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Fig. 1. Solubilization of synaptic membranes with Triton X-100. (A) Schematic
representation of synaptic membrane compartments: (1) endocytic zone, (2)
intracellular pool, and (3) active zone. Blue bars, N-cadherin; squares (green,
orange, purple), N-cadherin-binding proteins. (B) Crude synaptosome fraction
isolated from murine hippocampus was sequentially extracted with 20 mM
methyl-B-cyclodextrin (CD), 5M urea (U), 1% Triton X-100 (T), and SDS-sample
buffer (P), followed by SDS-PAGE and Coomassie Brilliant Blue staining. (C)
Western blot of the sequentially extracted synaptosome fractions probed with anti-
N-cadherin antibody. (D) N-cadherin acquires resistance to trypsin upon synaptic
stimulation both in Triton-soluble and -insoluble fractions. Unstimulated (lanes C)
and stimulated (lanes K) neuron cultures were treated with trypsin (0.1%, 10 min)
first and then harvested directly in SDS-PAGE sample buffer (Total), or in 1% Triton
X-100-containing buffer for extraction (TX-sol). The Triton-insoluble pellet was
resuspended in urea-containing SDS-PAGE sample buffer at room temperature (TX-
ins) or at 96 °C (TX-ins + heat), and subjected to western blot. The protected
cytoplasmically disposed fragments of partially digested molecules (fragment 1 and
2) as well as intact molecules (full-length) were detected with an antibody
recognizing the intracellular domain of N-cadherin. In total neuronal lysates,
stimulation (K) induced the increment of the protected full-length N-cadherin and
the partially protected fragment 1. In Triton-treated lysates, full-length molecule
was not detectable, but the partially protected fragment 1 was increased after the
synaptic stimulation.
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experiments, specific binding proteins were identified by subtract-
ing control IgG-bound items from N-cadherin-bound items
(Table 2).

3.2. Actin cytoskeleton-associated proteins

In addition to immunoglobulin and N-cadherin, two major
bands of about 102 and 97 kDa were co-immunoprecipitated and
these were identified as aN- and B-catenins, respectively (Table 1,
band 7-8). The carboxyl-terminus of N-cadherin is known to be
linked to actin cytoskeleton bridged with B- and o-catenins as well
as through interactions with various actin-binding proteins such as
spectrins (Nelson et al., 1990; Pradhan et al., 2001) and actinins
(Knudsen et al., 1995; Nieset et al., 1997). Our results confirmed
this as band 2 contained abundant o~ and B-spectrins and band 7
contained a-actinin-4 (Table 1). It should be noted that spectrins
showed some non-specific binding to the control IgG. However,
the intensity of band 2, which mainly contained spectrins, was
much higher for N-cadherin than the control IgG (Fig. 2), suggest-
ing that the binding was at least in part specific.

In the shotgun analyses, we identified a- and B-subunits of Na*/
K*-ATPase (Table 2). In epithelial cells Na*/K*-ATPase is known to
link plasma membrane to the cortical actin filament network
through ankyrin and spectrins (Koob et al., 1988; Morrow et al.,,
1989; Nelson and Veshnock, 1987). More directly, McNeill and col-
leagues have demonstrated that uvomorulin (E-cadherin) recruits
Na*/K*-ATPase and spectrin to the basolateral membrane in a cyto-
plasmic ‘domain-dependent manner (McNeill et al., 1990). We
could not determine whether the linkage of N-cadherin to Na*/
K*-ATPase exists in neurons or only in glial cells because Na*/K*-
ATPase was only found in hippocampal extracts and not in cultured
neuronal extracts. We also found a-integrin in band 5 (Table 1). A
transmembrane cell adhesion molecule, a-integrin, forms a hetero-
dimer with B-integrin, which in turn binds to o-actinin (Otey et al.,
1990). Taken together, N-cadherin anchors the cortical actin-asso-
ciated network involving o~actinin and spectrins, which bridge to
other membrane anchor molecules such as integrins and Na*/K*-
ATPase (Fig. 3A).

3.3. Intermediate filament-associated proteins

Plakoglobin (also known as junction plakoglobin or y-catenin)
was originally identified as a desmosome component, where it
can bind to the cadherin family member, desmoglein I (Mathur
et al,, 1994). The primary structure of plakoglobin shows a close
relationship with B-catenin and, in fact, plakoglobin associates
with classic cadherins such as N-cadherin (Sacco et al., 1995).
Although plakoglobin can anchor classic cadherins via o-catenin
to actin in adherens junctions, it loses this ability when incorpo-
rated into desmosomes. This specificity is achieved by mutually
exclusive interactions of plakoglobin with o-catenin and desmo-
somal cadherins (Chitaev et al., 1998). On the other hand, the bind-
ing of B-catenin and plakoglobin to the common N-cadherin
cytoplasmic domain in a mutually exclusive manner (Nathke
et al,, 1994) raises the possibility of competition between these
proteins for N-cadherin. For example, high expression of exoge-
nous plakoglobin can efficiently displace endogenous B-catenin
from adherens junctions (Sacco et al., 1995; Salomon et al.,
1997). Similarly, in plakoglobin-knockout mice, B-catenin is incor-
porated into desmosomes, which are normally devoid of this pro-
tein (Bierkamp et al., 1999).

In the present study, in addition to B-catenin (band 8), plakoglo-
bin was simultaneously bound to N-cadherin (band 10) (Table 1).
This finding was confirmed in hippocampal shotgun analysis
(Table 2). Furthermore, desmoplakin, which serves as a bridge
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Table 1

Proteins identified in SDS-gel bands with applied N-cadherin-immunoprecipitate.
Description Mascot score Accession? Confirm®
Band 1
DYHC1; cytoplasmic dynein 1 heavy chain 1 98.26 729378 Ref.
Band 2
SPTA2; spectrin alpha chain, brain 190.27 17380501 Ref.
Non-erythrocyte beta-spectrin 10.15 13430206 Ref.
Sptbn1 protein 10.14 60422766 Ref.
Band 3
Protein for IMAGE:9026960; sperm-associated antigen 9 28.20 197245955 CR
Sperm-associated antigen 9 10.16 157819127 CR
Band 4
Clathrin, heavy chain (Hc) 180.28 9506497 NS
CADH2; cadherin-2; neural cadherin; N-cadherin; CD325 50.26 13431334 -
Protein for IMAGE:9026960; sperm-associated antigen 9 10.23 197245955 CR
Similar to tripartite motif protein 33 20.22 62644337 CR
Band 5
rCG36779; ARVCF 50.27 149019791 Ref.
CADH2; cadherin-2; neural cadherin; N-cadherin; CD325 30.24 13431334 -
Amphiphysin 10.18 11560002 ND
Integrin alpha chain 10.12 56393 ND
Catenin (cadherin-associated protein), alpha 2 10.07 157817081 Ref.
Pumilio homolog 1 10.10 157822487 ND
Band 6 .
DDB1; DNA damage-binding protein 1 50.32 81868411 NS
Catenin (cadherin-associated protein), alpha 2 140.28 157817081 Ref.
Catenin (cadherin-associated protein), alpha 1, 102 kDa 34.23 55742755 Ref.
Damage-specific DNA-binding protein 1 10.17 149062405 NS
Phosphorylase kinase, beta 10.16 62079039 ND
Band 7
Catenin (cadherin-associated protein), alpha 1, 102 kDa 320.35 55742755 Ref.
Catenin (cadherin-associated protein), alpha 2 200.29 157817081 Ref.
B39529 cadherin-associated protein, 102 K - rat (fragments) 10.24 92036 Ref.
Similar to catenin delta-2 (NPRAP) (neurojungin) 10.24 109464562 Ref.
rCG38081 (tRNA-binding, unknown function) 8.12 149055468 ND
Alpha-actinin 4 10.16 6636119 Ref.
Beta-catenin 10.16 46048609 Ref.
Band 8
Beta-catenin 338.34 46048609 Ref.
Catenin (cadherin-associated protein), alpha 1, 102 kDa 30.22 55742755 Ref.
Catenin (cadherin-associated protein), alpha 2 22.15 157817081 Ref.
Cadherin-associated protein, 102 K (fragments) 10.24 92036 Ref.
Valosin-containing protein 10.20 17865351 ND
Proteasome (prosome, macropain) 26S subunit, non-ATPase, 2 10.23 72255509 ND
Band 9
Beta-catenin 148.29 46048609 Ref.
Catenin (cadherin-associated protein), alpha 1, 102 kDa 20.20 55742755 Ref.
Cadherin-associated protein, 102 K (fragments) 10.22 92036 Ref.
Catenin (cadherin-associated protein), alpha 2 30.18 157817081 Ref.
Band 10
Heat shock protein 90, alpha (cytosolic), class A member 1 30.26 28467005 ND
Junction plakoglobin 50.28 41529837 Ref.
Beta-catenin 50.25 46048609 Ref.
TNF-receptor-associated protein 1 10.22 84781723 DN
Annexin A2 10.17 9845234 ND
Dsp protein; desmoplakin 10.15 67678070 Ref.
Band 11
Grp75 (DnakK, HSP9) 30.19 1000439 ND
HNRPM; heterogeneous nuclear ribonucleoprotein M 40.21 71152132 ND
DnaK-type molecular chaperone hsp72-ps1 50.19 347019 ND
Beta-catenin 10.21 46048609 Ref.
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Table 1 (continued)

Description Mascot score Accession® Confirm®
Band 13

Actin, beta-like 2 12.18 157823033 ND
PREDICTED: similar to cellular repressor of E1A-stimulated genes 2 8.07 109485991 ND
Band 14

Syntaxin 1B2 20.20 6981600 DN
Glyceraldehyde-3-phosphate dehydrogenase 40.20 8393418 DN
Apolipoprotein E 10.15 162287337 ND
PREDICTED: similar to glyceraldehyde-3-phosphate dehydrogenase 10.13 62657298 DN
Hypothetical protein LOC301563 (mitochondrial fission factor) 10.11 84781650 ND
Band 15

G chain G, rat liver F1-Atpase 30.20 6729936 ND
Vacuolar H + ATPase E1 10.16 38454230 ND
14-3-3 epsilon 40.21 5803225 DN
Band 16

AF370442_1 LEK1 14.14 14091667 Ref.

