLGI1 binding to SPAR negatively regulates SPAR, resulting in
an increase in p-cofilin. To extend these studies to neurons, we
transfected cultured neurons with the SPAR-shRNA and then
treated these neurons with the recombinant proteins, and the
results showed that SPAR knockdown (Fig. 5, F and G; 0.67
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+ 0.04, n = 12, P < 0.001 compared with mismatch shRNA-
transfected neurons) was sufficient to increase p-cofilin with or
without TAT-CTD treatment (Fig. 5, H and I; PET + SPAR-
shRNA: 1.37 = 0.13, n = 10, P < 0.05 compared with PET-
treated untransfected neurons; TAT-CTD-treated untransfected
neurons: 1.42 = 0.1, n = 12, P < 0.05 compared with PET-
treated untransfected neurons; TAT-CTD + SPAR-shRNA:
1.39 £ 0.13, n = 12, P = 0.87 compared with TAT-CTD-treated
untransfected neurons; TAT-CTDAPBD-treated untransfected
neurons: 1.21 + 0.24, n = 9, P = 0.38 compared with PET-
treated untransfected neurons; TAT-CTDAPBD + SPAR: 1.46
+0.22,n =9, P <0.05 compared with TAT-CTDAPBD-treated
untransfected neurons), suggesting that SPAR is downstream of
NLGI1. To determine how SPAR might be inhibited by NLGI,
we analyzed SPAR distribution at the synapse and found that
TAT-CTD, but not TAT-CTDAPBD, significantly decreased the
amount of SPAR in both spines (Fig. 5, J and K; TAT-CTD:
0.69 + 0.07, n = 13, P < 0.01 compared with PET; TAT-CT-
DAPBD: 1.07 £0.08, n =11, P =0.43 compared with PET) and
synaptosomes (Fig. 5, L and M; TAT-CTD: 0.74 + 0.04, n = 4,
P < 0.01 compared with PET; TAT-CTDAPBD: 1.07 + 0.06, n
=4, P =0.22 compared with PET). Collectively, these results
are consistent with the hypothesis that binding of NLG1-CTD

to SPAR removes SPAR from the synapse, resulting in acti-
vation of the Rap GTPase and increased p-cofilin. To directly
test if Rapl activation is required for cofilin phosphorylation
induced by TAT-CTD, we treated the cultured neurons first with
the Rapl-specific inhibitor GGTI, then with the recombinant
proteins, and found that TAT-CTD was no longer able to in-
crease p-cofilin (Fig. 6, A and B; TAT-CTD: 1.08 £ 0.05, n =4,
P = 0.58 compared with PET; TAT-CTDAPBD: 0.92 + 0.15,
n=4,P=0.71 compared with PET), suggesting that Rap1l ac-
tivation is required for TAT-CTD-induced cofilin phosphoryla-
tion. To determine whether the downstream effectors of the Rap
GTPases could be activated by NLG1, we performed a Racl
activity assay (Fig. 6, C and D) and found that TAT-CTD, but
not TAT-CTDAPBD, increased the level of GTP-bound Racl
(TAT-CTD: 1.53 £ 0.17, n = 3, P < 0.05 compared with PET;
TAT-CTDAPBD: 1.1 £ 0.25, n = 3, P = 0.63 compared with
PET). Total Racl was not affected by these treatments. Because
cofilin phosphorylation is predominantly mediated by LIMK1/2
in the brain (Meng et al., 2002, 2004), we tested whether TAT-
CTD was able to activate LIMK1. As shown in Fig. 6 (E and
F), TAT-CTD, but not TAT-CTDAPBD, increased the amount
of phosphorylated (active) form of LIMK1 (TAT-CTD: 1.81 +
0.17, n = 6; P < 0.05 compared with PET; TAT-CTDAPBD:
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Figure 5. SPAR inhibits cofilin phosphorylation. (A) Western blots of protein lysate of HEK293 cells cotransfected with myc-SPAR and/or SPAR-shRNA.
(B) Summary graphs of A showing reduced SPAR protein by SPAR-shRNA compared with myc-SPAR transfection alone or cotransfection with control mismatch
shRNA. (C) Summary graph of A showing significantly decreased p-cofilin in myc-SPAR-transfected compared with untransfected cells. SPAR knockdown
rescued the effect of myc-SPAR (i.e., increased p-cofilin). (D) Immunostaining of cultured HEK293 cells transfected with myc-SPAR (green) and treated with
various recombinant proteins. Arrows indicate transfected and untransfected cells. (E) Summary graph of D showing significantly decreased p-cofilin in myc-
SPAR-transfected compared with untransfected cells and that TAT-CTD, but not TAT-CTDAPBD, or PET treatment rescued this decrease. n.s., not significant.
(F) Immunostaining of cultured hippocampal neurons transfected with SPAR-shRNA or mismatch control (green). Arrows indicate neurons. (G) Summary graph
of F showing significantly reduced SPAR protein in SPAR-shRNA-transfected compared with mismatch-transfected neurons. (H) Immunostaining of cultured
hippocampal neurons transfected with SPAR-shRNA (green) and treated with various recombinant proteins, showing that either SPAR knockdown or TAT-CTD
treatment was sufficient to increase p-cofilin. Arrows indicate transfected (green) and adjacent untransfected neurons. Note that in PET- and TA-CTDAPBD-
treated groups, the transfected neuron has higher p-cofilin than the untransfected neuron, and in the TAT-CTD-treated group, all neurons have increased
p-cofilin. (I) Summary graph of H showing that knockdown of SPAR or TAT.-CTD treatment was sufficient to enhance p-cofilin. (J) Inmunostaining of cultured
hippocampal neurons treated with the recombinant proteins and costained for SPAR, F-actin, and microtubule-associated protein 2 (MAP2). (K) Summary
graph of J showing significantly reduced spine SPAR (punctum size), but not total SPAR in TAT-CTD compared with TAL.CTDAPBD- or PET-reated neurons.
(L) Western blots of total protein lysate and synaptosomal fraction of cultured neurons treated with various recombinant proteins. (M) Summary graph of L
showing significantly reduced synaptosomal SPAR by TAT-CTD but not by TAT-CTDAPBD or PET. n.s., not significant. *, P <0.05; **,P<0.01; ***,P <0.001.
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0.97 £ 0.12, n = 6; P = 0.91 compared with PET). Finally, to
test whether LIMK1/2 is required for TAT-CTD—-induced co-
filin phosphorylation, we treated LIMK1/2 KO neurons with
TAT-CTD and found that TAT-CTD was unable to induce co-
filin phosphorylation (Fig. 6, G and H; 0.77 £ 0.13, n =4, P =
0.22 compared with PET). These results together suggest that
the CTD of NLGI1 regulates cofilin phosphorylation through
down-regulation of synaptic SPAR and subsequent activation
of Rap/Racl and LIMKI.

