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Neurobiology of Disease

Synaptic Protein a1-Takusan Mitigates Amyloid-(3-Induced
Synaptic Loss via Interaction with Tau and Postsynaptic
Density-95 at Postsynaptic Sites

Nobuki Nakanishi,' Scott D. Ryan,' Xiaofei Zhang,' Adnan Khan,' Timothy Holland,' Eun-Gyung Cho,' Xiayu Huang,’
Francesca-Fang Liao,' Huaxi Xu,' Stuart A. Lipton,' and Shichun Tu!
'Del E. Web Center for Neuroscience, Aging, and Stem Cell Research, and ?Bioinformatics Shared Resource, Sanford-Burnham Medical Research Institute,

La Jolla, California 92037

The synaptic toxicity of soluble amyloid-f (A3) oligomers plays a critical role in the pathophysiology of Alzheimer’s disease (AD). Here
we report that overexpressed o 1-takusan, which we previously identified as a protein that enhances synaptic activity via interaction with
PSD-95, mitigates oligomeric AB-induced synaptic loss. In contrast, takusan knockdown results in enhanced synaptic damage. «1-
Takusan interacts with tau either directly or indirectly, and prevents A B3-induced tau hyperphosphorylation and mitochondrial fragmen-
tation. Deletion analysis identified the second domain (D2) within the takusan protein that is required for PSD-95 clustering and synaptic
protection from AB. A 51 aa sequence linking D2 to the PDZ-binding C terminus was found to be as effective as full-length takusan in
protecting synapses from AB3-induced damage. Moreover, a sequence containing the D2 from the human protein discs large homolog 5,
when linked to a C-terminal PDZ-binding motif, can also increase the clustering of PSD-95 in cortical dendrites. In summary, «1-takusan
protects synapses from AB-induced insult via interaction with PSD-95 and tau. Thus, takusan-based protein sequences from either

mouse or human may be of potential therapeutic benefit in AD.

Introduction

Alzheimer’s disease (AD) is the most common form of demen-
tia in the elderly. Emerging evidence suggests that amyloid-f3
(AB)-induced synaptic damage is dependent on the aberrant
processing of the microtubule-associated protein tau (Ballatore
etal., 2007; Morris et al., 2011). Although previously known as an
axonal protein, tau is also expressed in dendrites and postsynap-
tic densities (PSDs), albeit at much lower levels (Ittner et al.,
2010). In AD transgenic mice expressing mutant human amyloid
precursor protein (APP), AD-like defects are mitigated by the
reduction of total or dendritic tau expression (Roberson et al.,
2007, 2011; Ittner et al.,, 2010). In cultured neurons, oligomeric
AP application induces tau hyperphosphorylation and dendritic
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disruption, which can be rescued by antibodies against A3 or by
tau reduction with RNAI (De Felice et al., 2008; Zempel et al.,
20105 Jin et al., 2011). Tau hyperphosphorylation has also been
observed in cultured human neurons differentiated from AD
patient-derived IPSCs (Israel et al., 2012). Collectively, these
findings suggest that dendritic/synaptic tau and its hyperphos-
phorylation play an important role in AB-induced synaptic loss.

PSD-95 is a scaffold protein that plays a critical role in synaptic
development and plasticity by anchoring a variety of postsynaptic
proteins to the postsynaptic density [including NMDA-type glu-
tamate receptors (NMDARs) and AMPA-type glutamate recep-
tors (AMPARs)] (Sheng and Hoogenraad, 2007). AB oligomers
may directly interact with PSD-95 as well as with NMDARs and
AMPARSs at postsynaptic sites (Lacor et al., 2007; Pham et al.,
2010; Zhao et al., 2010). Moreover, the expression of PSD-95
proteins is reduced in AD brains (Gylys et al., 2004; Love et al.,
2006), and the degree of reduction correlates with both the level
of AP oligomers and the severity of dementia (Pham et al., 2010;
Proctor et al., 2010; Sultana et al., 2010). AD transgenic neurons
and WT neurons exposed to AB oligomers contain less PSD-95,
concomitant with spine loss and reduction in AMPAR expression
(Almeida et al., 2005; Roselli et al., 2005; Spires et al., 2005). It is
thus possible that PSD-95 disruption is an important step in
AB-induced synaptic injury.

al-Takusan (Tksn) belongs to the takusan gene family, char-
acterized by the takusan domain (formerly called DUF622) that is
shared by the discs large homolog 5 (DLGS5) protein in humans
(Tu et al., 2007). We previously reported that cultured neurons
overexpressing al-takusan showed increased PSD-95 clustering,
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dendritic spine density, and AMPA- and NMDA-mediated glu-
tamate receptor activity (Tu et al., 2007). We thus reasoned that
al-takusan might protect synapses from AB-induced deteriora-
tion. In the current study, we induced synaptic dysfunction in
cultured neurons through exposure to naturally secreted A oli-
gomers from 7PA2 cells (Podlisny et al., 1995) and found that
synaptic damage was reduced by overexpressed «1-takusan, but
was enhanced by takusan knockdown. We further show that
overexpressed al-takusan coimmunoprecipitates with tau and
reduces AB-induced tau hyperphosphorylation at postsynaptic
sites, preventing excessive mitochondrial fragmentation. Finally,
we performed deletion studies and identified the D2 responsible
for synaptic protection. Together, this work identifies potential
mechanisms of synaptic protection by a1-takusan and paves the
way for development of takusan-based therapeutics for AD.

Materials and Methods

Cell culture. Low- or high-density (5 X 107 or 4 X 10° cells per 35 mm
dish, respectively) primary mouse hippocampal or rat cerebrocortical
cultures were prepared from E17 mice or rats of either sex as previously
described (Tu et al., 2007; Nakanishi et al., 2009). In brief, cerebral cor-
tices or hippocampi were enzymatically dissociated (papain; Collabora-
tive Research), mechanically dispersed into a single-cell suspension, and
plated onto glass coverslips coated with 0.1 mg/ml poly-L-lysine (Sigma).
The cells were maintained in neural basal medium supplied with B27, 0.5
muM glutamine, and 1X Pen/Strep (Invitrogen) until use.

Preparation of naturally secreted AB-containing conditioned medium.
7PA2 cells [Chinese hamster ovary (CHO) cells expressing mutant
(V717F) human APP] secrete SDS-stable, low-n A3 oligomers (Podlisny
etal., 1995). Conditioned medium (CM) was collected from 7PA2 cells as
described in detail previously (Podlisny et al., 1995). In brief, the medium
0f 100% confluent 7PA2 cells [or regular CHO cells as control (Ctrl) ] was
replaced with serum-free Neural Basal Medium (Invitrogen) overnight.
The collected CM was then spun briefly to remove cell debris. The ali-
quots were stored at —80°C until used. The existence of naturally se-
creted AP oligomers in 7PA2 CM was confirmed by immunoblotting
using anti-3-amyloid (monoclonal, clone 6E10, Covance).

Immunocytochemistry. Cultured neurons were infected overnight with
Semliki Forest Virus (SFV; Invitrogen) encoding EGFP alone or EGFP-
al-takusan, as described previously (Tuetal., 2007), and then exposed to
control CM or 7PA2 CM for 8-12 h. The cells were fixed with 4% PFA
and permeabilized with 0.1% Triton X-100 in PBS. After blocking with
10% goat serum in PBS for 30—60 min, cells were incubated with anti-
PSD-95 mouse monoclonal antibody (NeuroMap) and anti-synapsin I
rabbit polyclonal antibody (Millipore) overnight at 4°C, followed by
Alexa Fluor-conjugated secondary antibodies (Invitrogen). Images were
captured by deconvolution microscopy and analyzed with SlideBook 4.0
software (Intelligent Imaging Innovations). In these images, we counted
clusters stained with anti-PSD-95 along primary and secondary den-
drites. For each neuron, we counted PSD-95 clusters, typically along a
dendritic length of at least 30 wm. At least eight neurons were analyzed
for each condition. We then determined the density of these clusters per
10 um for each neuron and performed a statistical analysis on this result.
In addition, the number of PSD-95 clusters juxtaposed to synapsin I
signal was also quantified. Statistical significance was determined by one-
way ANOVA and post hoc testing (for multiple comparisons) or Stu-
dent’s ¢ test (for two-way comparisons).