2 Genbank Accession Number.

b NS, found non-specific in further experiments; CR, cross reactivity by anti-N-cadherin antibody; DN, binding was denied in further experiments; Ref, confirmed literally;

ND, not determined.

Table 2

Proteins identified in shotgun analyses by subtracting IgG-bound items from anti-N-cadherin antibody-bound items.
Description Mascot score Accession® Confirm®
Cadherins
Cdh2 cadherin-2 140.28 12558 -
Cdh2 cadherin 2 precursor 20.21 12558 -
Cdh4 cadherin-4 10.12 12561 Ref.
Catenins
Ctnnb1 catenin beta-1 210.35 12387 Ref.
Ctnna2 isoform 1 of catenin alpha-2 110.30 12386 Ref.
Ctnna2 isoform 2 of catenin alpha-2 10.22 12386 Ref.
Ctnnd2 isoform 1 of catenin delta-2 50.21 18163 Ref.
Jup junction plakoglobin 20.25 16480 Ref.
Cytoskeletal/membranous
Actr3 actin-related protein 3 10.16 74117 Ref.
Spna2 spectrin alpha 2 10.18 20740 Ref.
Atp1b1 sodium/potassium-transporting ATPase subunit beta-1 10.19 11931 Ref.
Atp1a3 sodium/potassium-transporting ATPase subunit alpha-3 10.16 232975 Ref.
Unknown
BC005561 cDNA sequence BC005561 10.12 100042165 ND
Non-specific
Spag9 isoform 2 of C-jun-amino-terminal kinase-interacting protein 4 50.24 70834 CR
Trim33 isoform alpha of E3 ubiquitin-protein ligase TRIM33 10.18 94093 CR

@ Genbank Accession Number.

b CR, cross-reactivity with anti-N-cadherin antibody; Ref, confirmed literally; ND, not determined.

between plakoglobin and intermediate filaments in desmosomes
(Kowalczyk et al., 1997; Schmidt et al.,, 1994; Smith and Fuchs,
1998), was also found in band 10 (Table 1). In the case of chick op-
tic tectum, B-catenin and plakoglobin are enriched at synapses and
associated with N-cadherin, but they are differentially distributed
forming mutually exclusive complexes (Miskevich et al., 1998).
Taking this into account, we speculate that plakoglobin/desmopla-
kin complex might tether intermediate filaments to a certain sub-
set of synaptic junctions whose adhesion is mediated by N-
cadherin (Fig. 3B).

3.4. Proteins tethering microtubules

In our immunoprecipitate, there was abundant cytoplasmic dy-
nein heavy chain 1 in band 1 (Table 1). In addition, band 16 in-
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cluded LEK1/CENPF/mitosin, which is known to associate with
dynein bridged with NudE1/LIS1 (Soukoulis et al., 2005). It has
been reported that cytoplasmic dynein binds to B-catenin at the
cell cortex where E-cadherin forms adherens junction with the
neighboring cell (Ligon et al., 2001). Microtubules (MT) are teth-
ered by this cadherin-p-catenin-dynein complex at the adherens
junction and facilitate junction assembly (Ligon and Holzbaur,
2007). It has also been proposed that LIS1 interacts with IQGAP1,
a B-catenin-binding partner, and a Rho-family GTPase Cdc42 in a
calcium-dependent manner (Kholmanskikh et al., 2006).
Transportation of N-cadherin to plasma membrane is consis-
tently dependent on MT networks as well as MT-based motors
(Mary et al,, 2002; Teng et al., 2005). Recent studies have shown
that MT plus-ends terminate at the adherens junctions of
mammary tumor cells and that MT depolymerization causes
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Fig. 2. Immunoprecipitation from the Triton X-100 extracts of cultured rat
hippocampal neurons. (A) Silver staining. (B) Sypro Ruby staining. Numbers
correspond to the bands excised and subjected to in-gel digestion~-LC-MS/MS
(Table 1).

disorganized accumulation of E-cadherin in these cells (Stehbens
et al., 2006), as observed earlier with other cells (Waterman-Storer
et al., 2000). The M-cadherin-catenin complex also interacts with
MTs (Kaufmann et al., 1999). Although most of these studies sug-
gest that MT plus-ends interact with cell junctions, one study re-
ported that N-cadherin-mediated adhesion stabilizes the minus-
ends (Chausovsky et al.,, 2000). There is another study which
showed that adherens junction is tethered via PLEKHA7/Nezha to
MT minus-ends (Meng et al., 2008). Our data suggest that, in hip-
pocampal neurons, N-cadherin is more dominantly tethered to MT
plus-ends via B-catenin-dynein than to minus-ends.

MTs have not been considered as being able to enter dendritic
spines or to play a role in spine development or dynamics, proba-
bly because of dynamic instability at the plus-end within spines.
Recent advances in imaging techniques for visualizing MTs in liv-
ing neurons, however, have revealed that MTs transiently invade
into and, therein, are involved in activity-induced spine dynamism
and spine development (Gu et al., 2008; Hu et al,, 2008). These
transient invasions of MTs are correlated with the transient emer-
gence of protrusions on spine heads (transient spine head protru-
sion: tSHP) (Hu et al, 2008). Interestingly, inactivation of
N-cadherin activity in dendritic spines drastically enhances the
protrusions of activity-induced tSHPs, as we have previously ob-
served (Okamura et al., 2004). This seems to be consistent with
the idea that the N-cadherin-B-catenin-dynein complex tether
MT plus-ends and regulate the growth of MTs in the close proxim-
ity to synaptic junctions. Taken together, the co-ordination of
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Microtubule

Fig. 3. Models of N-cadherin-associated cell machineries connected to cytoskeletal
elements.

F-actin and MT at the N-cadherin-mediated synaptic junction is
important for activity-induced remodeling of synaptic junctions
(Fig. 3C) (Okamura et al., 2004).

3.5. p120ctn family at the juxta-membrane domain

p120ctn family proteins, which bind to the juxta-membrane
cytoplasmic domain of classic cadherins, serve as another path-
way connected to MTs in non-neuronal tissues (Chen et al,
2003; Franz and Ridley, 2004; Ichii and Takeichi, 2007; Yanagisa-
wa et al, 2004). Among various p120ctn family members,
p120ctn/31-catenin is involved in synapse development (Elia
et al.,, 2006) and is expressed in cultured hippocampal neurons
(Fig. 4). However, N-cadherin-immunoprecipitate did not include
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Fig. 4. Immunoprecipitation of p120ctn. Neuronal lysate was immunoprecipitated
with anti-p120ctn antibody (p120) or control IgG (C). Ten percent of the lysate (Ly)
and flow through (Sup) were also electrophoresed. The transferred membrane was
probed with both anti-N-cadherin and anti-p120ctn antibodies.

p120ctn in either in-gel digestion or shotgun analyses (Tables 1
and 2). Western blot following the immunoprecipitation of
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p120ctn also failed to detect N-cadherin (Fig. 4). On the other
hand, ARVCF and NPRAP (neurojungin, §2-catenin) were found
in bands 5 and 7, and in the results of shotgun analysis (Tables
1 and 2). Other family members, plakophilins 1-3 and p0071
(plakophilin 4) were not found. These results are reasonable in
that 82-catenin has been shown to be important for cognitive
and synaptic function (Israely et al., 2004) and that learning dis-
abilities are evident in velo-cardio-facial syndrome (Shprintzen
et al., 1978; Sirotkin et al., 1997). It has also been suggested that
NPRAP is responsible for the synaptic anchorage of AMPA recep-
tor to N-cadherin (Silverman et al., 2007). An actin polymeriza-
tion protein, actin-related protein 3 (Actr3) was found in the
shotgun analysis (Table 2). It has also been reported that the
p120ctn family binds to cortactin, which in turn binds to Arp3
(Boguslavsky et al, 2007). In the Xenopus system there is an
alternative pathway that links ARVCF with spectrin via kazrin
(Cho et al.,, 2010). Taken together, ARVCF and NPRAP are the dom-
inant p120ctn family members that form complexes with N-cad-
herin in hippocampal neurons (Fig. 3C).
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N C Ly N-cad Myc IgG Y& Necad Myc  IgG
SPAGS- N L NLNTLTHNTLNTLTNTLN L
N-cad - -
SPAGY - omo omn D i ———
~175
-100
N-cad = b e F -175
C Immunoprecipitation
RIPA NP40 DOC SDS Lysate
N C N C N C N C AIPA NP DOC SDS
175
D immunoprecip. Sup Sup E Immunoprecipitation
Ca-Pl NP40 Ca-Phi NP40 N-cad Myc igG Ly
T33 C T33 C T33 C Ly 733 C Ly N L NLNTLNTL
: . -175
TRIM33 = s =175 TRIM33 =
100 - =100