NLG1 CTD inhibits long-term depression
(LTD) and facilitates long-term

potentiation (LTP)

Finally, we aimed to investigate the functional significance of the
CTD of NLG1 in the regulation of synaptic plasticity. We focused
on hippocampal LTD and LTP because NLGs are shown to be
involved in both forms of plasticity (Kim et al., 2008; Baudouin
et al., 2012; Shipman and Nicoll, 2012; Jedlicka et al., 2015).
Previous studies have also demonstrated that cofilin phosphory-
lation and dephosphorylation are associated with and required for
LTP and LTD, respectively (Rust et al., 2010; Zhou et al., 2011;
Wang et al., 2013; Bosch et al., 2014). Therefore, we hypothe-
sized that the CTD of NLG1 would inhibit LTD and facilitate
LTP by enhancing cofilin phosphorylation. To test this hypoth-
esis, we performed whole-cell patch clamp recordings of CAl
neurons in hippocampal slices. First, we examined LTD induced
by paired-pulse low-frequency stimulation (PP-LES), known to
trigger both NMDA receptor (NMDAR)- and mGluR-dependent
LTD (Kemp and Bashir, 1999; Kemp et al., 2000). As shown in
Fig. 7 (A and B), TAT-CTD, but not TAT-CTDAPBD, blocked
LTD (PET: 44.38 + 4.48%, n = 5; TAT-CTD: 93.12 + 14.24%,
n =6, P <0.05 compared with PET; TAT-CTDAPBD: 41.68 +
7.16%, n = 4, P = 0.74 compared with PET). The inhibitory ef-
fect of TAT-CTD on LTD was blocked by the S3 peptide, which
inhibits cofilin phosphorylation (52.56 + 9.13%, n = 6, P = 0.47
compared with PET), suggesting that the effect of TAT-CTD is
mediated by cofilin phosphorylation. To further test this geneti-
cally, we performed the same experiments in LIMK1/2 KO mice,
which have impaired cofilin phosphorylation (Meng et al., 2002,
2004), and found that LTD in these mice was insensitive to the
TAT-CTD treatment (Fig. 7, C and D; PET: 51.95 + 12.56%, n
= 4; TAT-CTD: 39.58 + 6.62%, P = 0.38). Therefore, TAT-CTD
inhibits LTD through cofilin phosphorylation, consistent with
the aforementioned biochemical data. Then we tested the role of
TAT-CTD in LTP induced by theta-burst stimulation (TBS). As
shown in Fig. 7 (E and F), the magnitude of LTP was significantly
enhanced in TAT-CTD-treated slices (PET: 119.65 = 2.49%, n =
6; TAT-CTD: 140.24 +2.09%, n =5, P < 0.05). Finally, we tested
whether the impaired LTP in NLG1 KO mice (Kim et al., 2008;
Blundell et al., 2010) could be rescued by TAT-CTD, given that
TAT-CTD was able to restore p-cofilin to the WT level (Fig. 2, H
and I). As shown in Fig. 7 (G and H), LTP was significantly higher
in KO slices treated with TAT-CTD (PET: 107.48 +3.93%,n =6;
TAT-CTD: 146.36 + 13.35%, n =5, P < 0.05).