Mitochondria were visualized using MitoTracker Red (Life Technol-
ogies), as suggested by the manufacturer. Mitochondria normally exhibit
elongated tubular structures. However, under pathological conditions,
they undergo fragmentation into small, round dots, as verified under
deconvolution microscopy with 3D reconstruction. The 3D rendering of
acquired z-stacks and the quantification of mitochondrial length and
number were performed using Volocity software (PerkinElmer), as de-
scribed previously (Cho et al., 2009).

Quantification of dendritic spines. To visualize dendritic spines, cells
were infected for 5-7 d with lentiviral vectors carrying EGFP. The cells
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were then infected overnight with SFV encoding mCherry or mCherry-
al-takusan fusion protein, followed by exposure to control or 7PA2 CM
for 8—12 h. The cells were fixed with 4% PFA. We counted the number of
dendritic spines along primary and secondary dendrites on projected
deconvolved images, typically along a 30 um distance. At least 10 neu-
rons were analyzed for each condition. The density of dendritic spines
was calculated as the number of spines per 10 uwm. Statistical significance
was determined by one-way ANOVA (for multiple comparisons) or Stu-
dent’s ¢ test (for two-way comparisons).

Electrophysiological recordings. Cultured neurons were infected
with SFV encoding EGFP alone or EGFP-al-takusan and then ex-
posed overnight to control CM or 7PA2 CM. AMPAR-mediated
spontaneous miniature EPSCs (mEPSCs) were recorded, as previ-
ously described (Tu et al., 2007). Briefly, p-AP5 (50 um) and picro-
toxin (50 uMm) were added to the extracellular solution to block
NMDA and GABA receptor-mediated spontaneous postsynaptic cur-
rents, respectively. In addition, TTX (1 um) was added and allowed to
equilibrate for at least 20 min to block Na * channels and resulting
action currents. All recordings were made at room temperature at a
holding potential of —70 mV. The currents were digitally sampled at
10 kHz and filtered at 2—5 kHz with a Bessel characteristic. Solution
changes were made with fast-flow, gravity-fed tubes gated by valves.
Data acquisition and analysis were made with pClamp 10.2 (Molec-
ular Devices) or a synaptic “mini” analysis program (Synaptosoft).
Cumulative distribution curves were generated, and statistical signif-
icance was determined by the Kolmogorov—Smirnov test.

Immunoprecipitation and immunoblotting. High-density primary cere-
brocortical cells were used for immunoblotting and immunoprecipita-
tion (IP) experiments. The procedures were modified from methods
previously described in detail (Tu et al., 2007). In brief, cells for IP were
infected with SFV expressing EGFP or EGFP-«a1-takusan overnight and
then lysed at 4°C overnight in 1X PBS/EDTA containing 1% Triton
X-100, 0.1% SDS, and a protease inhibitor cocktail. On the second day,
the supernatant was collected and incubated with anti-EGFP antibody
(rabbit, 1:100; Invitrogen) and Dynabeads protein G (Invitrogen). After
overnight rotation at 4°C, the beads were washed and the proteins bind-
ing to the antibodies on the beads were dissociated using 2X SDS loading
buffer containing B-mercaptoethanol. The samples were then ready for
immunoblotting. After brief sonication and boiling, the samples were
fractionated by SDS-PAGE and transferred to nitrocellulose or PVDF
membranes. The membranes were then probed with various primary
antibodies, as follows: PSD-95 (mouse monoclonal, NeuroMap); phos-
phorylated tau (p-tau) AT8 (mouse monoclonal, ThermoFisher); tau
(mouse monoclonal 5E2, Millipore); tau H-150 (rabbit polyclonal, Santa
Cruz Biotechnology); tubulin (mouse monoclonal, Sigma); EGFP
(mouse monoclonal, Santa Cruz Biotechnology; rabbit polyclonal, Agi-
lent); Flag (M2, Sigma); and appropriate secondary antibodies. The im-
munosignals were captured on Kodak x-ray film and quantified using
Image]J version 1.37c. Statistical significance was determined by ANOVA
or Student’s f test.

Proximity ligation assays. Proximity ligation assays (PLAs) were per-
formed using the Duolink kit (OLINK Bioscience) to detect close inter-
action between two proteins within a distance of <40 nm. Cultured
neurons were fixed, permeabilized, and blocked as described in the Im-
munocytochemistry section. Following the application of rabbit anti-
EGFP (Agilent) and mouse anti-tau 1 (Millipore) antibodies overnight at
4°C, the cells were incubated with secondary antibodies (against rabbit
and mouse) from the Duolink kit according to the manufacturer’s pro-
tocol. These antibodies are coupled with PLA “plus” and “minus” oligo-
nucleotide probes, respectively. When two PLA probes are in close
proximity (<40 nm), the DNA strands can interact through the subse-
quent addition of two other circle-forming DNA oligonucleotides.
After the two oligonucleotides are joined by enzymatic ligation, they
are amplified via rolling circle amplification using a polymerase. After
several hundredfold replication of the circular DNA template, ampli-
fied DNA strands were hybridized by fluorescence-labeled compli-
mentary oligonucleotides.
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Figure 1. Overexpression of ac1-takusan alleviates AB-induced loss of PSD-95 and PSD-95/Syn clusters in cultured neurons. 4, SDS-stable A3 oligomers are enriched in the CM of 7PA2 cell
cultures. One milliliter of 7PA2 CM (lane 3) or CM from control CHO cells (lane 2) was precipitated with a conventional TCA method or with anti-A3 antibodies and immunoblotted with monoclonal
antibody 6E10. Lane 1 was loaded with 5 ng (or 1.1 pmol, which is equivalent to 1.1 nm when diluted in 1 ml of medium) of synthetic monomeric A31- 42 peptide as a control. mo, Monomeric; di,
dimeric; tri, trimeric A3. Relative molecular masses (in kilodaltons) are shown. B, Cultured cerebrocortical neurons, uninfected (—Tksn) or takusan infected (+Tksn), were exposed to control CM
(top) or AB-containing CM (bottom) for the period of time indicated. Cell lysates were prepared and subjected to immunoblotting with antibodies against PSD-95 and tubulin. C, Level of PSD-95
from three (—Tksn) or four (+Tksn) experiments was normalized to tubulin and expressed as a percentage of control (determined at 0 min; right). The level of PSD-95 was significantly decreased
in —Tksncellsat Th(73.5 == 2.6%), 2h (61.0 = 5.4%),and 6 h (55.6 = 9.2%) after A3 application, but notin +Tksn cellsat 6 h (92.8 == 2.2%) or 12 h (103.6 == 7.4%). D, Takusan overexpression
does notincrease the total PSD-95 in cultured cortical cells. Neurons were infected with SFV encoding EGFP or EGFP-cx1-takusan overnight and then subjected toimmunoblotting using anti-PSD-95
and anti-tubulin (top). The level of PSD-95 protein was normalized to tubulin and expressed as a percentage of control/EGFP (n = 4, bottom). E, Experimental scheme, Cultured neurons (21-28 DIV)
were infected overnight with SFV encoding EGFP or EGFP-c¢1-Tksn and then exposed to Ctrl or A3 (M for an additional 8 —12 h. F, ICCusing antibodies against PSD-95 (red) and synapsin | (Syn; blue)
in the dendrites of cultured neurons under the following four conditions: i, EGFP/Ctrl CM; ii, EGFP/A B CM; i, Tksn/Ctrl CM; oriv, Tksn/AB CM. Scale bar, 5 wm. G, Quantification of density of PSD-95
clusters (top) and PSD-95/Syn coclusters (bottom). Forced expression of Tksn significantly increased the density of both clusters in the absence of A3 (compare i, iii in both graphs). A3 exposure
significantly reduced the density of both clusters in EGFP-expressing cells but not in Tksn-expressing cells (n = 8). H, Quantification of AB-induced reduction (percentage of control) in the density
of PSD-95 clusters (top) and PSD-95/Syn coclusters (bottom). A3-induced loss of both clusters was significantly reduced in Tksn-expressing cells (PSD-95, 22.4 = 3.8%; PSD-95/Syn clusters, 26.4
4.9%) compared with EGFP-expressing cells (54.9 = 4.6% and 54.7 = 6.8%, respectively). I, Quantification of dendritic PSD-95 immunosignal. Exposure to AS resulted in decreased intensity of
dendritic PSD-95 (by 41.37 = 6.64%) in cells expressing EGFP. In contrast, cells expressing takusan did not exhibit a significant reduction in PSD-95 ICC signal after A3 exposure (n = 8). All values

are mean = SEM. n.s., Not significant. *p << 0.05, **p << 0.01, by one-way ANOVA (C, G, I) or Student’s t test (D, H).