=175

=100

N-cad =«

Fig. 5. False positive cases due to the cross-reactivity of anti-N-cadherin antibody were ruled out by rigorous examination. (A) N-cadherin was immunoprecipitated from
neuronal lysate and immunoblotted for SPAG9 (top) and N-cadherin (bottom). Immunoprecipitate with anti-N-cadherin antibody (N), with control IgG (C), and 10% of lysate
(Ly) were applied. (B) L929 fibroblast cells (L) and those stably transfected with myc-tagged N-cadherin (N) were extracted and immunoprecipitated with anti-N-cadherin (N-
cad), anti-myc-tag (myc) antibodies, and control IgG (IgG). The immunoprecipitates, total cell lysates and flow through (supernatant) were immunoblotted with anti-SPAG9
(top) and anti-N-cadherin (bottom) antibodies. (C) Neurons were extracted and immunoprecipitated in the indicated buffer conditions: RIPA (20 mM Tris-HCl (pH 8.0),
150 mM NaCl, TmM EDTA, 1% Nonidet P-40, 0.5% sodium deoxycholate, 0.1% SDS, 10 pg/ml leupeptin, 10 pg/ml pepstatin A, 1pg/ml aprotinin, and 0.2 mM
phenylmethylsulfonyl fluoride); NP40 (same without sodium deoxycholate or SDS); DOC (without SDS); SDS (without sodium deoxycholate). The immunoprecipitate
with anti-N-cadherin antibody (N), with control 1gG (C), and 10% of total lysate were immunoblotted with anti-TRIM33 antibody. (D) Neurons were extracted and
immunoprecipitated with anti-TRIM33 antibody in Ca-Pl-lysis buffer or NP40 buffer. The immunoprecipitate with anti-TRIM33 antibody (T33), with control IgG (C), flow
through (Sup), and 10% of total lysate (Ly) were immunoblotted with anti-TRIM33 antibody (top) and anti-N-cadherin antibody (bottom). E, L929 fibroblast cells (L) and those
stably transfected with myc-tagged N-cadherin (N) were extracted and immunoprecipitated with anti-N-cadherin (N-cad), anti-myc-tag (myc) antibodies, and control igG
(IgG). The immunoprecipitates and total cell lysates (Ly) were immunoblotted with anti-TRIM33 antibody (top) and anti-N-cadherin antibody (bottom).
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Fig. 6. Non-specific binding cases revealed by immunoblotting. Neurons were
extracted and immunoprecipitated in the indicated buffer conditions. The immu-
noprecipitate with anti-N-cadherin antibody (N), with control I1gG (C), and 10% of
total lysate were immunoblotted with anti-clathrin heavy chain (A) and anti-DDB1
(B) antibodies.

3.6. Implications for the interactions with specific membrane
compartments

Band 10 contained annexin A2, a calcium-dependent membrane-
associated protein complexed with p11 (Table 1). In HUVEC cells, the
annexin A2/p11 heterotetramer complex, which accumulates
underneath the plasma membrane at cholesterol raft sites, is associ-
ated with VE-cadherin, although there was no association with N-
cadherin (Heyraud et al., 2008). This interaction is probably involved
in the stabilization of cadherin-catenin complex at the forming
adherens junction. The binding of annexin A2 to N-cadherin found
in the present setting therefore suggests that synaptic dynamism
involves the stabilization and destabilization of the synaptic junc-
tion via interaction with the lipid raft-associated cell machinery.

Furthermore, the inclusion of amphiphysin, a BAR domain pro-
tein to form membrane curvature, may reflect the involvement of
N-cadherin in the curved membrane such as that of the endosome
(Table 1, band 5). A Caenorhabditis elegans F-BAR domain protein
SRGP-1 is also reported to co-localize with cadherin—catenin com-
plex (HMR-1 and HMP-1) in the adherens junction and SRGP-1
loss-of-function results in a compromised cadherin-catenin com-
plex (Zaidel-Bar et al., 2010).

3.7. Assessment of unreported proteins

In addition to the previously reported N-cadherin-binding part-
ners, there were several proteins that were apparently specific for

N-cadherin compared to IgG control (Fig. 2A). For example, band 3
showed highly specific affinity for N-cadherin and included sperm
associated antigen 9 (SPAG9) (Table 1). SPAGY were also found in
band 4 (Table 1) and in shotgun analysis (Table 2). This apparently
specific binding of SPAG9 to N-cadherin was reproduced by immuno-
blotting following immunoprecipitation (Fig. 5A). However, immu-
noprecipitation of SPAG9 was observed from 1929 cells with or
without the expression of N-cadherin. Moreover, anti-myc tag anti-
body did not precipitate SPAG9 from the cells transfected with re-
combinant N-cadherin fused with myc-tag (Fig. 5B). These data
indicate that the anti-N-cadherin antibody directly cross-reacts with
SPAGS, so there is no intrinsic association of SPAG9 with N-cadherin.

Cross-reactivity was also the case for tripartite motif protein 33
(TRIM33) found in band 4 and in shotgun analysis (Tables 1 and 2).
In immunoblot analyses, the apparent binding of TRIM33 was spe-
cific and sensitive to ionic detergent treatment, such as sodium
deoxycholate and SDS (Fig. 5C and D). Immunoprecipitation of
1929 cells with or without N-cadherin-myc revealed that the
anti-N-cadherin antibody was directly bound to TRIM33 (Fig. 5E).

Clathrin heavy chain was abundant in band 3 (Tabie 1). In the
immunoblot analysis, this binding was found to be non-specific
(Fig. 6A). Similarly, DNA damage-binding protein 1 (DDB1)/dam-
age-specific DNA-binding protein 1 found in band 6 turned out
to be non-specific (Fig. 6B). These non-specific signals were suc-
cessfully ruled out in shotgun analysis by subtracting the non-spe-
cific binders (control IgG) from the specific binders.

Band 14 included syntaxin 1B2 and glyceraldehyde-3-phosphate
dehydrogenase, and band 10 included TNF receptor associated pro-
tein 1 (TRAP1) (Table 1). The co-immunoprecipitation of these pro-
teins has not been detectable in our immunoblottings so far (Fig. 7).

3.8. Dynamism of the adhesion complex upon synaptic stimulation

N-cadherin expressed in developed brain is distributed to spe-
cific synaptic contacts and has been implicated in the formation
and maintenance of the CNS synaptic junction (Benson and Tanaka,
1998; Fannon and Colman, 1996; Togashi et al., 2002). However, N-
cadherin in CNS is now appreciated as a dynamic regulator of syn-
aptic structure and function, responding instantly to synaptic
activity (Bozdagi et al., 2004, 2010; Jungling et al., 2006; Mendez
et al., 2010; Okamura et al., 2004; Tanaka et al., 2000). The activa-
tion of the NMDA receptor results in the dephosphorylation of p-
catenin at Tyr-654. The dephosphorylated B-catenin is recruited
to the cytoplasmic domain of N-cadherin and stabilizes it on the
cell surface (Murase et al., 2002; Tai et al., 2007). At the same time,
N-cadherin itself shows stabilized conformation as demonstrated
by its super-resistance to extracellular trypsin and its stable dimer
in SDS-gels (Tanaka et al., 2000). We reasoned that such a change
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Fig. 7. Non-reproducible cases in immunoblotting. Neurons were extracted and immunoprecipitated with anti-N-cadherin antibody. The immunoprecipitate with anti-N-
cadherin antibody (N), with control IgG (C), 10% of total lysate (Ly), and flow through (Sup), were immunoblotted with anti-syntaxin 1 (A, top), anti-N-cadherin (A, middle),

anti-GAPDH (A, bottom), and anti-TRAP1 (B) antibodies.

223



H. Tanaka et al. / Neurochemistry International 61 (2012) 240-250 249

N-cadhetin = ,
- 116

g-catenin =
B-catenin = 97
|

66

lgH-

45

- 31

Fig. 8. Synaptic stimulation induces a change in the profile of N-cadherin
immunoprecipitates. Control (left) or depolarized (50 mM K*, 15 min; right) rat
hippocampal neurons were extracted with Ca-Pl lysis buffer and immunoprecip-
itated with anti-N-cadherin antibody. IgH: Immunoglobulin heavy chain. Arrow-
head indicates a band specifically intensified in the stimulated neurons.

in N-cadherin conformation accompanies alterations of N-cad-
herin-binding proteins.