Discussion

Although it is well established that NLG1 plays a critical role
in spine and synapse development and function, the underly-
ing mechanisms remain unclear. Here we show that the CTD
is sufficient to enhance spine and synapse growth and that it
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Figure 6. NLG1 CID induces cofilin phosphorylation via Rap1/LIMK1
pathway. (A) Western blots of protein lysate of cultured neurons treated
with GGTI and various recombinant proteins. (B) Summary graph of A
showing similar p-cofilin in TAL.CTD-, TAT-CTDAPBD-, and PET-+reated neu-
rons. (C) Western blots of GTP-bound Rac1 of protein lysate of cultured
neurons treated with various recombinant proteins. (D) Summary graph of
C showing significantly elevated GTP-Rac1 in neurons treated with TAT-CTD
compared with those treated with TAL.CTDAPBD or PET. (E) Western blots of
p-LIMKT using protein lysate of cultured cortical neurons treated with vari-
ous recombinant proteins. (F) Summary graph of E showing significantly in-
creased p-LIMK1 in TAT-CTD compared with TAT.CTDAPBD- or PET+reated
neurons. *, P < 0.05. (G) Western blots of protein lysate of LIMK1/2
double-KO brain slices treated with TAT-CTD or PET recombinant proteins.
(H) Summary graph of G showing similar p-cofilin in TAL.CTD- and PET-
treated LIMK1/2 double-KO brain slices. n.s., not significant.

does so via its PBD interaction with SPAR and activation of
LIMK1/cofilin-mediated actin reorganization. Our results pro-
vide a novel postsynaptic mechanism by which NLG1 regulates
synapse development and function.

First, we demonstrate that NLG1 is required for both
basal and activity-dependent cofilin phosphorylation. There-
fore, in both NLG1 KO and knockdown neurons, the level of
p-cofilin, but not of total cofilin, is significantly reduced in both
naive and KCl-treated conditions (Fig. 1). The reduced p-cofilin
is not likely because of enhanced dephosphorylation, because
the initial decrease in p-cofilin induced by the KCI treatment is
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Figure 7. NLG1 CTD inhibits LTD and facilitates LTP. (A) Whole-cell recordings of CA1 neurons of WT hippocampal slices pretreated with the recombinant
proteins showing that TAT-CTD, but not PET or TAT-CTDAPBD, blocked PP-LFS-induced LTD. TAT-CTD failed to block LTD when the S3 peptide was included in
the recording electrode (TAT-CTD + S3). (B) Summary graph of A showing significant differences in PP-LFS-induced LTD between TAT-CTD and PET, TAT-CT-
DAPBD, or TAT-CTD + S3-freated slices. (C) Whole-cell recordings of CA1 neurons of LIMK1/2 double-KO hippocampal slices pretreated with TAT-CTD
or PET showing that TAT-CTD failed to block PP-LFS-induced LTD in these mice. (D) Summary graph of C showing similar LTD in TAT-CTD- and PET+reated
slices of LIMK1/2 double-KO mice. n.s., not significant. (E) Field recordings in the CA1 region of WT hippocampal slices pretreated with TAT-CTD or PET
showing that TAT-CTD enhanced TBS-induced LTP compared with PET. (F) Summary graph of E showing significantly higher LTP in TAT-CTD compared with
PET+reated slices. (G) Field recordings of NLG1 KO hippocampal slices pretreated with TAT-CTD or PET showing that TA-CTD enhanced TBS-induced LTP
compared with PET. (H) Summary graph of G showing significantly higher LTP in TAT-CTD compared with PET-reated slices. *, P < 0.05.

not affected in NLG1 KO mice (Fig. 1). Therefore, we conclude
that NLG1 is an important activator of cofilin phosphorylation.
This conclusion is consistent with the results that the CTD of
NLGI is capable of activating LIMK1 (Fig. 6), the predomi-
nant kinase responsible for cofilin phosphorylation in the brain
(Meng et al., 2002, 2004; Bernard, 2007; Bernstein and Bam-
burg, 2010; Rust, 2015), and that the CTD-induced increase in
p-cofilin is abolished in LIMK1/2 KO mice (Fig. 5).