Results

Overexpressed al-takusan protects neurons from
A-induced synaptic loss

We previously showed that forced expression of al-takusan in
cultured hippocampal neurons enhanced their synaptic activity
based on the observation that such manipulation increased den-
dritic spine density, PSD-95 clustering, and mEPSCs (Tu et al.,
2007). In contrast, exposure of cultured neurons to A results in
reduction of dendritic spine and PSD-95 cluster density, which
are signs of synaptic injury (Sheng et al., 2012). We thus postu-
lated that overexpressed a1-takusan might counteract the effects
of A toxicity in neurons. To test this hypothesis, we established
a system in which cultured neurons were challenged by soluble
AP oligomers, which has been suggested to be the most neuro-
toxic form of AB (Selkoe, 2008). We chose to use the CM of 7PA2
CHO cells as the source of soluble AB oligomers (Podlisny et al.,
1995) as this CM contains naturally secreted AB oligomers that
are thought to be more pathophysiologically relevant than syn-
thetic oligomers (Selkoe, 2008). We confirmed through immu-
noblotting that the CM contained single-digit nanomolar levels

of low-n A oligomers (Fig. 1A). We incubated cortical neurons
at21-28 d invitro (DIV) with Ctrl CHO (i.e., non-Af-containing
CM) CM or A oligomer-containing CM from 7PA2 cells, and
quantified the level of PSD-95 protein in whole-cell lysates (Fig.
1B,C, —Tksn). As expected, AB incubation resulted in the reduc-
tion of PSD-95 protein levels at 1, 2, and 6 h of exposure. We next
transduced cortical neurons with SFV encoding the EGFP fusion
protein EGFP-al-takusan (+Tksn). The following day, the cells
were challenged with control CM or AB-containing 7PA2 CM,
and PSD-95 protein level was measured in total lysates. After a 6
or 12 h exposure to AB, the level of PSD-95 was significantly
higher than that in nontransfected neurons (Fig. 1 B,C, +Tksn).
Finally, in the absence of A, overexpressed al-takusan did not
alter the total level of PSD-95 in whole-cell lysates (Fig. 1D).
We next examined whether forced expression of a1-takusan
in cultured neurons would alleviate AB-induced synaptic injury.
In the first set of experiments (Fig. 1E), cultured hippocampal
neurons were infected overnight with SFV encoding EGFP or
EGFP fusion protein EGFP-a1-Tksn. The transduced cells were
then exposed to control CM or 7PA2 (AB) CM for 8—12 h. The
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cells were subsequently subjected to immunocytochemistry
(ICC) for the evaluation of synaptic integrity. In Figure 1, F and
G, we present density measurements for PSD-95 clusters as well
as for PSD-95 clusters that are juxtaposed with presynaptic syn-
apsin I signal (PSD-95/Syn coclusters). Consistent with our pre-
vious report (Tu et al, 2007), overexpressed al-takusan
significantly increased the density of both types of clusters in
cultured neurons in the absence of AB oligomers (Fig. 1G, top
and bottom, compare columns i, iii). After A exposure, the
density of both clusters was significantly decreased in cells ex-
pressing EGFP alone (Fig. 1G, compare columns i, ii) but not in
cells expressing a1-takusan (Fig. 1G, compare columns iii, iv).
We measured AB-induced damage by calculating percentage re-
duction in cluster density and found a significantly smaller reduction
in al-takusan-expressing cells than in EGFP-expressing cells (Fig.
1H). We also found that the total PSD-95 immunosignal in den-
drites (i.e., clustered and nonclustered signals) was significantly de-
creased in EGFP-expressing cells, but not in takusan-expressing cells
(Fig. 11).

To determine the effects of takusan overexpression on AB-
induced dendritic spine loss, we first transduced cultured hip-
pocampal neurons with a lentivirus encoding EGFP to visualize
dendritic spines. We then infected these cells overnight with SFV
encoding mCherry or mCherry-a1-Tksn and exposed them to
control CM or 7PA2 (AB) CM for an additional 8—12 h. A3
exposure of transduced cells led to a significant loss in dendritic
spine density in both mCherry-expressing cells (Fig. 2A, B, com-
pare columns i, ii) and takusan-expressing cells (Fig. 2 A, B, com-
pare columns iii, iv). However, as shown in Figure 2C, the
percentage loss in spine density following A3 exposure was sig-
nificantly lower in takusan-expressing cells than in EGFP-
expressing cells. In fact, considering both PSD-95 clusters and
dendritic spines as measures of synaptic integrity, al-takusan
reversed or compensated for the effect of AB insult to near-
normal levels. For example, synaptic integrity was protected to
the extent that neurons receiving the a1-takusan expression vec-
tor plus A CM exhibited a similar number of synapses as neu-
rons receiving control vector and Ctrl CM (Figs. 1G, 2B, compare
columns i, iv).

Forced expression of cv1-takusan alleviates AB-induced loss of dendritic spines in cultured neurons. 4, Cultured
hippocampal neurons were infected with SFV encoding mCherry (i, ii) or mCherry-cx1-Tksn (iii, iv) and then exposed to Ctrl (i iii) or
AB CM (ii, iv). Dendritic spines were visualized by EGFP expressed from a lentiviral vector. Scale bar, 5 m. B, The density of
dendritic spines was significantly decreased by A 3-application in both mCherry-expressing cells (ii vs i) and Tksn-expressing cells
(ivvsiii), and was increased by Tksn overexpression (jii vs i, and iv vs ii). Values (clusters per 10 wm) for the four conditions are as
follows; i, 2.70 = 0.16; ii, 1.28 = 0.17; iii, 4.96 = 0.37; iv, 3.40 = 0.35. €, AB-induced synaptic loss in the density of dendritic
spines (percentage control) is significantly less in the cells overexpressing mCherry-cv1-takusan than in the cells overexpressing
mCherry (31 vs 52%, p << 0.05). Values are mean == SEM.n = 10.*p << 0.05, **p << 0.01, one-way ANOVA or Student’s ¢ test.
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We next performed gene knock-down
experiments using an a-takusan shRNA
(NNO002) that targets the most conserved
sequence in the a-takusan subfamily, thus
knocking down the expression levels of the
majority of the gene family by ~50%, as
previously demonstrated (Tu et al., 2007).
In contrast to the overexpression experi-
ments, knocking down a-takusan genes re-
sulted in increased synaptic damage (Fig. 3).
This result suggests that endogenous «l1-
takusan functions to protect against Af-
mediated synaptic impairment.
< Additionally, we studied the electrophysi-
ological properties of neurons to determine
whether overexpressed «l-takusan function-
ally mitigates AB-induced synaptic damage.
Cultured cortical neurons (22 DIV) were in-
fected for at least 6 h with SFV encoding
EGEFP or EGFP-al- Tksn and then exposed
overnight to control CM or 7PA2 (A3) CM.
AMPAR-mediated mEPSCs were then re-
corded in these neurons (Fig. 4A). Consis-
tent with our previous report (Tu et al,
2007), Tksn overexpression in the absence of AB resulted in an in-
crease in mEPSC amplitude (Fig. 4B, inset) and a rightward shift in
the amplitude distribution plot (Fig. 4B, compare i, iii). Overnight
exposure to A significantly decreased mEPSC amplitude in EGFP-
expressing cells, but not in Tksn-expression cells (Fig. 4B, compare i
and ii, i and iv), suggesting that Tksn overexpression normalizes
synaptic activity in the presence of AB. In addition, A3 exposure
decreased mEPSC frequency, as demonstrated by the increased in-
terevent interval (Fig. 4C, inset), and the rightward shift in the inter-
event interval distribution plot (Fig. 4C, compare i, iii) in EGFP-
expressing cells. Tksn overexpression in the absence of Af3 did not
change the mean interspike interval (Fig. 4C, inset, compare i, iii).
However, Tksn overexpression prevented the AB-induced decrease
in mEPSC frequency (and hence the increase in interevent interval;
Fig. 4C, inset, compare ii, iv). A decrease in mEPSC frequency can
signify either a presynaptic defect in neurotransmission or a frank
loss of synapses. Thus, together the immunocytochemistry and elec-
trophysiology results are consistent with the notion that a1-takusan
overexpression mitigates AB-induced synaptic dysfunction and loss.