The immunoprecipitation of N-cadherin from neurons depolar-
ized for 15 min showed a stronger 93-kDa band than from non-stim-
ulated neurons (Fig. 8). This band corresponded to band 9, which
included a shorter variant of a2-catenin and a fragment of B-catenin
(Table 1). It has been reported that NMDA-receptor activation yields
an increase in shorter B-catenin immunoreactivity around this
molecular size (85 kDa) via the cleavage of full-length B-catenin
by activated calpain (Abe and Takeichi, 2007). Although the cal-
pain-cleaved B-catenin fragment is released from N-cadherin, the
93-kD B-catenin maintained its association with N-cadherin under
our experimental conditions, probably because it maintains the
binding domain to N-cadherin. Our immunoprecipitation buffer
contained 1% Triton X-100, but without any ionic detergent, and
was mild enough to maintain relatively weak protein-protein inter-
actions. N-cadherin-binding domain is consistently preserved in the
N-terminal-truncated fragment (Kemler, 1993; Sacco et al., 1995);
calpain cleaves the N-terminal 28-30 amino acid fragment of
B-catenin (Abe and Takeichi, 2007). The significant enhancement
of truncated B-catenin observed in silver-stained gel suggests that
the regulation of N-cadherin adhesivity by this modification of
B-catenin is a major mechanism underlying synaptic remodeling.
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Glucocorticoid-induced TNF receptor-triggered T cells
are key modulators for survival/death of neural
stem/progenitor cells induced by ischemic stroke

M Takata>®, T Nakagomi®®, S Kashiwamura®®, A Nakano-Doi', O Saino', N Nakagomi', H Okamura?, O Mimura®, A Taguchi®
and T Matsuyama*'

Increasing evidences show that immune response affects the reparative mechanisms in injured brain. Recently, we have
demonstrated that CD4 T cells serve as negative modulators in neurogenesis after stroke, but the mechanistic detail remains
unclear. Glucocorticoid-induced tumor necrosis factor (TNF) receptor (GITR), a multifaceted regulator of immunity belonging to
the TNF receptor superfamily, is expressed on activated CD4 * T cells. Herein, we show, by using a murine model of cortical
infarction, that GITR triggering on CD4* T cells increases poststroke inflammation and decreases the number of neural stem/
progenitor cells induced by ischemia (INSPCs). CD4 * GITR * T cells were preferentially accumulated at the postischemic cortex,
and mice treated with GITR-stimulating antibody augmented poststroke inflammatory responses with enhanced apoptosis of
iNSPCs. In contrast, blocking the GITR-GITR ligand (GITRL) interaction by GITR-Fc fusion protein abrogated inflammation and
suppressed apoptosis of INSPCs. Moreover, GITR-stimulated T cells caused apoptosis of the iNSPCs, and administration of
GITR-stimulated T cells to poststroke severe combined immunodeficient mice significantly reduced iNSPC number compared
with that of non-stimulated T cells. These observations indicate that among the CD4 " T cells, GITR " CD4 ™ T cells are major
deteriorating modulators of poststroke neurogenesis. This suggests that blockade of the GITR-GITRL interaction may be a novel
immune-based therapy in stroke.
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and functional recovery,™ %" these findings emphasize on
the link between CD4*'T cells and survival of iINSPCs.
However, the mechanistic details and the subpopulation of
CD4*T cells responsible for acting as negative regulators in

Brain injury induces acute inflammation, thereby exacerbating
poststroke neuronal damage.'™ Although central nervous
system (CNS) is known for its limited reparative capacity,
inflammation is a strong stimulus for reparative mechanisms

including activation of neurogenesis. However, the latter
results in low survival of newly generated neural stem cells.®
These findings indicate the relevance of endogenous
regulatory and/or environmental factors for survival and
differentiation of neural stem cells.

In a murine model of cerebral ischemia, we have detected
neural stem/progenitor cells induced by ischemia (ischemia-
induced neural stem/progenitor cells; INSPCs) in the post-
stroke cerebral cortex.® More recently, we have observed
spontaneous accelerated repair in severe combined immuno-
deficient mice (SCID) compared with immunocompetent
wild-type controls,” and have demonstrated that CD4* T cells
serve as negative regulators in the survival of INSPCs.®
Together with previous reports supporting the importance of
the role of T cells in regulating poststroke inflammation'?°

CNS repair remain unclear.

Glucocorticoid-induced tumor necrosis factor (TNF) recep-
tor (GITR)-related protein that was originally cloned in a
glucocorticoid-treated hybridoma T-cell line'® is a protein
belonging to the TNF receptor superfamily. It is expressed at
basal levels in responder resting T cells, with CD4 " T cells
including CD4 " CD25* T cells (regulatory T cell, Treg) having
a higher GITR expression than CD8*T cells.”® When the
T cells are activated, GITR is strongly upregulated in responder
CD4*T cells. In this situation, the stimulatory effect of
responder T cells was more activated'®'* and the suppres-
sing effect of Treg was completely abrogated,® leading to a
more enhanced immune/inflammatory response.’® In the
CNS, it has been reported that blocking of the GITR-GITR
ligand (GITRL) interaction protected spinal cord injury from
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Figure 1 T-cell infiltration into the ischemic area of the poststroke brain. Immunchistochemistry for CD3 cells (T cells; (a) B: ischemic area and C: contralateral cortex)
and CD4 ™ T cells (d—i) infiltrated into the postischemic cortex 3 h (b and c), 1 day (d) and 7 days (g) after stroke. CD3 ™ T cells were positive for CD4 1 day and 7 days (arrows,
d and g: CD3; e and h: CD4; f and i: merged, nuclei were counterstained with DAPI) after stroke. Arrowheads indicate CD4~ T cells (f and i). (b~i) Scale bar: 100 um

the inflammatory response,'® whereas GITR triggering
worsened experimental autoimmune encephalomyelitis while
stimulating autoreactive CD4 * T cells.'” These observations
lead us to hypothesize that GITR triggering on T cells may
serve as a negative regulator for CNS repair after cerebral
infarction.

In this study, we demonstrated for the first time that GITR
triggering on T cells following ischemic siroke enhanced
poststroke inflammation and cell death of INSPCs. Adminis-
tration of GITR—Fc fusion protein markedly suppressed these
responses. In addition, GITR-triggered T cells directly induced
apoptosis of INSPCs in vitro. Our current results show that
activated GITR™T cells acted as negative modulators for
CNS restoration, indicating that blockade of the GITR-GITRL
interaction can be a novel sirategy for treating ischemic
stroke.

Results

Infiltration of CD4*GITR™T cells into the ischemic
cortex after stroke. Immunohistochemistry (Figures 1a—c)
revealed that CD3* cells (T cells) appeared to infiltrate the
ischemic region as early as 3h after stroke (Figure 1b) and
were observed continuously during the poststroke period
(Figures 1d and g). The T cells were rarely observed at
nonischemic ipsilateral or contralateral cortex (Figure 1c).
Most T cells in the ischemic region (~70% of T cells) were
CD4 positive (Figures 1d-i), indicating that CD4*T cells
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predominantly infiltrate the poststroke cortex. However,
GITR-positive cells were not found in the ischemic region
at 6h after stroke (Figure 2a), whereas a number of T cells
were detected at the same region (Figures 2b and c¢). This
indicates that GITR was not expressed in the infilirated
T cells at early poststroke period. GITR-expressing cells
started to appear at 24 h after stroke and gradually increased
in number. At 7 days post stroke, a number of CD3* T cells
co-express GITR (Figures 2d-f). Calculating the number of
infiltrated T cells in serial brain sections revealed that ~65%
of CD4*T cells were GITR positive, indicating that GITR™
T cells predominantly occupied the subset of CD4 " T cells at
the late poststroke period. Semiquantitative analysis for the
number of CD4™ T or GITR™ cells in the ischemic region is
shown in Figure 2g.

Predominant accumulation of CD4* GITR*T cells at the
ischemic cortex after stroke. To confirm the enhanced
expression of GITR on CD4*T cells, we assessed the
subset of T cells by FACS analysis using the cells extracted
from the ischemic cortex'® (Figures 3a and b). Consistent
with the previous report, the brain extract contained
substantial amount of mononuclear cells (Figure 3b) and
FACS analysis detected a distinct subset of lymphocytes that
had infilirated the ischemic cortex (Figures 3c—f). We
detected about 20% CD4*T cells extracted from the
infarcted brain tissue. We at first gated CD3% cells and
then analyzed CD25 to characterize the corresponding
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Figure 2 GITR-positive T-cell infiltration into the ischemic area of the poststroke brain. Immunohistochemistry for GITR ™ T (a~f) cells infiltrated into the postischemic
cortex 6 h (a—c) and 7 days (d-f) after stroke. The T cells were negative for GITR at 6 h (a: GITR; b: CD3; ¢: merged), but appeared to be positive for GITR at 7 days (arrows, d:
GITR; e: CD3; f: merged). Arrowheads indicate GITR™ T cells (f). (a) Scale bar: 100 um. (g) Cells expressing CD3 (gray bars), CD4 (white bars) or GITR (black bars) 3 h, 6 h,
24 h, 3 days or 7 days after stroke were quantified. Results displayed are representative of three repetitions of the experimental protocol

CD4™T cells. GITR was analyzed on CD37CD4™ cells. No
significant upregulation of CD25 on T cells was observed at
days 1 and 7 after stroke (Figures 3c and e: 4.61% at day 1
and 4.06% at day 7). However, the percentage of GITR™
T cells was increased from 6.17 to 86.50%, and the surface
expression of GITR on CD4*T cells at day 7 was
significantly increased compared with that at day 1 (from
13.90 to 68.37 in mean channel value; Figures 3d and f),
indicating enhanced expression of GITR as an activation
marker for CD4" T cells.

Effects of GITR triggering on cerebral infarction. Given
that GITR triggering was involved in cerebral ischemic injury,
we decided to examine whether stimulation or inhibition of
GITR triggering affects cerebral infarction by using the same
stroke model. Mice were treated with anti-GITR agonistic
antibody (GITR-Ab: DTA-1), GITR-Fc fusion protein
(blocking the GITR-GITRL interaction) or control IgG at 3h
and 3 days after stroke. The brain was then removed 30 days
after stroke. The size of infarction in mice treated with GITR-Ab
was apparently larger than that of mice treated with GITR-Fc
(Figure 4a). Further analysis of the volume of each
hemisphere based on brain sections demonstrated a
significant decrease in the postsiroke brain volume in
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GITR-Ab mice, and a significant increase in that of
GITR-Fc mice, compared with control mice (Figure 4b).
These findings indicated that ischemic injury was enhanced
by GITR triggering, while ameliorated by its blocking.