Second, we demonstrate that the CTD of NLGI is suf-
ficient to induce cofilin phosphorylation and spine/synapse
growth (Figs. 2 and 3). We achieve this conclusion by analyzing
the effect of TAT-tagged, cell-permeable recombinant proteins
derived from the CTD of NLG1. We show that TAT-CTD treat-
ment increases cofilin phosphorylation in both cultured neurons
and brain tissues. The TAT-CTD-induced cofilin phosphoryla-
tion is not likely caused by nonspecific effects of the recom-
binant protein because (a) TAT-CTD, but not TAT-CTDAPBD
(which differs from TAT-CTD in only the last 4 aa), or control
PET exerts this effect; (b) TAT-CTD does not induce pleiotropic
changes in protein phosphorylation (e.g., p-Akt in Fig. S4); and
(c) TAT-CTD—induced cofilin phosphorylation is abolished in
LIMK1/2 KO mice (Fig. 6). Independent approaches by trans-
fecting neurons with various NLG1 constructs also show that
NLGI-induced cofilin phosphorylation requires the CTD and
the proteolytic cleavage of NLG1 (Figs. 1 and 2).
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Third, we show that the effect of NLG CTD on cofilin
phosphorylation is mediated by its PBD interaction with SPAR
(Fig. 4). We show that (a) purified TAT-CTD, but not TAT-
CTDAPBD recombinant protein, is able to pull down SPAR
from the brain protein lysate, indicating that the CTD of NLG1
is sufficient to interact with SPAR, and this interaction requires
the PBD of the CTD; (b) SPAR and the full-length NLG1, but
not NLG1APBD, coimmunoprecipitate in transfected HEK293
cells; (c) cotransfections of HEK293 cells with the full-length
NLGI and SPAR, but not with the full-length NLG1 alone, or
with NLG1APBD and SPAR, induce cofilin phosphorylation,
suggesting that NLG1-induced cofilin phosphorylation requires
the PBD of the NLG1 and SPAR; and (d) HEK293 cells ex-
pressing SPAR and treated with purified TAT-CTD, but not with
TAT-CTDAPBD recombinant protein, show an elevated level
of p-cofilin. Therefore, NLG1 regulates cofilin phosphorylation
via its PBD interaction with SPAR. It is important to note that
in addition to SPAR, the CTD of NLG1 can interact with other
proteins (Irie et al., 1997; Meyer et al., 2004), which may di-
rectly or indirectly affect cofilin phosphorylation and actin as-
sembly (Woolfrey et al., 2009; Chen et al., 2014).

Therefore, how does the interaction of NLG1 with SPAR
enhance cofilin phosphorylation? Our experiments suggest that
inhibition of SPAR and subsequent activation of Rapl/Racl
and LIMK1/2 is essential (Figs. 5 and 6). This conclusion is
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Figure 8. Summary model. The CTD of NLG1, released from either pro-
teolytically cleaved surface NLG1 or internalized NLG1, binds to and
removes SPAR from the synapse, resulting in activation of Rap1/Racl,
which in turn stimulates LIMK1. The activated LIMK1 phosphorylates co-
filin and promotes actin assembly, which facilitates spine/synapse forma-
tion/LTP and inhibits LTD.

supported by the following: (a) SPAR expression induces a de-
crease in p-cofilin, and this effect is partially prevented by TAT-
CTD:; (b) SPAR knockdown increases p-cofilin, which occludes
the subsequent effect of TAT-CTD; (c) TAT-CTD decreases
synaptic SPAR; (d) TAT-CTD—-induced cofilin phosphorylation
is blocked by the Rapl inhibitor GGTI; (e) TAT-CTD induces
activation of Racl and LIMKI1; and (f) TAT-induced cofilin
phosphorylation is absent in LIMK1/2 KO mice. These results
suggest that the interaction between NLG1-CTD and SPAR re-
moves SPAR from the synapse, resulting in activation of Rap1/
Racl/LIMKI1 and increased cofilin phosphorylation. Our re-
sults are consistent with previous studies showing that Rap1 can
cross talk with and activate the Racl, an upstream activator of
LIMK1/2 (Palsson et al., 2000; Zhu et al., 2002, 2005; Bernard,
2007; Knaus et al., 2007).