To determine whether a1-takusan expression can repair Af3-
induced synaptic injury that has already occurred, we reversed
the order of AB application and forced expression of a1-takusan
(Fig. 5A). We first applied Ctrl or AB CM to cultured cortical
neurons (21-28 DIV) overnight. The next day, we transduced the
cells with SFV encoding EGFP or EGFP-a1-takusan. The trans-
duced cells were kept in the medium containing Ctrl or AB CM
for an additional 24 h, and immunohistochemistry was subse-
quently performed to evaluate synaptic integrity. Cells expressed
high levels of EGFP and EGFP-a1-takusan fusion proteins within
24 h of transduction (Fig. 5B, left). We then quantified the density
of PSD-95/Syn coclusters (Fig. 5B, right). As summarized in Fig-
ure 5C, the cluster density in Tksn-expressing cells exposed to A3
CM (column iv) was significantly higher than that in EGFP-
expressing cells exposed to AB CM (column ii), and was compa-
rable to that in EGFP-expressing cells exposed to Ctrl CM
(column i). We also found that A B-induced loss of cluster density
was significantly reduced by forced expression of al-takusan
(Fig. 5D). Collectively, these data suggest that overexpressed a1-
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Figure 3. Knocking down endogenous a-takusan variants exacerbates A B-induced synaptic loss in cultured hippocampal cells. Cultured hippocampal neurons infected with a lentiviral vector
encoding EGFP and control shRNA (Ctrl shRNA; i, ii) or EGFP and takusan shRNA NNOO2 (Tksn shRNA; iii, iv) were exposed for 6 —8 h to Ctrl (—; i, iii) or AB CM (+ ii, iv). The infected cells were
visualized by coexpressed EGFP. A, Immunohistochemistry using antibodies against PSD-95 (red) and synapsin | (Syn; blue) on dendrites of neurons. Scale bar, 5 wm. B, €, Quantification of the
density of PSD-95 clusters (B) and juxtaposed PSD-95/Syn coclusters (€). Values are mean = SEM. n = 10. *p << 0.05, **p << 0.01, by one-way ANOVA.
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Figure4. Forced expression of ar1-takusan alleviates A 3-induced dysfunction in AMPAR-mediated mEPSCs in cultured neurons. A, Representative traces recorded from cultured neurons infected
with SFV encoding EGFP or EGFP-1-Tksn and then exposed to control or AB-containing CM. B, Cumulative plot and mean value (inset) of mEPSCamplitude. In EGFP-expressing cells, A3 exposure
caused asignificant (p << 0.01 by pairwise Kolmogorov—Smirnov test) leftward shift in the cumulative plot and decreased the mean amplitude of mEPSCs (inset, compare i, ii). In the absence of A,
Tksn-expressing cells manifested an increase in mEPSC amplitude compared with EGFP-expressing control cells (compare i, iii). A3 exposure had no apparent effect on Tksn-expressing cells
(compare iii, iv). ¢, Cumulative plot and mean value (inset) of mEPSC interevent intervals, reflecting mEPSC frequency. Tksn expression in the absence of A3 did not alter the mEPSC interevent
interval (inset, compare i, iii). A3 exposure resulted in increased mEPSCinterevent interval (or decreased frequency) in neurons expressing EGFP (compare i, ii), but not in neurons expressing Tksn
(compareiii, iv). Values are mean = SEM. n = 7-9in each group. **p << 0.01 by one-way ANOVA.
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extent that the density of PSD-95/Syn coclusters in cells exposed to A3 (M and transduced with Tksn was similar to that in cells exposed to
Ctrl C(Mand transduced with EGFP. D, Quantification of A3-induced reduction (percentage control) in the density of PSD-95/Syn coclusters.
AB-induced cluster loss in Tksn-expressing cells (38.0 == 7.8%) was significantly less than that in EGFP-expressing cells (66.8 == 6.7%). All
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Figure 6.  Forced expression of cr1-takusan alleviates NMDA-induced loss of dendritic spines in cultured cortical neurons. Cultured

neurons transfected with plasmid vector encoding mCherry or mCherry-ac1-takusan (Tksn) were exposed to vehicle (Veh) or 50 um NMDA.
A, Dendritic spines were visualized by cotransfected EGFP. Arrowheads indicate the sites of NMDA-induced dendritic varicosity. Scale bar, 5
. B, Quantification of dendritic spine density. NMDA exposure produced a significant (p << 0.05) reduction in the density of dendritic
spinesin mCherry-expressing cells, but not in Tksn-expressing cells. In addition, forced expression of Tksn drastically reduced the number of
neurons with dendritic varicosity (8 of 10in mCherry-expressing cells vs 1 of 10 in Tksn-expressing cells; p << 0.01 by Fisher's exact test).
Values are mean == SEM.n = 10.n.s., Not significant. *p << 0.05, one-way ANOVA or Student’s £ test.
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takusan can counteract and even reverse
synaptic damage induced by soluble A3
oligomers.

We then tested whether al-takusan
protects cultured neurons from synaptic
injury caused by NMDA application,
since NMDAR activation is implicated at
least in part in AB-induced toxicity (Ka-
menetz et al., 2003; Shankar et al., 2007).
Cultured cortical neurons infected with
SEV encoding mCherry or mCherry-al-
takusan were exposed for 5 min to 50 uMm
NMDA, a sublethal concentration deter-
mined by our previous studies (Nakanishi
et al., 2009). We visualized dendritic
spines using EGFP encoded by a lentiviral
vector. As reported previously (Halpain et
al., 1998), NMDA exposure resulted in a
significant (p < 0.05) reduction in the
density of dendritic spines in cells express-
ing mCherry alone (Fig. 6A, B, compare
second column, first column) 24 h after
NMDA application. This reduction was
blocked by pretreatment with 10 um me-
mantine, an NMDAR antagonist, before
the addition of NMDA (data not shown),
indicating that NMDA toxicity is medi-
ated by NMDA receptor activation. As
shown previously (Tu et al., 2007; Fig. 2),
overexpressed al-takusan significantly
increased spine density in cultured neu-
rons in the absence of NMDA (Fig. 6B,
compare third column, first column).
Importantly, spine density in Tksn-
expressing cells exposed to NMDA was
not significantly changed relative to
mCherry-expressing cells exposed to ve-
hicle (Fig. 6B, compare fourth column,
first column), but was significantly higher
than in mCherry-expressing cells exposed
to NMDA (Fig. 6B, compare fourth col-
umn, second column). We also found that
NMDA-induced dendritic varicosity
(Hasbani et al., 2001) was significantly re-
duced by takusan overexpression (Fig. 6,
arrowheads). Eighty percent of mCherry-
expressing neurons displayed dendritic
varicosity following NMDA exposure,
while in takusan-expressing neurons this
proportion was reduced to 10% (p <
0.01, Fisher exact test). Together, our
findings establish a potential role for
al-takusan as a therapeutic agent that ef-
fectively mitigates or reverses synaptic
damage induced by oligomeric Af appli-
cation or other excitotoxic insults (Talan-
tova et al., 2013).