Effects of GITR triggering on poststroke inflammation.
We had until then attempted to determine how the triggering
of GITR could affect postsiroke inflammation. As several
studies have reported that multiple cytokines modulate CNS
inflammation,>%'° the levels of IFN-y, TNF- and IL-10 were
analyzed using quantitative real-time PCR in mice 7 days
after stroke. The alteration of mRNA levels of these cytokines
within the ischemic region was confirmed (Figure 4c—e).
GITR-Ab treatment resulted in a significant elevation of
IFN-y (P<0.05) and TNF-« (P<0.05) levels, and a significant
decrease in the IL-10 level (P<0.01) compared with the
control 1gG treatment. In contrast, treatment with GITR-Fc
showed a significant decrease in IFN-y (P<0.01) and TNF-«
levels (P<0.05), and a significant increase in IL-10
level (P<0.01) compared with the control. These data
indicated that GITR triggering largely affected cerebral
ischemic injury by changing the level of poststroke
inflammation (enhancing proinflammatory cytokines and
suppressing anti-inflammatory cytokines).
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Figure 3 The analysis for the subpopulation of infiltrated cells in the ischemic area with FACS. (a) The ischemic tissue of the brain 7 days or 1 day after stroke was isolated
and pressed through a cell strainer, and was separated by Ficoll-paque plus centrifugation. The extract contains lymphocyte-like mononuclear cells, which were observed
under phase-contrast microscope. (b) FACS analysis for the subset of T cells that infilirated the ischemic cortex was performed. The acquired lymphocytes were analyzed for
CD4™" and CD25™ on CD3™ cells 1 day (¢) and 7 days (e), and for GITR on CD3 " CD4* cells 1 day (d) or 7 days (f) after siroke. The percentage of CD25™ cells was
evaluated in the total T cells (CD3 ™ cells), and that of GITR * cells was evaluated in CD4 ™ T (CD3+CD4 ™) cells extracted from the infarcted brain tissue. The mean channel
values were displayed for GITR in the CD3TCD4* celis. (d and f) Filled histogram represents GITR expression and open histogram represents isotype control
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Figure 4 Effects of GITR triggering on the poststroke brain volume and cytokine expression. (a) On day 30 after stroke, brains of mice treated with either GITR-Ab or
GITR-Fc were evaluated grossly. Areas of hatched line indicate infarct area. (b) Ipsilateral and contralateral cerebral hemisphere volume was calculated by integrating
coronally oriented ipsilateral and contralateral cerebral hemisphere area. Involution of ipsilateral cerebral hemisphere volume calculated as (ipsilateral/contralateral cerebral
hemisphere volume) confirmed a significant difference in brain volume in the poststroke hemisphere comparing the groups. (b) n=15 for each experimental group. (a) Scale
bar: 2 mm. The expression of IFN-y (c), TNF- (d) and IL-10 (e) in the ischemic tissue on day 7 after stroke was detected by quantitative real-time PCR. The relative expression
of mRNAs was represented as arbitrary unit, which was set at the level of the expression of the gene equal to 1 in the IgG-treated group using a logarithmic scale. The
significance among the treatments was calculated from the relative level of mRNA expression. (c—e) n= 4 for each experimental group. *P<0.05 and **P<0.01, GITR-Ab-
treated mice versus control lgG-treated mice; *P<0.05 and #*P<0.01, GITR-Fc-treated mice versus control IgG-treated mice

759

Cell Death and Differentiation

229



GITR modulates poststroke neurogenesis
M Takata et a/

760

GITR-Ab

Nestin/Caspase3

Nestin/Sox2

S—

Relative mRNA expreseion

lgG

d
%
H #
g
£
= 16 GITR-Ab  GITR-Fc
h
7 60 ##
fa
i .
i,
128 GITR-Ab  GITR-Fo
. k
Nestin Sox2
##
g 1.2
H
a
: *%k
sk § 05
E
L
GITR-Ab  GITR-Fc g6 GITR-Ab  GITRFe

Figure 5 Effects of GITR-Ab or GITR-Fc on survival/death of neural stem/progenitor cells. (a—d) Co-expression of nestin (red) and active caspase-3 (green; arrowheads)
was investigated 3 days after stroke at the border of the infarction. Compared with the control IgG-treated mice (a), GITR-Ab-treated mice showed an increased number of
nestin/caspase-3-positive cells (b), whereas GITR-Fc-treated mice showed fewer co-expressing cells (c). {(e~h) Co-expression of nestin (red) and Sox2 (green; arrowheads)
was investigated 7 days after stroke. Few cells co-expressing nestin and Sox2 were observed in GITR-Ab-treated mice (f), whereas a number of nestin/Sox2-co-expressing
cells were observed in GITR-Fc-treated mice (g). The number of nestin/caspase-3 cells (d) and nestin/Sox2 cells (h) at each period was significantly different on comparing
the groups. (d) n=23 and (h) n= 4 for each experimental group. (i-k) Expression of nestin or Sox2 was detected by conventional RT-PCR in the ischemic tissue on day 7 (i).
Compared with the control IgG-treated mice (first lane), GITR-treated mice showed decreased expression of nestin or Sox2 (second lane), whereas GITR-Fc-treated mice
showed increased expression (third lane). The relative expression was significantly different on comparing the groups (j: nestin; k: Sox2). (j) n=4 and (k) n=>5 for each
experimental group. (a) Scale bar: 100 um. **P<0.01, GITR-Ab-treated mice versus control IgG-treated mice; *P<0.05 and #P<0.01, GITR-Fc-treated mice versus

control igG-treated mice

Effects of GITR triggering on survival/death of neural
stem/progenitor cells. Inflammation is known not only as a
deteriorated factor of cerebral injury but also as a strong
stimulator of neurogenesis. As the current study has proved
that GITR triggering can regulate the inflammatory
response,'®'” we assessed the GITR-GITRL interaction,
which may contribute to neurogenesis in the infarction area.
Because we had previously showed that iINSPCs could
contribute 1o poststroke neurogenesis and that cortical
neurogenesis is related to the development of the
iINSPCs,%202! the effects of GITR-Ab or GITR-Fc on
survival/death of INSPCs were investigated by using
immunohistochemistry for nestin and active caspase-3 on
the ischemic brain sections. The nestin-positive iINSPCs
were observed at the border of the infarction as well as in the
ischemic core 7 days after stroke (see Supplementary Figure
1B, red, nestin) as described.®82° Control IgG-treated mice
appeared to have abundant nestin and active caspase-3
double-positive cells (Figure 5a, red, nestin; green, caspase-3).
The administration of GITR—Ab increased the number of
nestin/caspase-3 cells (Figure 5b), whereas that of GITR—Fc
decreased it (Figure 5¢). The number of activated caspase-3-
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positive INSPCs was significantly different among the three
groups (Figure 5d; **P<0.01, GITR-Ab versus control IgG;
#P<0.05, GITR-Fc versus control IgG). These findings
indicate that GITR triggering induced, whereas its blocking
suppressed, apoptosis of iNSPCs.

To provide further support for our hypothesis that GITR
triggering participates in iNSPC-death/survival, expressions
of nestin and Sox2 (SRY (sex determining region Y)-box 2),
neural stem cells markers,?2 were assessed by immunohisto-
chemistry (Figures 5e—h). Seven days after stroke, a
number of nestin-positive cells express Sox2, especially at
the border of infarction (Supplementary Figures 1A-D). The
administration of GITR—Ab significantly decreased the
number of nestin/Sox2 double-positive cells (Figures 5f and
h; P<0.01 versus control IgG), whereas the administration of
GITR—Fc increased them (Figures 5g and h; P<0.01 versus
control IgG). These findings were confirmed by conventional
reverse transcription (RT)-PCR (Figures 5i—k) using mRNA
extracted from the infarcted cortex (Figure 5i). Relative
expressions of nestin and Sox2 were attenuated by
GITR-ADb treatment, and enhanced by GITR-Fc treatment
(Figures 5j and k; P<0.01, among the three groups).



T cell [GITR-Ab(+)]

Nestin/Sox2

e 1 2 3

Sox2

Relative mRNA = =n
expression

GAPDH

PBS

PBS GITR-Ab GITR-Ab
LH 6
CB17-T cell

T cell [GITR-Ab(+)]

et

Nestin/BrdU

Nestin

GITR modulates poststroke neurogenesis
M Takata et a/

T cell [GITR-Ab(-)]

Q.