Finally, we demonstrate that the CTD of NLGI is suffi-
cient to regulate synaptic plasticity, and this process is mediated
by LIMK1 and cofilin (Fig. 7). Previous studies have shown that
NLG1 KO mice are impaired in hippocampal LTP (Kim et al.,
2008; Kwon et al., 2012; Jedlicka et al., 2015), but how NLG1
regulates LTP remains unclear. Although NMDAR-mediated
synaptic response is reduced in NLG1 KO mice, suggesting
that the impaired NMDAR function may contribute to the LTP
deficit (Jung et al., 2010), whether the downstream LTP expres-
sion processes are also altered remains unknown. We show here
that TAT-CTD, but not TAT-CTDAPBD, enhances hippocampal
LTP. This effect is independent of the endogenous NLG1 be-
cause TAT-CTD also enhances LTP in NLG1 KO mice, again
confirming that the CTD of NLG1 is sufficient to facilitate LTP.
We also show that TAT-CTD is able to block LTD, and this
blocking effect is abolished in LIMK1/2 doubleKO mice or WT
slices acutely treated with the S3 peptide that inhibits cofilin
phosphorylation, indicating that the effect on LTD is mediated
by LIMK/cofilin, consistent with our biochemical data. These
results are consistent with previous results showing that manip-
ulating cofilin affects both LTP and LTD (Meng et al., 2002; Gu
et al., 2010; Rust et al., 2010; Huang et al., 2011; Zhou et al.,
2011; Bosch et al., 2014).

In summary, we have identified a novel process by which
NLGI regulates the actin cytoskeleton and synaptic function
(Fig. 8). Because LIMKI1/cofilin-dependent actin remodeling
is central to spine morphology and plasticity (Jia et al., 2009;
Bernstein and Bamburg, 2010; Rust, 2015), this process may
also play a role in mediating other aspects of NLG1 function,
including those requiring presynaptic neurexins. In addition,
because LIMK1/cofilin is a common effector of the Rho and
Rap family small GTPases, our results also highlight the cross
talk between these GTPases and the cell-adhesion molecules.
Given the importance of NLGs in psychiatric disorders, such
as autism and schizophrenia, our results may also provide new
therapeutic targets to treat NLG-related disorders by manipulat-
ing the LIMK1/cofilin pathway.

Materials and methods

Mice, antibodies, and reagents

LIMK1 and LIMK2 KO mice were generated and genotyped as de-
scribed previously (Meng et al., 2002, 2004). The LIMK1 KO mice were
generated by replacing the coding exons of the LIM and PDZ domains
with the neomycin cassette (Meng et al., 2002), whereas the LIMK2
KO mice were created by deleting exons 3—5 using the Cre/loxP system
(Takahashi et al., 2002). The NLG1 KO mice, which were generated by
inserting a neomycin resistance cassette to replace the first two coding
exons of the NLG1 gene, were obtained from the Jackson Laboratory
and genotyped using PCR techniques as previously described (Va-
roqueaux et al., 2006). The Thy 1- YFP transgenic mice containing a YFP
coding sequence linked to 5.6-kb regulatory elements from the 5" por-
tion of the mouse Thy1 gene were also obtained from the Jackson Lab-
oratory and genotyped as described previously (Feng et al., 2000). All
mice were maintained and used according to protocols approved by the
Hospital for Sick Children (Toronto, Canada) and by Southeast Univer-
sity (Nanjing, China). The antibodies used in this study were as follows:
anti-GFP (G1544, mouse, 1:1,000 dilution; Sigma-Aldrich), anti-tubulin
(T9026, mouse, 1:5,000 dilution; Sigma-Aldrich), anti-cofilin (5175P,
rabbit, 1:2,000 dilution; CST), anti—p-cofilin (sc-12912-R, rabbit,
1:2,000 dilution; Santa Cruz Biotechnology, Inc.), anti-LIMK1 (3842s,
rabbit, 1:1,000 dilution; CST), anti—p-LIMK1 (BS4115, rabbit, 1:2,000
dilution; Bioworld), anti-His (66005-1-Ig, mouse, 1:2,000 dilution;
Proteintech), anti-HA (3724s, rabbit, 1:2,000 dilution; CST), anti-myc
(660021-Ig, mouse, 1:2,000 dilution; Proteintech), anti-NLG1 (129013,
rabbit, 1:2,000 dilution; Synaptic System), anti-MAP2 (MAB3418, rab-
bit, 1:2,000 dilution; Millipore), anti-PSD95 (MABNG68, mouse, 1:2,000
dilution; Millipore), and anti-synapsin 1 (BS4116, rabbit, 1:1,000
dilution; Bioworld). Secondary antibodies included: goat anti-rab-
bit (A00098, 1:2,000 dilution; Genscript), goat anti-mouse (A00160,
1:2,000 dilution; Genscript), Alexa Fluor 555 donkey anti-rabbit IgG
(1:300; Invitrogen), Alexa Fluor 488 donkey anti-mouse IgG (1:300; In-
vitrogen), Alexa Fluor 488 goat anti-mouse IgG (1:300, Jackson Immu-
noResearch Laboratories), Alexa Fluor 555 goat anti-mouse IgG (1:300;
Invitrogen), Alexa Fluor 633 goat anti-mouse IgG (1:300; Invitrogen),
Alexa Fluor 633 goat anti-mouse IgG (1:300; Invitrogen), and Alexa
Fluor 633 goat anti-rabbit IgG (1:300; Invitrogen). Antibodies were val-
idated for their intended purpose (immunoblotting, immunocytochem-
istry, immunohistochemistry, and coimmunoprecipitation) as outlined in
the product sheet or in our laboratory. Rhodamine phalloidin was from
Invitrogen (R415, 1:1,000 dilution) and DAPI was from Cayman Chem-
ical (1:1,000). The specificity of the key antibodies used in this study
(e.g., anti-NLGI, anti-LIMK1, anti-cofilin, anti—p-cofilin, and anti-
SPAR) was tested either using KO mice or transfected HEK293 cells.
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DNA plasmids