Overexpressed a1-takusan inhibits A 3-
induced tau hyperphosphorylation

A primary pathology in AD is AB-induced
tau hyperphosphorylation, which leads to
the dissociation of tau from the microtubule
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cytoskeleton, aggregate formation of phos-
phorylated tau, and neuronal death (De Fe-
lice et al., 2008; Zempel et al., 2010; Jin et al.,
2011). To gain mechanistic insights into the
protective effects of al-takusan, we exam-
ined the level of tau phosphorylation in
neurons exposed to Af3. We transduced cul-
tured cortical neurons with SFV encoding
EGEFP or EGFP-al-takusan. After overnight
transduction, we exposed the cells to Ctrl or
AB CM for an additional 8—12 h. We frac-
tionated PSD lysates from neurons and per-
formed Western blot analysis to determine
the expression level of p-tau and total tau
(Fig. 7A). We then calculated the level of tau
phosphorylation as the ratio of p-tau to total
tau. As shown in Figure 7A, AB exposure
resulted in a significant increase in tau phos-
phorylation in EGFP-transduced cells (p <
0.05), but not in «al-takusan-transduced
cells. Interestingly, in the absence of A,
overexpressed al-takusan had no signifi-
cant effect on tau phosphorylation. It is
therefore likely that takusan mitigates
AB-induced synaptic damage through the
blockade of tau hyperphosphorylation at
the PSD. These results also suggest that the
biochemical mechanism underlying the
protection of synaptic PSD-95 clusters by
takusan overexpression following A appli-
cation is distinct from that underlying the
increase in the density of PSD-95 clusters
before A3 application.

al-Takusanmayfunctiontoprevent AS3-
induced tau hyperphosphorylation through
an interaction, possibly direct or indirect,
with tau. To test this idea, we performed
co-IP experiments using cultured cortical
neurons in which al-takusan was overex-
pressed. Specifically, we transduced corti-
cal neurons overnight with SFV encoding
EGFP or EGFP-al-takusan and then per-
formed co-IP experiments using anti-GFP
antibodies. The co-IP products were then
subjected to Western blot analysis using
anti-tau antibodies, as illustrated in Figure
7B. Tau protein coimmunoprecipitated
with EGFP-«1-takusan, but not with EGFP,
suggesting that a1-takusan and tau are pres-
ent in the same protein complex in cultured
cortical neurons.

To further verify the interaction identi-
fied by co-IP, we performed PLAs (Soder-
berg et al., 2006) using the Duolink in-cell
interaction system (OLINK Bioscience).
PLAs generate an immunoreactive signal
(red) only if two antigens (target proteins)
are localized within 40 nm of each other
(Fredriksson et al., 2002). Using antibodies

against GFP and tau, we performed PLAs in cultured cortical neu-
rons infected with SFV encoding EGFP or EGFP-a1-takusan.
Compared with EGFP-expressing cells, takusan-expressing cells
showed robust red fluorescent Duolink signals (Fig. 7C, left), indi-
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Figure 7.  Overexpressed o 1-takusan interacts with tau and inhibits A3 oligomer-induced tau hyperphosphorylation at post-
synaptic sites of cultured cortical neurons. 4, Overexpressed c1-takusan inhibits A3-induced tau hyperphosphorylation. Immu-
noblotting of PSD-enriched fractions prepared from cultured cortical neurons transduced overnight with SFV encoding EGFP or
EGFP-av1-takusan (Tksn) and followed by application of Ctrl or A3 CM for an additional 8—12 h. The graph at the top shows the
level of tau phosphorylation, which was calculated as the ratio of p-tau to total-tau and then normalized to the control (EGFP/Ctrl
(CM). Representative gel images are shown at the bottom. A3 application significantly increased the p-tau/total tau ratio in cells
transduced with EGFP (432.3 == 76.7% of control), but not in the cells transduced with Tksn (74.2 == 22.7% of control). Values are
mean = SEM.n = 4.**p << 0.01, one-way ANOVA. B, Co-IP experiments showing that overexpressed EGFP-c¢1-takusan interacts
with tauin cultured cortical neurons. Cell lysates were prepared from cultured cortical neurons transduced with SFV encoding EGFP
or EGFP-1-takusan. Lysates were precipitated with anti-GFP antibody and then subjected to immunoblotting using anti-tau
antibody. The top panel shows that endogenous tau proteins were coprecipitated with EGFP-c¢1-takusan, but not with EGFP. The bottom
panel shows the presence of EGFP, EGFP-c¢1-takusan, and tau in the lysates. €, Duolink (in-cell Co-IP) experiments showing the interaction
between EGFP-ax1-takusan and endogenous tau in cultured neurons. Cultured cortical neurons were transduced with SFV encoding EGFP
or EGFP-a¢1-takusan. The Duolink procedure using antibodies against GFP and tau produced robust red signals, which indicate that the two
antibodies are localized in close proximity (<40 nm) in cells expressing EGFP-c¢1-takusan, but notin cells expressing EGFP (left panels). The
overlayimages (right panels) show that the majority of red signals are colocalized with EGFP-a¢1-takusan on dendrites, suggesting that tau
and EGFP-a:1-takusan interact with each other predominantly at postsynaptic sites.

cating that tau and a1-takusan proteins are in close proximity and
likely interact with each other, either directly or indirectly via addi-
tional proteins such as PSD-95, which can be coimmunoprecipi-
tated with tau in the PSD (Ittner et al., 2010). Indeed, the Duolink
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Figure 8.  Overexpressed a1-takusan prevents AB-induced excessive mitochondrial fragmentation in cultured hippocampal neurons. Cultured neurons were infected overnight with SFV
encoding EGFP or EGFP-cx1-takusan (Tksn) followed by exposure to Ctrl or AB CM for an additional 8 —12 h. 4, Images of mitochondria in the dendrites of neurons in the following four conditions:
i, EGFP/Ctrl CM; ii, EGFP/AB CM; i, Tksn/Ctrl CM; iv, Tksn/AB CM. B-D, The size (B), number (C), and volume (D) of mitochondria were quantified in these neurons. Decreased size and increased

number suggest elevated mitochondrial fragmentation in the cells overexpressing EGFP (ii), but not in the cells overexpressing Tksn (iv). Values are mean == SEM.n = 20. **p < 0.01, one-way
ANOVA.
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Figure9. Identification of the domains required for o1-takusan clustering. A, A schematic diagram of the full-length o 1-takusan (Tksn) and its deletion mutants AD1-AD4, each of which lacks
one of the four domains (D1-D4). The number of amino acids in each domain is indicated. The deleted sequence in each of the four mutants is represented by a dashed line. B, Fluorescent images
of EGFP, EGFP-Tksn, and EGFP-Tksn deletion mutants expressed in HEK293T cells. In these cells, EGFP-Tksn forms clusters, while EGFP shows dispersed localization. Among deletion mutants, AD1,
AD3, and AD4 show cluster formation similar to Tksn, while AD2 shows dispersed localization similar to EGFP. €, Western blot using anti-GFP antibodies shows the expression of transfected EGFP,
EGFP-Tksn, and EGFP-Tksn deletion mutants in HEK293T cells. D, Evaluation of cluster formation by EGFP, EGFP-Tksn, and deletion mutants in HEK293T cells. The sizes of fluorescence signals were
quantified in cells expressing EGFP, EGFP-Tksn, or deletion mutants and were expressed as the percentage of EGFP control. The fluorescence signals observed in cells expressing Tksn, AD1, AD3, or
AD4 proteins are significantly smaller in size than those seen in cells expressing EGFP or AD2. Values are mean == SEM.n = 4.**p << 0.01, one-way ANOVA. E, Co-IP experiments showing that D2
is required and sufficient for the self-clustering of takusan. Co-IP experiments used anti-EGFP antibodies for immunoprecipitation and anti-Flag antibody for immunoblotting on protein lysates
prepared from HEK293T cells expressing Flag-c1-takusan and EGFP, EGFP-cv1-takusan (E-Tksn), or one of the EGFP (E)-tagged takusan mutants. These data show that EGFP-Tksn, AD1, AD3, and
AD4 proteins bind to Flag-Tksn, while AD2 and EGFP controls do not. The results of co-IP experiments are schematically summarized at the bottom.

signals form clusters in dendrites rather than in cell bodies coinci-  Overexpressed a1-takusan prevents Af3-induced

dent with EGFP-al-takusan (green) subcellular localization (Fig.
7C, right). Thus, these results suggest that takusan proteins interact
with tau at postsynaptic sites.