D ©
o =1

Nestin+Sox2+cells
(fmm2)
8

o

PBS GITR-Ab GITR-Ab
+) )
CB17-T cell
g Sox2
< 1.4
£8
@ %%k
g 807
= Q
O X
o @
GITR-Ab  GITR-Ab T,
+) ) PBS  GITR-Ab GITR-Ab
CB17-T cell +) ©
CB17-T cell
T cell [GITR-Ab(-)] K
i o 15
5
%_ 10
28
2]
i -
H
2 0

PBS GITR-Ab(+) GITR-Ab(-)
CB17-T cell

Figure 6 Effects of administration of T cells friggered by GITR on survival/death of neural stem/progenitor cells. (a-d) Co-expression of nestin (red) and Sox2 (green;
arrowheads) was investigated 7 days after stroke in SCID mice, which were injected with T cells. Compared with the PBS-injected control mice (a), mice treated with GITR-
stimulated T cells showed significantly less nestin/Sox2-positive cells (b), whereas mice treated with non-stimulated {control-IgG stimulated) T cells showed no difference
compared with the control (c). (d) n= 6, 3 and 3 for PBS-, GITR-stimulated T cell and non-stimulated T cell-treated groups, respectively. Expression of nestin or Sox2 detected
by conventional RT-PCR in the ischemic tissue on day 7 (e) was significantly decreased after treatment with GITR-stimulated T cells (e: second lane) compared with control
(PBS; e: first lane) or non-stimulated T-cell treatment (e: third lane; f: nestin; g: Sox2). (f and g) n=>5 for each experimental group. (h-k) The number of proliferated neural
stem/progenitor cells evaluated with anti-nestin (red) and anti-BrdU (green) antibodies (arrowheads) on day 7 was significantly decreased after treatment with GITR-stimulated
T cells (i), compared with control (h) or non-stimulated T cell-treatment (j). Quantitative analysis confirmed the decreased number of nestin/BrdU-positive cells in GITR-
stimulated T-cell-treated mice, compared with the other two groups (k; n=5 for each experimental group). **P<0.01 versus PBS- or non-stimulated T cell-treated

(GITR-Ab(—)/CB-17 T cell) mice. (a and h) Scale bar: 50 um

Effects of GITR-stimulated T cells on survival/death of
neural stem/progenitor cells. As the ischemic insult
enhanced the expression of GITR on infiltrated CD4%
T cells (Figures 1-3) and GITR triggering disrupted iINSPCs
in poststroke mice (Figure 5), we next investigated whether
GITR-triggered, activated CD4* T celis could affect survival/
death of INSPCs. Activation of CD4* T cells by ligation of
GITR has been reported previously,'” and we also confirmed
enhanced expression of GITR on CD4 ™ T cells by GITR-Ab
(DTA-1; see Figure 8d; lanes 3, 4). Initially, to confirm
infiltration of the administered T cells into the ischemic area,
T cells extracted from the green fluorescence protein-
transgenic (GFP-Tg) mice were injected into SCID mice
2 days after stroke as described previously.”?° Five days
after administering, the GFP-positive T cells migrated
selectively into the infarction area of the postsiroke brain
(Supplementary Figure 2). Next, we injected T cells of CB-17
mice (either stimulated or non-stimulated by GITR-Ab) as
described above, and examined the expressions of nestin/
Sox2 double-labeled cells 5 days after injection by
immunohistochemistry (Figures 6a—d). In accordance with
our previous report,® poststroke SCID mice with PBS
injection (control) expressed a greater number of nestin/
Sox2-positive INSPCs than CB-17 mice (compare Figure 6d
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with Figure 5h). The administration of GITR-stimulated
T cells significantly decreased the number of nestin/Sox2
cells (Figures 6b and d; P<0.01), whereas non-stimulated
T cells had no significant effect (Figures 6¢c and d). These
findings were confirmed by conventional RT-PCR analysis
(Figure 6e). Relative expressions of both nestin and Sox2
were attenuated by administration of GITR-stimulated T cells
but not by non-stimulated T cells (Figures 6f and g). The
proliferation of INSPCs was also evaluated by labeling of
nestin-positive cells with bromodeoxyuridine (BrdU), as per a
previous report.® GITR-stimulated T cells significantly
decreased the number of BrdU-labeled nestin-positive cells
compared with PBS treatment as a control (Figures 6i and k;
P<0.01), whereas non-stimulated T cells had no significant
effect (Figures 6j and k). These findings indicate that GITR-
triggered, activated CD4*T cells, but not non-stimulated
T cells, affect survival/death of INSPCs after stroke.

In vitro effects of TNF-« and Fas ligand on apoptosis of
neural stem/progenitor cells. To determine how activated
CD4*T cells ligated by GITR affect survival/death of
iINSPCs, a cell death assay was performed using cultured
neurospheres consisting of iINSPCs (Figure 7a). It is well
known that some neural stem/progenitor cells undergo
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TNFR-1 (red; b) and Fas (red; ¢) were virtually observed (DAPI, blue). Incubation with TNF-o: (d) or Jo-2 (e) induced collapse of cell clusters with expression of a marker of
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apoptosis, with expression of multiple cell death signals such
as TNF receptor-1 (TNFR-1)2® and Fas.® Consistent with
these studies, we confirmed expression of TNFR-1
(Figure 7b) and Fas (Figure 7c) on iINSPC neurospheres.
The neurospheres were incubated with Dulbecco’s modified
Eagle’s medium (DMEM) containing TNF-« or agonistic Fas
antibody (Jo-2) for 24 h, and their apoptosis was analyzed by
Annexin V staining and active caspase-3 assay. As
expected, TNF-o induced apoptosis of neurosphere cells
(Figure 7d; green: Annexin V, red: PE). The activity of
caspase-3 in the apoptotic neurosphere was increased dose
dependently by TNF-o (Figure 7g). Jo-2 also induced
apoptosis of neurospheres (Figure 7e), with a significant
increase in caspase-3 activity (Figure 7h). Because iNSPCs
neurosphere do not express GITR (Figure 7f), it is not likely
that GITR signaling regulates death-receptor-induced
apoptosis directly in INSPCs. Accordingly, neither GITR-Ab
nor GITR-Fc activaied caspase-3 on the neurospheres
(Figure 7i). These findings suggest that the death signaling
pathway may be stimulated either directly or indirectly by
activated CD4*T cells ligated by GITR. Moreover, these
results also prove that the triggering of GITR directly have no
effect on apoptosis of INSPCs.

Effect of GITR-stimulated Gld-T cells on survival/death
of neural stem/progenitor cells. To assess the action
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of activated T cells, neurospheres were incubated with
T cells (either GITR stimulated or non-stimulated) for 24 h
(Figures 8a and b). Consistent with previous studies,'®?*
T cells stimulated by GITR—Ab showed upregulation of Fas
ligand (FasL) expression (Figures 8c and d; lanes 3 and 4) as
well as GITR expression (Figure 8d; lanes 3 and 4). Annexin V
staining showed that neurospheres coincubated with
GITR-stimulated T cells underwent apoptosis (Figure 8a),
but those with non-stimulated T cells did not (Figure 8b). This
result strongly suggested a role of FasL expressed on T cells
in the INSPCs apoptosis. Because nestin-positive iINSPCs
were frequently observed in close association with
endothelial cells®®?' and CD4*T cells (Supplementary
Figure 3) in the poststroke brain, it is highly possible that
activated T cells induce apoptosis of INSPCs by cell to cell
interactions.

To confirm this hypothesis in vivo, we administered T cells
from the FasL-deficient (generalized lymphoproliferative
disorder = spontaneous mutation in the Fas ligand gene;
gld) mice,?® stimulated by GITR-Ab, to poststroke SCID mice
and analyzed the expression of nestin and Sox2 in the
postischemic area by conventional RT-PCR. As gld-T cells
stimulated by GITR-Ab showed enhanced GITR expression
compared with non-stimulated gld-T cells similar to T cells
from wild-type mice (Figure 8d; lanes 1 and 2, Figure 8f), the
injected T cells were considered to be activated without
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Figure 8 Involvement of Fas ligand expressed on the surface of T cells in survival/death of neural stem/progenitor cells. Incubation with GITR-stimulated T cells induced
apoptotic cell death on neurospheres determined by Annexin V staining (a: green), whereas no cell death was observed in the presence of non-stimulated T cells (b). The
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stimulation upregulated GITR on T cells regardless of the presence of FasL (d: lanes 1 and 3; f). The group of GITR-stimulated T cells from C57B/6 only significantly
upregulated FasL (d and e). (a) Scale bar: 100 um. (e and f) n= 5 for each experimental group. **P<0.01 versus Gld-T cell groups or non-stimulated T (GITR-Ab(—)/C57B/
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expression of FasL (Figure 8e). Although administration of Discussion

GITR-stimulated T cells from wild mice (C57/B6) significantly

attenuated nestin and Sox2 expression (Figure 8g; lanes 3 This study clearly demonstrated a key role of GITR triggering
and 4), administration of GITR-stimulated gld-T cells had no in regulation of neurogenesis after stroke, thereby delineating
significant effect (Figure 8g; lanes 1 and 2). Relative the contribution of activated T cells expressing GITR to the
expressions of nestin and Sox2 were attenuated only by survival of neural stem/progenitor cells in the poststroke
GITR-stimulated wild-type T cells from wild mice, but not by cortex. Because a subset of CD4* T cells mainly expresses
GITR-stimulated gid-T cells or non-stimulated T celis (Figures GITR after stroke, it is likely that activated CD4*T cells
8h and i; P<0.01, among the five groups). These findings triggered by GITR are harmful to the new-born cells. The
indicate that GITR-triggered activated CD4* T cells directly current study also suggests possible mechanisms involving
induce Fas-mediated apoptosis of INSPCs through possible FaslL- and TNF-c-induced cell death signals, suggesting
cell to cell interactions. interactions between iINSPCs and GITR-triggered T cells,

763

Cell Death and Differentiation

233



GITR modulates poststroke neurogenesis
M Takata et a/

764

with the latter serving as negative regulators for CNS repair
after cerebral infarction.