HA-NLG1, HA-NLGIAPBD, and HA-NLGI-aa were constructed by
introducing HindIIT and Sall fragments containing the mouse NLGI
coding sequence (HA tag sequence was inserted at the site 123 base
after the start codon ATG) into the pCMV-tag2b vector. The original
HA-NLG1 mouse cDNA was provided by A.M. Craig (University of
British Columbia, Vancouver, BC, Canada). The myc-SPAR plasmid
was described previously (Pak et al., 2001). The plasmids used for gen-
erating the recombinant fusion proteins (NLG1CTD, NLG1CTDAPBD,
and PET) were constructed by inserting TAT-tagged NLG1 CTD or NL-
G1APBD CTD into the PET32a plasmid (LaVallie et al., 1993) using
HindIIl and EcoRI restriction sites. The NLG1-shRNA and control
double-strand DNA sequences were made by annealing the following
primerpairs:NLG1-shRNA:5-GATCTCCGGAAGGTACTGGAAATC-
TATTCAAGAGATAGATTTCCAGTACCTTCCTTTTTGGAAC-3',
5'-TCGAGTTCCAAAAAGGAAGGTACTGGAAATCTATCTCTT-
GAATAGATTTCCAGTACCTTCCGGA-3’; control mismatch shRNA:
5'-GATCTCCGCAACGTTCTCGATATGTATTCAAGAGATACATA-
TCGAGAACGTTGCTTTTTGGAAC-3', 5'-TCGAGTTCCAAAAAG-
CAACGTTCTCGATATGTATCTCTTGAATACATATCGAGAACGTT-
GCGGA-3'. The DNAs were then cloned into the pSuper vector (gift
from J. Xia; Hong Kong University of Science and Technology, Hong
Kong, China) by Bglll-Xhol to generate the pSuper-shNLGI con-
structs. The recombinant AAVs and control virus AAV-EGFP were
made by Bio-Miao-Biological Company. SPAR-shRNA and mis-
match constructs were made by introducing specific sequences
(SPAR-shRNA: 5’-ACCGCCATCTTACACGTTGGGAATTCAA-
GAGATTCCCAACGTGTAAGATGGCTTTTTTG-3'; mismatch:
5'-CACCGCACCCATTCACGCCTTGGAATCAAGAGTTCCAAGG-
CGTGAATGGGTGCTTTTTTG-3’) into pGenesil vector through Hin-
dIII and BamHI restriction sites.

Generation and purification of TAT-CTD, TAT-CTDAPBD, and PET
recombinant proteins

DNA constructs of TAT-CTD, TAT-CTDAPBD, or PET32a empty
vector were transformed into BL21, plated onto ampicillin-containing
plates, and incubated overnight at 37°C. A single colony from each
plasmid was inoculated in LB medium containing ampicillin and in-
cubated at 37°C until the ODy, reached 0.4. Expression of the recom-
binant protein was induced by IPTG (0.5 mM) for 12 h. Cell pellets
were collected by centrifugation and sonicated before purification. The
recombinant proteins were then purified by using a Ni-NTAresin col-
umn (L00250; Genescript). In brief, Ni-NTA resin columns were equil-
ibrated with IDA buffer before the recombinant protein extracts were
added to the resin. IDA buffer, pH 7.9, contained the following: 20 mM
Tris-HCI, 500 mM NaCl, and 10% glycerol. The columns were then
washed with IDA buffer containing various concentrations of imidaz-
ole (20-250 mM), and the proteins were eluted using IDA buffer con-
taining 500 mM imidazole. IDA buffer and imidazole were replaced
with 0.01 M PBS through ultrafiltration.