mitochondrial fragmentation
Abnormal mitochondrial dynamics have been associated with
AD pathogenesis (Knott et al., 2008; Reddy and Beal, 2008; Wang
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etal,, 2009). Indeed, a recent study found
that p-tau interacts directly with the mito-
chondrial fission protein Drpl and plays an
important role in AB-induced mitochon-
drial fragmentation and synaptic deficien-
cies (Manczak and Reddy, 2012). We
therefore postulated that forced expression
of al-takusan may reduce AB-induced mi-
tochondrial fragmentation by inhibiting tau
hyperphosphorylation. To test this idea, we
transduced cultured hippocampal neurons
with SFV encoding EGFP or EGFP-al-
takusan. After overnight transduction, the
cells were exposed to Ctrl or A3 CM for an
additional 8—12 h (Fig. 84). We monitored
ApB-induced morphological changes in
mitochondria by 3D deconvolution fluores-
cence microscopy and determined mito-
chondrial fragmentation (fission) by using
the 3D rendering of acquired z-stack im-
ages, as described previously (Cho et al.,
2009). We found that AB application caused
a significant decrease in the size and a signif-
icant increase in the number of mitochon-
dria, indicating excessive mitochondrial
fragmentation in the neurons overexpress-
ing EGFP, but not in the neurons overex-
pressing EGFP-al-takusan (Fig. 8B,C).
However, Af exposure did not cause a sig-
nificant change in the total mitochondrial
mass as determined by the measurement of
the total mitochondrial volume (Fig. 8D).
These findings suggest that AB-induced mi-
tochondrial fragmentation is blocked by
overexpressed a1 -takusan.

al-Takusan requires the D2 for self-
clustering and synaptic clustering

of PSD-95

We next sought to identify protein do-
mains of al-takusan responsible for syn-
aptic enhancement and protection. Based
on predicted secondary structures and
exon/intron organization, we tentatively
divided the «1-takusan sequence into four
modular domains and the C-terminal PDZ-
binding motif (Fig. 9A). Beginning with the
N terminus, D1 and D3 are predicted to
form coiled-coil domains according to
the COILS program (www.ch.embnet.org/
software/COILS_form.html). D2, which is
located between D1 and D3, is encoded
mostly by exon 5 and is extremely well con-
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Figure 10. D2 is required for PSD-95 clustering by a1-takusan. A, Images showing overexpressed mCherry-PSD-95 (red,
middle) and EGFP or one of the following EGFP fusion proteins (green, top): EGFP-Tksn, EGFP-AD1, EGFP-AD2, EGFP-AD3, or
EGFP-AD4in HEK293T cells. Overlay images of mCherry and EGFP are shown at the bottom. Scale bar, 100 m. B, The size of green
fluorescent signals was used as a measure of protein clustering. Similar to the results shown in Figure 9, Band D, EGFP-Tksn, AD1,
AD3, and AD4fusion proteins form clusters of much smaller sizes, while EGFP and EGFP-AD2 proteins are dispersed. n = 4.C, The
clustering of mCherry-PSD-95 proteins was also analyzed in the same manner. The fluorescence signals in cells expressing Tksn,
AD1, AD3, or AD4 are significantly smaller in size than in cells expressing EGFP or AD2, suggesting increased clustering. D,
Images showing the level of overexpressed mCherry-PSD-95 (red) and EGFP, EGFP-1-takusan (Tksn), or EGFP-AD2 (green) in the
dendrites of cultured cortical neurons. The left panels show red signals from mCherry, and the right panels are the overlay of
mCherry and EGFP. E, Quantification of mCherry-PSD-95 clusters in the dendrites. The density of mCherry-PSD-95 clusters was
significantly increased by overexpressed Tksn (146.6 = 15.0% of control), but not by AD2 overexpression (99.6 = 19.2% control).
n = 10. Values are normalized to EGFP controls and are mean == SEM. **p << 0.01, *p << 0.05, one-way ANOVA.

served among oa-takusan family variants. In contrast, some
a-takusan variants lack D4 (Tu et al,, 2007). We generated al-
takusan mutants by deleting each of the four domains (designated as
AD1-AD4; Fig. 9A) and expressed them in human embryonic kid-
ney 293T (HEK293T) cells (Fig. 9B,C). While EGFP proteins are
diffuse in the cytoplasm, EGFP-a1-takusan proteins form clusters
(Fig. 9B), presumably representing self-multimers of takusan pro-
teins as we have previously reported (Tu et al., 2007). Interestingly,
deletion mutants AD1, AD3, and AD4 all formed clusters in
HEK293T cells, but AD2 did not (Fig. 9 B, D), suggesting that the D2

is critical for takusan self-clustering. Consistent with this finding,
co-IP experiments showed that EGFP-AD2 cannot bind to Flag-a1-
takusan, while EGFP-tagged takusan as well as takusan AD1, AD3,
and AD4 mutants can (Fig. 9E).

We subsequently assessed the impact of these domains on
PSD-95 clustering. We coexpressed mCherry-PSD-95 together
with each of the takusan deletion constructs in HEK293T cells.
mCherry-PSD-95 proteins form clusters when they are coex-
pressed with EGFP-Tksn, AD1, AD3, or AD4, but not with EGFP
control or EGFP-AD2 (Fig. 10A—C). These results suggest that
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D2is sufficient to enhance PSD-95 clustering. A, A schematic diagram depicting the structures of full-length cc1-takusan (Tksn) and three takusan-derived proteins, D2a, D2b, and D2c.

Each takusan derivative contains a D2 of o 1-takusan and a 6 aa sequence, which is the PDZ-binding motif of o 1-takusan (D2a), the PDZ-binding motif of c5-takusan (D2b), or the non-PDZ-binding
vector sequence (D2c). B, Images of EGFP (green, left), mCherry-PSD-95 (red, middle), and overlay (right) in HEK293T cells cotransfected with mCherry-PSD-95, and either EGFP, EGFP-Tksn,
EGFP-D2b, or EGFP-D2c. €, The size of green fluorescent signals was used as a measure of protein clustering. EGFP-Tksn, D2b, and D2c fusion proteins form clusters of much smaller sizes, while EGFP
proteins are dispersed. D, The clustering of mCherry-PSD-95 proteins was analyzed in the same manner. The fluorescence signals in cells expressing Tksn or D2b, but not D2c, are significantly smaller
in size than in EGFP control cells. E, Images (overlay) showing the expression of mCherry-PSD-95 (red) and cotransfected EGFP, EGFP-Tksn, EGFP-D2a, or EGFP-D2b (green) in cultured cortical
neurons. F, Quantification of the density of mCherry-PSD-95 clusters (cluster number per 10 um length) on the dendrites of neurons cotransduced with EGFP, EGFP-Tksn, EGFP-D2a, or EGFP-D2b.
The density of mCherry-PSD-95 clusters was significantly increased in neurons overexpressing Tksn (5.52 == 0.57), D2a (6.47 = 1.00), or D2b (6.54 == 0.42) when compared with EGFP control

(3.36 == 0.46). Values are mean == SEM.n = 8—18.**p < 0.01.

the self-clustering of a1-takusan and the clustering of mCherry-
PSD-95 in HEK293T cells requires the D2. We then expressed
mCherry-PSD-95 together with EGFP, EGFP-Tksn or EGFP-
AD?2 in cultured cortical neurons (Fig. 10D). Compared with the
EGFP control, EGFP-Tksn increased the density of mCherry-
PSD-95 clusters (Fig. 10D, E), consistent with the observed ef-
fects of a1-takusan on endogenous PSD-95 (Fig. 1). In contrast,
coexpression with AD2 had no effect on the cluster density of
mCherry-PSD-95 (Fig. 10D, E). Collectively, these results indi-
cate that the D2 of a1-takusan is necessary for enhanced PSD-95
clustering in cultured cortical neurons.

