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Fig. 1. Time course of changes in tissue cobalt ion content in the cerebral hemisphere of the rat brain perfused for 0 to 10 min with cold Krebs-Henseleit solution containing
1 mM cobalt-EDTA (a) and the time course of changes in tissue cobalt lon distribution of the hemispheres of the rat brain perfused for 8 min with Krebs-Henseleit solution
containing 1 mM cobalt-EDTA. followed by further perfusion for 0 to 10 min with a cold washing solution (320 mM mannitol/20 mM Tris/HCI, pH 7.40) (b). The cobalt ion

content in the hemisphere was determined by the atomic absorption method

An animal model with microsphere-induced cerebral embolism
was produced by the method described previously [20]. In brief, the
blood flow in the right external carotid and the right pterygopala-
tine arteries were temporarily stopped by ligation. Seven hundred
microspheres (diameter of 48 wm, NEN-005, New England Nuclear
Inc., Boston, USA) suspended in 20w(v% dextran solution were
injected into the right common carotid artery via a cannula. The
rats that underwent a sham operation received the same volume
of vehicle without microspheres.

At 15 h after the operation, the neurological deficits of the oper-
ated rats were scored based on paucity of movement, truncal
curvature, and forced circling during locomotion, which are consid-
ered typical symptoms of stroke in rats [20]. Each item was rated
from 3 to 0(3: very severe: 2; severe; 1: moderate; 0: little or none).
Rats with a total score of 7-9 points were used in the present study.

Human recombinant HGF was prepared as described earlier [21]
and used as a test sample,

The dose of HGF was estimated by the data concerning the
dose-response effectiveness of this substance on learning and
memory function of the ME animals in previous study [7]. The
continuous administration of HCGF into the right cerebral ventri-
cle was conducted by injecting a solution of HGF in physiological
saline continuously for 3 days into the right cerebral ventricle viaan
osmotic pressure pump (Alzet model 2001, Alzet, CA, USA) starting
from 10 min after injection of the microspheres to the end of treat-
ment, whereby 13 ug of HGF/3 days/animal was administered as
described previously [7].

To measure tissue water and cation contents in the intracellular
space of the cerebral hemisphere of the rat, we examined a pro-
cedure for elimination of extracellular and vascular constituents
of non-operated rats (control). We employed a method for perfu-
sion of the brain of the control animal with cobalt-EDTA solution.
That is, the rat brain was perfused with a cold Krebs-Henseleit (KH)
solution, which additionally contained 1 mM cobalt-EDTA. Perfu-
sion was carried out for different periods of time ranging from 0 to
10min, and thereafter the tissue water and cation contents were
determined according to the dry-weight method and the atomic
absorption method, respectively, as described previously [31].

In the next series of experiments, the rat brain was first perfused
with the cold KH solution containing 1 mM cobalt-EDTA for 8 min
as described above, and then the brain was further perfused with
a cold 320 mM mannitol/20 mM Tris/HCl solution, pH 7.4 (washing
solution) for 0-10 min at the infusion rate of 9 mL/min. Thereafter,
the tissue water and ion contents of the hemispheres were deter-
mined according to the atomic absorption method as described
previously [31].

]

{ 3+

The time period for measurement of tissue water and ion con-
tents (day 3 after ME) was decided on the basis of the following
data reported previously; (1) the FITC-albumin leakage, an indica-
tor of disruption of the BBB [6], of the ME animals was detectable
from day 1 to day 7 with the maximal leakage being on day 3 [7];
(2) the content of occludin and ZO-1, both tight junctional proteins
of the BBB, was decreased on days 1-3 after ME [14]; and (3) the
infarct area detected by hematoxylin-eosin staining was almost
completely developed by 3-7 days after ME [20]. These results
suggest the possibility that disruption of the BBB and formation
of ischemic cerebral edema in rats with ME occur, at the latest, at 3
days after ME.

Statistical significance was evaluated by a Student's t-test when
two groups were compared, and by analysis of variance (ANOVA)
followed by post hoc Fisher's protected least significant difference
test when multiple groups were compared. Differences with a prob-
ability of 5% or less were considered significant (P<0.05).

In the case of the HGF treatment study, 80% (8/10) of the
microsphere-administered animals had neurological deficits with
a total score of 7-9 points and the remaining 20% (2/10) of them, a
total score of 4-6 points at 15 h after ME. The Sham animal did not
reveal any stroke-like symptoms throughout the experiment.