Electrophysiology

Standard procedures for electrophysiologic recordings for both brain
slice and cultured neurons were followed (Meng et al., 2003; Zhou
et al., 2011). In brief, the mouse brains from various genotypes were
quickly removed, and sagittal 360-mm hippocampal slices were pre-
pared in ice-cold artificial cerebrospinal fluid (ACSF) saturated with
95% 0O,/5% CO,. ACSF contained the following: 120 mM NacCl,
3.0 mM KCI, 1.2 mM MgSO,, 1.0 mM NaH,PO,, 26 mM NaHCO;,
2.0 mM CaCl,, and 11 mM b-glucose. The slices were recovered at
RT for at least 2 h before a single slice was transferred to a submer-
sion chamber perfused with 95% 0O,/5% CO,—saturated ACSF with
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(for whole-cell recordings) or without (for field recordings) 100 uM
picrotoxin. Hippocampal CA1 neurons were visualized using an in-
frared differential interference contrast microscope (Olympus). Syn-
aptic transmission was evoked by stimulation (at 0.05 Hz for field
recordings or 0.1 Hz for whole-cell recordings) of Schaffer collaterals
and recorded with glass pipettes (3—4 MQ) filled with either ACSF
(for field responses) or the intracellular solution (for whole-cell re-
sponse) containing 130 mM CsMeSO,, 5 mM NaCl, I mM MgCl,,
0.05 mM EGTA, 10 mM Hepes, 3 mM Mg-ATP, 0.3 mM Na,;GTP,
and 5 mM QX-314, pH 7.25 (280-300 mOsm). PP-LFS consisting
of 900 pairs of stimuli with 50-ms interstimulus intervals delivered at
1 Hz (PP-LFS-induced LTD) was used to induced LTD. Whole-cell
series resistance was monitored throughout LTD experiments by ap-
plying a =3 mV step at the end of each response, and if it changed by
>20%, the experiment was excluded from analysis. LTP was induced
by two trains of TBS, each consisting of five bursts of four pulses at
100 Hz with an interburst interval of 200 ms and an intertrain interval
of 10 s. LTD and LTP were calculated and statistically evaluated by
comparing the mean values of the last 10 min of the recording and the
mean values of the entire baseline. All data acquisition and analysis
were done using pCLAMP 10.2 (Axon Instruments) and MiniAnaly-
sis program (Synaptosoft). When mean data were plotted, data were
normalized to the mean of the baseline responses unless indicated
otherwise. In all electrophysiologic experiments, n represents the
number of neurons or slices, and normally only one or two slices or
neurons per animal were used.

Neuronal culture, immunostaining, and image analysis

Hippocampal (for staining experiments) and cortical (for biochemi-
cal experiments) neuronal cultures were prepared from postnatal day
1 pups as previously described (Meng et al., 2002). In brief, pups
were euthanized, and hippocampal CA1l regions were dissected in
ice-cold PBS. Tissues were trypsinized (0.25%) at 37°C for 15 min,
dissociated by trituration, and plated onto glass coverslips coated
with 50 pg/ml poly-p-lysine (60,000 cells/ml for immunostaining
experiments and 180,000 cells/ml for Western experiments). The cul-
tures were maintained by replacing half of the medium with fresh
medium every 3-5 d. The maintenance medium contained Neuro-
basal A, 0.5 mM GlutaMax, and B27. At 17-18 d in culture, cultured
neurons were treated with various recombinant proteins, inhibitors,
and/or KCI as indicated in each experiment. Immediately, the treat-
ment cells were either lysed for the preparation of the protein lysate
or fixed with ice-cold 4% paraformaldehyde plus 4% sucrose for 30
min for immunostaining. The fixed cells were then permeabilized
with 0.25% Triton X-100 for an additional 30 min. Cells were then
blocked with 5% FBS in PBS for 1 h and incubated with primary
antibodies overnight at 4°C followed by rhodamine-conjugated
phalloidin and appropriate secondary antibodies for 1 h at RT. After
washing with PBS, coverslips were mounted using DAKO mounting
medium for image collections.

HEK cell culture, transfection, and treatments

HEK?293 were cultured in DMEM (Sigma-Aldrich) supplemented with
10% FBS (Invitrogen). Cells were grown to 80% confluence in six-well
plates before being transiently transfected with Lipofectamine 2000
(Invitrogen) according to the manufacturer’s protocols. Cells were
then maintained for either 24 or 48 h at 37°C before being harvested
for biochemical analyses.