D2 recapitulates synaptic protection of al-takusan

against A

To address whether the D2 combined with the C-terminal PDZ-
binding motif is sufficient for synaptic protection, we generated
the following three fusion proteins: D2a, D2b, and D2c. In each
instance, a 45 aa peptide within the D2 was directly fused to a 6 aa
peptide from the C terminus of al-takusan, the C terminus of
a5-takusan, or the plasmid vector, respectively (Fig. 114). We

previously reported that a5-takusan binds to PSD-95 with a
higher affinity than al-takusan in HEK293T cells (Tu et al.,
2007), while the vector-derived 6 aa sequence is not predicted to
bind to PDZ (according to Scansite prediction, http://scansite.
mit.edu/). In HEK293T cells, we expressed mCherry-PSD-95 to-
gether with EGFP, EGFP-Tksn, EGFP-D2b, or EGFP-D2c (Fig.
11B). Like EGFP-Tksn, both EGFP-D2b and EGFP-D2c proteins
form self-clusters (Fig. 11C). mCherry-PSD-95 proteins, how-
ever, form clusters with EGFP-D2b but not with EGFP-D2c, sug-
gesting that the PDZ-binding motif is required for clustering
PSD-95 (Fig. 11D). In cultured cortical neurons, we overex-
pressed mCherry-PSD-95 together with EGFP, EGFP-Tksn,
EGFP-D2a, or EGFP-D2b (Fig. 11E). Similar to full-length a1-
takusan, both D2a and D2b increased the cluster density of coex-
pressed mCherry-PSD-95 (Fig. 11F). These results suggest that
the D2, when linked with the PDZ-binding C terminus, is suffi-
cient to cluster PSD-95 in cortical dendrites.

We next aimed to determine whether the D2 recapitulates
the ability of takusan to protect synapses from Af3 oligomer-
induced damage. To this end, cultured cortical neurons were
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transfected overnight with vectors encoding
mCherry, mCherry-AD2, mCherry-Tksn,
or mCherry-D2b before being exposed to
Ctrl or AB CM for 8-12 h (Fig. 12). Den-
dritic spines were visualized using EGFP-
encoding lentiviral vectors (Fig. 12A),
subsequently quantified (Fig. 12B), and
then expressed as the percentage loss in
spine density following AB exposure (Fig.
12C). These experiments show that while
overexpressed AD2 exhibits no apparent
synaptic effect relative to the mCherry con-
trol, the effect of the D2b mutant is indistin-
guishable from that of the full-length a1-
takusan. Namely, forced expression of D2b
not only increased dendritic spine density in
the absence of A application, but also sig-
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nificantly mitigated Ap-induced dendritic B C
spine loss. Together, we have identified a = 807
protein sequence that is required for synap- 250 — Cirl ©
tic clustering of PSD-95 and is sufficient, = AR R 60- l
when linked with the PDZ-binding motif, to O 5004 e @
protect neurons from A3 oligomer-induced X | I 2 o . x
synaptic injury. > 150 ﬂ 4 ’l‘ M 2
Interestingly, the protein sequence in ‘® I
the D2 of human DLG5 protein shows é 100-}-,=, 3 20
high homology with mouse «l-takusan P Liiid e
(Fig. 13A). We thus tested whether the D2 £ 50+ i i ‘ ‘ 2 ot
of human DLGS5 has the ability to form 7 i oy Q & £ a9
self-clusters and to enhance PSD-95 clus- 0 T T T T % (}‘Q} Vo N i
tering when linked to a PDZ-binding mo- mCherry AD2 Tksn D2b <
tif. We generated a fusion protein, hD2b,
which contains human DLG5 D2 and the Figure12. D2 is required and sufficient for mitigation of A3 oligomer-induced loss of dendritic spines. A, Cultured neurons

same C-terminal PDZ-binding motif as
D2b (Fig. 13A). In HEK293T cells,
mCherry-PSD-95 was cotransfected with
EGFP, EGFP-D2b, or EGFP-hD2b (Fig.
13B). Similar to EGFP-D2b, EGFP-hD2b
formed self-clusters in the cytoplasm, while
EGEFP was located diffusely (Fig. 13C). Ad-
ditionally, mCherry-PSD-95 formed clus-
ters with both D2b and hD2b, but not with
EGEFP, suggesting that hD2b like D2b has

were infected with SFV encoding mCherry, mCherry-AD2, mCherry-Tksn, or mCherry-D2b, and then exposed to Ctrl or AB CM for
an additional 8 —12 h. Dendritic spines were visualized by EGFP in a lentiviral vector. B, Quantification of dendritic spine density
normalized to the control (mCherry/Ctrl CM). In the absence of AB (light gray bars), overexpressed Tksn or D2b, but not AD2,
caused a significant increase in the density of dendritic spines (**p << 0.01, one-way ANOVA). A application caused a significant
decrease in the density of spines in all types of cells (dark gray bar vs light gray bar: *p < 0.05, *p << 0.01, one-way ANOVA).
However, the level of spine density upon AB exposure in the cells expressing either Tksn or D2b, but not AD2, is comparable to that
in the control cells (dark gray bars, Tksn, D2b, or AD2; light gray bars, mCherry). , Quantification of AB-induced loss (percentage
of control) in the density of dendritic spinesin cultured neurons overexpressing mCherry (49 == 8%), AD2 (55 = 10%), Tksn (27 =
8%), or D2b (28 == 7%). Overexpressed Tksn or D2b, but not AD2, significantly reduced AB-induced spine loss compared with
mCherry control. There was no difference between the effects of Tksn and D2b. Values are mean == SEM. n = 10. *p < 0.05,
one-way ANOVA.

the ability to cluster PSD-95 in cultured

HEK293T cells (Fig. 13D). We also cotransfected mCherry-
PSD-95 together with EGFP, EGFP-D2b, or EGFP-hD2b in cul-
tured cortical neurons (Fig. 13E). Similar to D2b, hD2b increased the
cluster density of dendritic PSD-95 (Fig. 13F). These results suggest
that the human D2, when linked with a C-terminal PDZ-binding
motif, is sufficient to cluster PSD-95 in cortical dendrites, and can
thus be explored further for its therapeutic potential in the treat-
ment of AD.

Discussion

Dendritic spine structures are dynamically regulated by synaptic
activity, and the loss of dendritic spines and functional synapses
are early hallmarks in the pathophysiology of AD (Sheng et al.,
2012). In Tg2576 and PDAPP AD transgenic mice, spine loss is
detected long before the appearance of amyloid plaques (Lanz et
al., 2003; Jacobsen et al., 2006), suggesting that soluble Af3 species
have a primary role in this pathology. In the current study, we
have evaluated the integrity of synapses by measuring the density
of dendritic spines, PSD-95 clusters, and PSD-95/Syn coclusters.

We have found that AB-induced loss of PSD-95 clusters (Figs.
1H, 5D) and dendritic spines (Fig. 2C) is reduced in takusan-
expressing cells relative to EGFP-expressing cells. However, two-
way ANOVA analysis did not demonstrate a significant statistical
interaction between takusan and Ap. Since takusan overexpres-
sion can enhance the basal level of synaptic integrity, it is possible
that this amelioration is, in part, a result of the ability of takusan
to boost the density of PSD-95 clusters and dendritic spines back
to a “pseudonormal” level in an AB-independent manner. How-
ever, the observation that takusan decreases the percentage of (as
opposed to net) AB-induced loss of both spine density and
PSD-95 clustering indicates that takusan-induced spines and
PSD-95 clusters are more resistant to Af3 toxicity than native
spines and PSD-95 clusters. Given the ability of al-takusan to
self-cluster and interact with PSD-95, a1-takusan likely amelio-
rates AB-induced synaptic damage by facilitating PSD-95 cluster-
ing (Figs. 9, 10, 11; Tu et al., 2007). Consequently, the synapses
containing takusan-PSD-95 clusters may be more resistant to
AB-induced synaptic damage. Finally, we found that takusan in-
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Human D2 mediates self-clustering and enhances PSD-95 clustering. A, Protein sequence alignment between two takusan derivatives, D2b and hD2b. Each of the derivatives contains

the D2 of mouse x1-takusan (top, D2b) or human DLG5 (bottom, hD2b), and the same C-terminal PDZ-binding motif taken from mouse ae5-takusan. The residues that are identical (*), strongly
similar in properties (:), or weakly similar (.) between the two D2 sequences are indicated. B, Images of EGFP (green, left), mCherry-PSD-95 (red, middle), and overlay (right) in HEK293T cells
cotransfected with mCherry-PSD-95 and either EGFP, EGFP-D2b, or EGFP-hD2b. €, The magnitude of EGFP signal was used as a quantitative measure of protein clustering. EGFP-D2b and hD2b fusion
proteins form clusters of much smaller size, while EGFP proteins appear to be dispersed in the cytosol. D, Clustering of mCherry-PSD-95 proteins analyzed as above. Fluorescent signal in cells
expressing D2b or hD2b was significantly smaller in magnitude than in EGFP control cells. E, Overlaid images showing expression of mCherry-PSD-95 (red) and cotransfected EGFP, EGFP-D2b, or
EGFP-hD2b (green) in cultured cortical neurons. Boxed areas magnified in bottom panels. £, Quantification of mCherry-PSD-95 cluster density (cluster number per 10 wm length) on the dendrites
of neurons cotransduced with EGFP, EGFP-D2b, or EGFP-hD2b. Values are mean = SEM.n = 4 (C, D) or 8 (F). **p << 0.01.

creased dendritic expression as well as synaptic clustering of
PSD-95 (by ICC; Fig. 1F-I) without affecting the total level of
PSD-95 protein (determined by Western blotting of whole-cell
lysates; Fig. 1D). These results are consistent with the notion that
takusan overexpression protects synapses by recruiting PSD-95
into dendrites from other subcellular localizations.