GITR was originally cloned from a glucocorticoid-treated
hybridoma T-cell line as a TNF-receptor-like molecule
induced by glucocorticoid-sensitive T cells.' GITR is now
considered to be upregulated in T cells by T-cell receptor
(TCR)-mediated activation.?® As GITR-expressing T cells are
resistant to glucocorticoid-induced cell death, it has been
proposed that GITR, in conjunction with other TCR-induced
factors, protects T cells from apoptosis.?® In fact, GITR can be
upregulated by viral infection®” or acute lung inflammation.™®
In the present study, we have demonstrated for the first time
that GITR is upregulated in T cells by ischemic insult to the
brain, although previous reports have shown the role of GITR
in ischemic damage on the kidney or the intestine.?32°

Consistent with our previous study,® CD4*T cells pre-
dominantly migrated to the infarcted brain after stroke. The
high number of GITR* CD4 * T cells suggested that activated
T-cell proliferation contributed to the poststroke inflammatory
response. GITR has been reported to enhance the secretion
of proinflammatory cytokines, such as IL-2 and IFN-y, from
GITR*™T cells® In contrast, GITR triggering on
CD47CD25*Treg completely abrogates the suppressing
effect of Treg,’® which normally secrete anti-inflammatory
cytokines such as IL-1 0.%' Thus, we suggest that upregulation
of the GITR expression in the brain can aggravate T-cell-
mediated poststroke inflammation. The present study demons-
trated that GITR triggering in poststroke mice enhanced, and
its blocking ameliorated the poststroke inflammatory
response as indicated by modulation of cytokines, such as
IFN-y, TNF-2 and IL-10. These data suggest that T-cell-
mediated poststroke inflammation can be modulated by the
immune response deriving from GITR-GITRL interaction.

It is well known that cerebral injury induces a disturbance of
the normally well-balanced interplay between the immune
system and the CNS.32 This process results in homeostatic
signals being sent to various sites in the body through pathways
of neuroimmunomodulation, including hypothalamic—pituitary—
adrenal (HPA) axis. Activation of the HPA axis results in the
production of glucocorticoid hormones. Although glucocorticoid
does prevent inflammation by suppressing production of many
proinflammatory mediators, including cytokines such as IL-18
and TNF-o, it also induces apoptosis in immature and mature T
lymphocytes.®® The latter may in turn lead to secondary
immunodeficiency.®? Alternatively, surviving T cells that are
resistant to glucocorticoid stress express GITR and may
contribute to the aggravation of inflammation.

Inflammation in neural tissue has long been suspected to
have a role in stroke. Immune influence on adult neural stem
cell regulation and function has also received much attention.
Although the details of immune signaling in the CNS are not
known, the impact of inflammatory signaling on adult
neurogenesis is known to be focused on the activation of
microglia as a source of proinflammatory cytokines, such as
TNF-o, IL-6 and IL-18. We and others® have proved that
neural stem cells undergo apoptosis by TNF-« in vitro,
suggesting that TNF-o. has a negative effect on poststroke
neurogenesis. Recent publication has revealed that GITR and
GITRL are functionally expressed on brain microglia, and that
the stimulation of GITRL can induce inflammatory activation of
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microglia.®® However, as iINSPCs never expressed GITR, it is
more likely that microglia contribute to INSPC cell death
indirectly via TNF-o, which is secreted from the activated
microglia. We also propose that IFN-y produced by activated
GITR™T cells stimulates microglia production of high levels of
TNF-a to induce apoptosis of INSPCs through TNFR-1. It also
has been reported that TNF-related apoptosis-inducing ligand
(TRAIL) has an important role in developing CNS injury, and
that anti-TRAIL treatment prevents GITR expression induced
by spinal cord injury.®® As GITR-deficient mice showed
attenuated TRAIL expression after SCI, blocking the GITR-
GITRL interaction by GITR—Fc protein may protect from the
inflammatory response via TRAIL-activated pathways.

In addition to cytokine effects on neurogenesis, we also
proposed the Fas-mediated pathway that affects poststroke
neurogenesis, as another target of immune signaling. Our
previous study ® had shown that Fas-positive iINSPCs under-
went apoptosis in the poststroke cortex. The current study
confirmed that GITR™*T cells expressing FaslL triggered
apoptosis of INSPC in vitro and reduced the expression of
nestin and Sox2 in the poststroke brain. These findings
suggest that activated T cells act on Fas-expressing iINSPCs
via cell to cell interactions in the poststroke brain, although it is
very difficult to prove the functional contact between INSPCs
and Fas-expressing T cells in vivo. As nestin-positive INSPCs
are in close association with endothelial cells®®?' where
CD4™T cells are infilirated (Supplementary Figure 3), it is
possible that activated T celis are in contact with neural stem/
progenitor cells when the endothelial cells are damaged by
ischemic insult. Although another system that activates
neurogenesis through soluble FasL and Fas receptor
in conventional neurogenic regions has been previously
reported,® the current study may prove that the membrane-
bound FasL expressed on T cells is essential for Fas-induced
apoptosis.®®

Recent study has proposed the contribution of Tregs in
prevention of secondary infarct growth.>* Because IL-10
signaling was mainly produced by CD4*CD25™ Tregs and
proinflammatory cytokines were downregulated in brains of
IL-10 transgenic mice, Tregs apparently contribute to the
anti-inflammatory system after stroke. Although GITR* T cells
are known to belong to Tregs, a recent study has emphasized
that GITR is a marker for activated effector T cells.*® The
CD4*CD25~ T-cell-derived GITR™ cells (GITR™ non-Treg)
are also known to activate self-reactive T cells by attenuating
the function of Tregs,'® indicating that they may harm the
living cells by eliciting autoimmunity.'®2* We demonstrated in
the current study that blocking the GITR—GITRL interaction by
GITR-Fc protein increased IL-10 expression in the poststroke
cortex, suggesting that blocking such interactions enhanced
Treg function as well as inhibition of effector T cell function. On

‘the basis of these findings, the present study suggests that the

novel therapies for stroke may ultimately include GITR-
targeted manipulation of immune signaling.

Materials and Methods

All procedures were carried out under auspices of the Animal Care Committee of
Hyogo College of Medicine, and were in accordance with the criteria outlined in the
‘Guide for the Care and Use of Laboratory Animals’ prepared by the National



Academy of Science. Quantitative analyses were conducted by investigators who
were blinded to the experimental protocol and identity of the samples under study.

Induction of focal cerebral ischemia. Male, 5- to 7-week-old, CB17/
lor */+ Jel mice (CB-17 mice; Clea Japan Inc., Tokyo, Japan) and CB-17/lcrdeid
Jel mice (SCID mice; CLEA Japan Inc.) were subjected to cerebral ischemia.
Permanent focal cerebral ischemia was produced by figation and disconnection of
the distal portion of the left middle cerebral artery (MCA), as described in a previous
study. In brief, the left MCA was isolated, electrocauterized and disconnected just
distal to its crossing of the olfactory tract (distal M1 portion) under halothane
inhalation. The infarcted area in mice of this background has been shown to be
highly reproducible and limited to the ipsilateral cerebral cortex. Permanent MCA
occlusion (MCO) is achieved by coagulating the vessel. In sham-operated mice,
arteries were visualized but not coagulated.

Immunohistochemistry. To histochemically analyze the infarcted cortex,
mice were deeply anesthetized with sodium pentobarbital and perfused
transcardially with 4% paraformaldehyde. Brains were then removed, and coronal
sections (14 um) were stained with mouse antibodies against nestin (Millipore,
Billerica, MA, USA; 1/100), Sox2 (Millipore; 1/100), NeuN (Millipore; 1/200), rabbit
antibodies against caspase-3 active (R&D systems, Minneapolis, MN, USA; 1/100),
CD3 (AnaSpec, San Jose, CA, USA; 1/100), CD31 (Santa Cruz Biotechnology,
Santa Cruz, CA, USA; 1/100), rat antibody against CD4 (Biolegend, San Diego, CA,
USA; 1/100) and GITR (eBioscience, San Diego, CA, USA; 1/100). As secondary
antibodies, Alexa Fluor 488 or Alexa Fluor 555 goat anti-mouse, -rabbit or -rat IgG
(Invitrogen, Carlsbad, CA, USA; 1/500) was used. Cell nuclei were stained with 4,
6-diamino-2-phenylindole ( DAPI, Kirkegaard & Perry Laboratories, Gaithersburg,
MD, USA; 1/500). The number of nestin and Sox2 double-positive cells at the border
of infarctions, including the infarcted and peri-infarcted areas (0.5 mm in width), was
counted under a laser microscope (Olympus Corporation, Tokyo, Japan).

To perform quantitative analysis of T cells, all CD3~, CD4- or CD3-GITR-
double-positive cells within the infarcted area were counted in the brain sections
obtained from CB-17 mice at 3h, 6h, 24h, 3 days and 7 days after stroke.
Furthermore, active caspase-3 and nestin double-positive cells within the infarcted
area were counted in the brain sections at 3 days after stroke. To investigate cell
proliferation at 7 days after stroke, BrdU (Sigma-Aldrich Corporation, St. Louis, MO,
USA; 50 mg/kg) was administered 6 h before fixation. Tissue was pretreated with
2N HClI for 30 min at 37°C and 0.1 M boric acid (pH 8.5) for 10 min at room temper-
ature, and then stained with antibody against BrdU. Next, the number of positive
cells for each marker was determined using modified Image J (National Institute of
Mental Health, Bethesda, MD, USA) as per a previous report® Results were
expressed as the number of cells/mm?.