Slice treatment and biochemical assays
Hippocampal slices used for immunoprecipitation and Western immu-
noblotting experiments were prepared according to the same procedure
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as for electrophysiological recordings. Slices were recovered for 3—4 h
at RT in ACSF saturated with 95% O,/5%CO, and transferred to a treat-
ment chamber for drug treatment. After the treatment, slices were rapidly
placed into precooled cell lysis buffer. To prepare protein lysate, slice
samples were lysed for 45 min in ice-cold cell lysis buffer containing
20 mM Tris, pH 7.5, 150 mM NaCl, | mM EDTA, 1 mM EGTA, 1% Tri-
ton X-100, 2.5 mM sodium pyrophosphate, | mM f-glycerophosphate,
1 mM Na;VO,, 20 mM NaF, and 1% protease inhibitor cocktail and
phosphatase inhibitor (Roche). Debris was removed by centrifugation
at 14,000 g (4°C) for 10 min. Synaptosomal protein lysate was pre-
pared by using an extraction kit for synaptic proteins (87793; Pierce).
Proteins were separated on 15% SDS-PAGE and electrotransfered to
a polyvinylidene fluoride filter. Filters were then blocked with 5%
dry milk TBST (20 mM Tris base, 9% NaCl, 1% Tween-20, pH 7.6)
and incubated overnight at 4°C with appropriate primary antibodies in
TBST. After washing and incubation with appropriate secondary anti-
bodies, filters were developed using an enhanced chemiluminescence
(Thermo Fisher Scientific) method of detection and analyzed using the
AlphaEaseFC software(Alpha Innotech) per the manufacturer’s in-
struction. Protein loading was further controlled by normalizing each
tested protein with tubulin immunoreactivity on the same blot.

Immunoprecipitation and pull-down experiments

300 pl of the protein lysate (200-300 pg, normally pooled from two
to three hippocampal slices or over 10°¢ transfected HEK293T cells)
was incubated with appropriate primary antibodies or various recom-
binant proteins at 4°C with constant gentle rocking for 3—5 h followed
by addition of 35 ul of Protein A/G agarose beads slurry (Santa Cruz
Biotechnology, Inc.) or NTA-Ni beads (Beaver) and further incubation
for 3 h at 4°C. The samples were microcentrifuged for 1 min at 4,000 g,
the supernatant was carefully removed, and the beads were washed
thoroughly with the lysis buffer five times and resuspended in loading
buffer for Western blot analysis. n in the summary data represents the
number of independent experiments.

Immunohistochemistry

Mice were anaesthetized and perfused with double-filtered saline and
4% PFA in PBS. Brains were collected and immersed in 4% PFA be-
fore being subjected to cryoprotection by 30% sucrose/PBS. After the
brains had sunk, they were flash-frozen with dry ice before overnight
freezing at —80°C. They were then sliced at 25 ym with a cryostat
and stored at —20°C. Before staining, slices were washed three times
for 10 min each with 0.1 M PBS, permeabilized and blocked in 0.1 M
PBS with 10% BSA and 0.1% Triton X-100 for 2 h, and stained
with anti—p-cofilin (1:1,000) at 4°C for 16 h. They were then washed
and stained with Alexa 488 (1:1,000) and DAPI at 37°C for 2 h be-
fore washing and mounting.

Microscope setups and image analysis

For spine analysis, confocal images were obtained at RT on an LSM 700
(Carl Zeiss) at 2,048 x 2,048 pixels using a 63x (NA 1.4, oil immersion;
Carl Zeiss) objective with the same settings and configurations for all
samples within each experiment. Spines were defined as any dendritic
protrusions 0.3—4 um in length. For analysis of synaptic proteins, the
fluorescence puncta (with an area >0.1 pm?) were automatically selected
and counted and manually verified. For each treatment, ~10-25 neurons
from at least three independent cultures and a total of 100- to 150-um
linear dendrites per neuron were randomly selected, measured, and av-
eraged. For neuronal cell body/dendrite and HEK293 staining, confocal
images were obtained at RT on an LSM 700 at 2,048 x 2,048 pixels
using a 40x (NA 0.95, dry; Carl Zeiss) objective with the same settings
and configurations for all samples within each experiment. For each

treatment, ~10-25 cells from at least three independent cultures were
randomly selected, measured, and averaged. For immunohistochemistry
staining, confocal images were obtained at RT on an LSM 700 at 2,048
% 2,048 pixels using a 5x (NA 0.15, dry; Carl Zeiss) objective with the
same settings and configurations for all samples within each experiment.
All images were initially acquired through Zen 2010 software (Carl
Zeiss). AimImageBrowser software (Carl Zeiss) was used to adjust the
image brightness/contrast and extract a subregion. All measurements
were performed using ImageJ software (National Institutes of Health).

Online supplemental material

Fig. S1 shows the knockdown of NLG1. Fig. S2 shows the endogenous
NLG1-CTD and its regulation by MRK and KCI. Fig. S3 shows
the effect of recombinant proteins at various concentrations. Fig.
S4 shows the lack of effect of recombinant proteins on p-Akt. Fig.
S5 shows that HA-NLG1 alone has no effect on p-cofilin. Online
supplemental material is available at http://www.jcb.org/cgi/content/
full/jcb.201509023/DC1.
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