The knock-down experiments (Fig. 3) suggest that endoge-
nous a-takusan may also protect against AB-induced synaptic
loss. However, these experiments produced a relatively modest
effect on synaptic damage. It should be noted that the shRNA
sequence used in these experiments targets only the a-takusan
subfamily. However, non-a-takusan members may also contain
a D2 homologous (but not identical) to the D2 of a-takusan (Tu
et al.,, 2007) and thus may partly compensate for the loss of
a-takusan in these knock-down experiments.

We observed the protective effect of takusan not only when
takusan was overexpressed before A application (Figs. 1, 2), but
also when it was overexpressed after AB had caused synaptic
damage (Fig. 5). These data suggest that takusan, or molecules
mimicking its action, may be exploited as therapeutics to prevent
or even reverse synaptic degeneration in AD. Furthermore, we
found that forced expression of a1-takusan reversed or compen-
sated for the effect of NMDA-induced spine loss (Fig. 6). This
suggests that takusan or peptide mimetics may be useful as ther-
apeutics not only against AB-induced synaptic damage but also
other excitotoxic insults.

Tau was first identified as a protein essential for microtubule
assembly (Weingarten et al., 1975) and for the stabilization of the
microtubule cytoskeleton (Lee and Rook, 1992). It has since been
recognized that during the course of AD, tau becomes hyper-

phosphorylated and deposits as neurofibrillary tangles in affected
brain regions (Ballatore et al., 2007). Hyperphosphorylated tau
accumulates and colocalizes with A oligomers at synapses in
both human AD brains (Fein et al., 2008; Sokolow et al., 2012)
and mouse AD brains (Takahashi et al., 2010). It has further been
determined that the level of synaptic phosphorylated tau correlates
inversely with the number of existing synapses. Indeed, multiple
studies in animal models of AD have shown that AB-induced syn-
aptic injury/neuronal loss can be prevented by either reducing tau
expression or preventing tau phosphorylation (Roberson et al.,
2007; Ittner et al., 2010; Vossel et al., 2010; Jin et al., 2011; Roberson
et al., 2011). In this study, we find that overexpressed al1-takusan
coimmunoprecipitates with tau in cultured neurons, inhibiting A$3-
induced tau hyperphosphorylation in the PSD (Fig. 7) and mitigat-
ing AB-induced synaptic loss. Our findings strongly support the idea
that tau hyperphosphorylation plays an important role in the pro-
cess of AD-associated synaptic degeneration. In support of this find-
ing, others have shown that synaptic dysfunction in rodents is
dependent on tau phosphorylation as transgenic mice expressing
pseudo-hyperphosphorylated tau display synaptic pathology, while
tau phosphorylation-deficient mice do not (Hoover et al., 2010). We
thus propose that the synaptic protection by overexpressed al-
takusan is mediated, at least in part, by its ability to interact with tau
either directly or indirectly and to prevent tau hyperphosphorylation
at postsynaptic sites.

A growing body of evidence suggests that tau pathologies are
strongly associated with mitochondrial impairment, which leads
to synaptic starvation and dysfunction, and ultimately to neuro-
nal damage in AD (Mandelkow et al., 2003; Vossel et al., 2010;
Zempel et al., 2010; Kopeikina et al., 2011; Manczak and Reddy,
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2012; Shahpasand et al., 2012). Interestingly, a recent study has
shown that hyperphosphorylated tau proteins interact directly
with the mitochondrial fission protein Drpl in postmortem AD
brains (Manczak and Reddy, 2012). In the same brain specimens,
elevated levels of Drpl and excessive mitochondrial fragmentation
were reported (Manczak et al., 2011). These studies suggest that
hyperphosphorylated tau, through its interaction with Drpl may
play important roles in AB-induced mitochondrial dysfunction. If
this is the case, then AB-induced mitochondrial fragmentation
should be inhibited by inhibiting tau hyperphosphorylation. In sup-
port of this notion, we found that overexpressed al-takusan
prevents AB-induced mitochondrial fragmentation in cul-
tured neurons (Fig. 8).

Forced expression of PSD-95 in cultured neurons is sufficient
to increase the density of dendritic spines (El-Husseini et al.,
2000). Also, the level of PSD-95 is decreased in the cortex and
hippocampus of human postmortem AD brains, and this reduc-
tion correlates with disease pathology (Pham et al., 2010; Proctor
et al., 2010; Sultana et al., 2010). Evidence further suggests that
AP oligomers specifically target excitatory synapses and interact
with PSD-95 at postsynaptic sites (Lacor et al., 2004; Pham et al.,
2010). Consistent with this idea, the level of PSD-95 is decreased
significantly after a =1 h application of AB in cultured neurons
(Roselli et al., 2005; Fig. 1). These findings suggest that PSD-95
plays an important role in the synaptic pathogenesis of AD. Since
overexpressed al-takusan interacts with PSD-95 in cultured
neurons increasing PSD-95 synaptic clustering, this interaction
may be mechanistically critical to the synaptic protection con-
veyed by takusan. It is possible that the association between taku-
san and PSD-95 leads to a more stabilized PSD-95 protein
complex, rendering clusters less susceptible to AB-induced dam-
age. In addition, we identified the D2 responsible for this inter-
action. The D2 of a1-takusan is critical not only for clustering of
itself (Fig. 9) and PSD-95 (Fig. 10), but also in mitigating A3-
induced synaptic loss (Fig. 12). A possible mechanism by which
takusan stabilizes PSD-95-containing clusters could involve (1)
multimerization of takusan via its D2 and (2) recruitment of
PSD-95 to takusan multimers. Moreover, this process may re-
quire both tau and the microtubule network, since tau interacts
with PSD-95 at postsynaptic sites (Ittner et al., 2010). It has also
been shown that PSD-95 interacts with the microtubule end-
binding protein EB3 and dynamically regulates the dendritic micro-
tubule cytoskeleton (Sweet et al., 2011). Thus, takusan, PSD-95, and
tau proteins may work in concert to stabilize postsynaptic protein
complexes and to protect neuronal synapses under pathological
conditions.

Finally, based on our deletion studies, we have generated two
takusan-derived proteins (D2a and D2b, each of which contains a
portion of D2 and the C-terminal PDZ-binding motif) with ther-
apeutic potential. These truncated takusan derivatives are as
effective as full-length al-takusan in protecting synapses from
Ap-induced damage (Fig. 12). Of note, the D2 of al-takusan is
shared by DLG5, a protein that is conserved throughout evolu-
tion and is also expressed in humans. Moreover, the fusion
protein hD2b, which consists of the human DLG5 D2 and a PDZ-
binding motif, can also enhance PSD-95 clustering in cultured
neurons (Fig. 13). Interestingly, the PDZ-binding motif of hD2b
is identical to the C terminus of the human protein rho guanine
nucleotide exchange factor 33 (NCBI Reference Sequence,
NP_001138923.2). Therefore, we believe that these protein se-
quences hold promise not only for mechanistic investigation of
synaptic activity and protection against AB-induced synaptic
injury, but also for developing therapeutic peptides against
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AD and possibly other neurological diseases involving synap-
tic degeneration.
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