The expression of Fas and TNFR-1 for neurosphere. To study the
expression of Fas and TNFR-1in the neurosphere in vitro, immunochemistry was
performed with rabbit antibody against Fas (Wako Pure Chemical Industries, Osaka,
Japan; 1/100) or TNFR-1 (Santa Cruz Biotechnology; 1/100). As secondary
antibodies, Alexa Fluor 488 or Alexa Fluor 555 goat anti-mouse IgG (Invitrogen;
1/500) was used. Cell nuclei were stained with DAPI (Kirkegaard & Perry
Laboratories; 1/500).

Measurement of involution of the ipsilateral cerebral hemisphere
volume. Thiry days after stroke, mice were perfused transcardially with 4%
paraformaldehyde, brains were removed and coronal sections (14 um) were stained
with mouse antibodies against NeuN, followed by reaction with biotinylated goat
anti-mouse IgG (Chemicon, Temecula, CA, USA; 1/500), ABC Elite reagent (Vector
Laboratories, Burlingame, CA, USA) and DAB (Sigma-Aldrich Corporation) as
chromogen. The area of the ipsilateral and contralateral cerebral hemisphere
occupied by the neuronal markers, NeuN and MAP2, was calculated using Image J8
The ipsilateral and contralateral cerebral hemisphere volume was calculated by
integrating the coronally oriented ipsilateral and contralateral cerebral hemisphere
area as described previously.® Involution of the ipsilateral cerebral hemisphere
volume was calculated as (ipsilateral/contralateral cerebral hemisphere volume).

FACS analysis of infiltrated lymphocytes into the ischemic
brain. Animals were killed 1 or 7 days after MCO. The ischemic area of the brain
was isolated. Tissues from the four operated mice were incubated with RPMI1640
(Invitrogen), containing 1 mg/ml collagenase (Wako Pure Chemical Industries) and
0.1mg/ml DNAse | (Thermo Fisher Scientific, Waltham, MA, USA), and pressed
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through a 40-um cell strainer'® (BD Biosciences, Franklin Lakes, NJ, USA). The
mononuclear cells were separated by Ficoll-paque plus (GE Healthcare,
Piscataway, NJ, USA) centrifugation, and labeled with antibody cocktails (Per
CP-CD3 (BD Biosciences), FITC-CD4 (eBioscience), PE-GITR (BD Biosciences)
and APC-CD25 (eBioscience)). Rat IgG2a (eBioscience) was used as control
isotype staining. The analysis of cells was performed by four-color flow cytometry on
a FACSCalibur (BD Biosciences) using CELLQuest Software (BD Biosciences).

RNA isolation and PCR reaction. Total RNA was isolated from the
cerebral cortex of the infarcted area using ISOGEN (Nippon gene, Tokyo, Japan),
and was treated using Turbo DNA-free kit (Applied Biosystems, Foster city, CA,
USA) in accordance with the manufacturer’s protocol.

Quantity and quality of the isolated RNA was tested by using a Nanodrop 1000
(Thermo Fisher Scientific).

Quantitative real-time PCR was performed using TagMan Gene Expression
Assays and the ABl PRISM 7900HT Sequence Detection System (Applied
Biosystems) with Real-ime PCR Master Mix (Toyobo, Osaka, Japan). Three
replicates were run for each sample in a 384-well format plate. TagMan Gene
Expression Assays IDs were described as follows. IFN-y: Mm01168134_m1, TNF-y:
Mm00443258_m1, IL-10: Mm01288386_m1 and glyceraldehyde-3-phosphate
dehydrogenase (GAPDH): Mm99999915_g1.

Conventional RT-PCR was performed using a PC-708 (Astec, Fukuoka, Japan)
with Super Script ill One step (Invitrogen). cDNA was amplified under the following
conditions: 15 s at 94°C, 30 s at 60°C and 1 min at 68°C (35 cycles). PCR products
were analyzed by electrophoresis using Mupid (Advance, Tokyo, Japan). The band
intensity was determined with a LAS-1000 densitometer (Fuji Film, Tokyo, Japan).
Primer sequences were as follows:

nestin, forward 5'-CACTAGAAAGCAGGAACCAG-3' and reverse 5'-AGATGG

TTCACAATCCTCTG-3';

Sox2, forward 5’-TTGGGAGGGGTGCAAAAAGA-3' and reverse 5'-CCTGCGA

AGCGCCTAACGTA-3;

GITR, forward 5'-CCACTGCCCACTGAGCAATAC-3' and reverse 5'-GTAAAAC

TGCGGTAAGTGAGGG-3';

FasL, forward 5'-CTTGGGCTCCTCCAGGGTCAGT-3' and reverse 5'-TCTCCT

CCATTAGCACCAGATCC-3'; and

GAPDH, forward 5'-GGAAACCCAGAGGCATTGAC-3' and reverse 5'-TCAGG

ATCTGGCCCTTGAAC-3'.

For normalization of real-time data, GAPDH was used as an internal control.

Preparation of induced neural stem/progenitor cells. As described
previously,® tissue from the ischemic cortex was mechanically dissociated by
passage through 23- and 27-gauge needles to prepare a single-cell suspension.
The resulting cell suspensions were incubated in a medium promoting formation of
neurosphere-like clusters. Cells were incubated in tissue culture dishes (60 mm)
with DMEM/F12 (Invitrogen) containing epidermal growth factor (EGF; Peprotech,
Rocky Hill, NJ, USA; 20ng/ml) and fibroblast growth factor-basic (FGF-2;
Peprotech; 20 ng/ml). On day 7 after incubation, neurosphere-like cell clusters
(primary spheres) were formed and were reseeded at a density of 10-15
neurospheres/well in 12-well low-binding plates.

Induction of apoptosis of neural stem/progenitor cells. To study
the effect of TNF-a- or Fas-mediated signaling in vitro, neurospheres were
incubated with TNF-o. (R&D systems; 20 mg/ml and 100 mg/ml) or agonistic anti-
Fas (Jo-2; BD Biosciences; 1 pig/ml) containing cycloheximide (CHZ; Sigma-Aldrich
Corporation; 1 mg/ml),*® agonistic anti-GITR (DTA-1; 10 ug/ml) or GITR-Fc fusion
protein (6.25 ug/ml, Alexis Corporation, Lausen, Switzerland) in DMEM/F12
(Invitrogen) for 24 h. Next, the activity of caspase-3 was examined using a caspase-
3 assay kit (Sigma-Aldrich Corporation) according to the manufacturer’s protocol.
Briefly, neurospheres were homogenized in lysis buffer and centrifuged at 20 000 g
for 15 min. Supernatants were mixed with assay buffer and caspase-3 substrate.
Absorbance at 405nm was measured, and caspase-3 activity was calculated
(n= 13, in each group) using a spectrophotometer (Beckman Coulter Inc., Brea, CA,
USA). Caspase-3 activity was correlated with the protein concentration, which was
determined by the DC protein assay (Lowry method; Bio-rad Laboratories Inc.,
Hercules, CA, USA). To confirm the cells undergoing apoptosis, neurospheres
incubated with these reagents were stained with Annexin V (BD Biosciences), and
were observed under a confocal laser scanning microscope (Carl Zeiss
International, Jena, Germany).
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To examine the apoptotic activity of T cells in vitro, T cells were obtained from the
spleens of mice (several strains) involving CB-17 and gld (FasL deficient) and their
C57/B6 backgrounds,?® by using a nylon fiber column (Wako Pure Chemical
Industries). T cells also were obtained from normal male C57BL/6 (Japan SLC,
Shizuoka, Japan) or C57BL/6-Tg (CAG-EGFP) C14-Y01-FM1310sb transgenic
mice (purchased from RIKEN BRC, Tsukuba, Japan). The T cells were stimulated
with solid phase of anti-CD3¢ antibody (BD Bioscience): T cells were incubated with
GITR-Ab (DTA-1: 10 ug/ml) or control rat IgG (eBioscience) for 48 h in RPMI1640
(Invitrogen) in culture plate coated with 10 zg/ml of anti-CD3e antibody. Expression
of FasL on GITR-stimulated T cells or non-stimulated T cells was analyzed with
FACS. Each sample was labeled with antibody cocktails (PerCP-CD3, FITC-CD4
and PE-FasL (BD Biosciences)) The analysis of cells was performed by three-color
flow cytometry on a FACSCalibur using CELLQuest Software. Then, 1 x 10° T cells
were coincubated with neurospheres in DMEM/F12 (Invitrogen) for 24 h (10-15
neurospheres/well in 12-well low-binding plates). These neurospheres were stained
with Annexin V and observed with a microscope, as mentioned above. GFP-Tg mice
were purchased from CLEA Japan Inc.

Administration of GITR-Ab or GITR-Fec. GITR-Ab (100 ug/mice,
DTA-1; eBioscience), GITR-Fc fusion protein (6.25 ug/mice)'® or rat lgG isotype
control (100 g/mice, eBioscience) was intraperitoneally administered to mice at 3h
and 3 days after stroke.

Administration of T cells into poststroke SCID mice. Tcelis(1 x 10°
cells/100 ul in PBS) obtained from several strains of mice (stimulated or non-
stimulated by GITR-Ab), including CB-17, GFP-Tg, Gld- or C57/B6 mice, were
injected intravenously into SCID mice at 48 h after stroke. Mice were subjected to
histological examination after stroke. In another experiment, their brains were
utilized for PCR analysis of nestin and Sox2.

Statistical analysis. Results were reported as the mean standard deviation.
Statistical comparisons among groups were determined using one-way analysis of
variance. Where indicated, individual comparisons were performed using Student's
ttest. The groups with P<0.01 or, in some cases, P<0.05 differences were
considered significant.
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