At first, we determined how fast the cobalt-EDTA was dis-
tributed to the cerebral hemisphere. Fig. 1a shows the time course
of changes in the cobalt ion content of the right hemisphere of
control (naive) rats that had been perfused with KH solution con-
taining 1 mM cobalt-EDTA pre-equilibrated with a gas mixture of
95% 07 and 5% CO,, pH 74, A rapid increase in the cobalt-EDTA
content during 0-4min of perfusion and a gradual increase in
the cobalt ion content during 4-8 min of perfusion were seen.
Almost the maximal value was achieved by 8 min of the perfu-
sion. Next, we determined how the cobalt-EDTA disappeared from
the brain. Fig. 1b shows the time course of disappearance of tissue
cobalt ions from the brain hemisphere that had been perfused for
8 min with the cold KH solution containing 1 mM cobalt-EDTA, as
shown above. A rapid decrease and, thereafter, a gradual decrease
in cobalt-EDTA from the brain, were seen. Aimost complete disap-
pearance of the cobalt-EDTA was detected after 5 min of perfusion.
These results indicate that 5min perfusion with the cold, iso-
tonic, washing solution is suitable for assessing the tissue ion
content excluding those present in the extracellular and vascular
spaces.

According to the results on perfusion study just described, we
employed a procedure for determination of tissue water and ion
contents of the brain after perfusion with the cold washing solution
for 5 min at an infusion rate of 9.0 mL/min.
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Fig. 2. Comparison of tissue water and ion contents of the right and left hemispheres of the control rat perfused via the heart for 5 min (W) or non-perfused (NW) with the
washing solution { 320 mM mannitol/20 mM TrisfHCL pH 7.4). Each value represents the mean + 5.EM. of three experiments. “Significantly different from non-washing group

(p=<0.05).

Fig. 2 shows a comparison of tissue water and ion contents of
control rat brains determined by the current method with wash-
ing and non-washing procedures. Significant differences in tissue
sodium, calcium, and magnesium ion contents between them were
seen, whereas tissue water and potassium ion contents did not
differ between the two groups.

Fig. 3 shows tissue water contents of the brain of control, sham-
operated, HGF-untreated ME, and HGF-treated ME rats on day 3
after ME. There was a substantial increase in the tissue water
content of the right hemisphere of the ME animal. This increase
was significantly attenuated by treatment with HGF [ANOVA: F
(3,11)=65.386, P<0.0001]; Fisher’s PLSD: Sham vs, ME: P<0.0001;
ME vs. HGF, P<0.01). A significant, but slight, increase in the water
content in the left hemisphere of the ME rat was detected. This
increase was almost completely suppressed by the treatment with
HGF [ANOVA: F(3,11)=4.402, P<0.05; Fisher's PLSD: Sham vs. ME,
P<0.01; ME vs. HGF, P<0.05].

Fig. 4a-d shows changes in tissue sodium, calcium, potassium,
and magnesium ion contents, respectively, of the right and left
hemispheres of the control, sham-operated, HGF-untreated ME,
and HGF-treated ME animals on day 3. A marked increase in sodium
ion content of the right hemisphere of the ME rat was observed. This

increase was partially attenuated by treatment with HGF[ANOVA: F
(3,11)=187.550, P<0.0001; Fisher's PLSD: Sham vs. ME, P<0.0001;
ME vs. HGF, P<0.05]. There was a slight, but significant, increase
in the sodium ion content of the left hemisphere of the ME rat
and this increase was completely attenuated by the treatment with
HGF [ANOVA: F(3,11)=5.794, P<0.05; Fisher's PLSD: Sham vs. ME,
P<0.01; ME vs. HGF, P<0.05].

The tissue calcium ion content in the right hemisphere was
increased in response to ME, and this increase was partially attenu-
ated by treatment with HGF [ANOVA: F(3,11)=204.087, P<0.0001;
Fisher’s PLSD: Sham vs. ME, P<0.0001; ME vs. HGF, P<0.001 ).

There were significant decreases in potassium and magnesium
ion contents of the right hemisphere of the ME rat, and these
decreases were not attenuated by treatment with HGF. Two-way
ANOVA followed by Fisher’s PLSD test showed no significant dif-
ference in the sodium, calcium, potassium, and magnesium ion
contents of the right and left hemispheres between control and
sham-operated rats.

In the present study. the rat brains were subjected to the wash-
ing procedure using an isotonic mannitol solution to avoid the
influence of the extracellular and vascular constituents on the total
tissue ion content determined. A preferable movement of cobalt
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ion between intra- and extra-cellular spaces, that is, saturation of
cobalt ion in the brain tissue during perfusion with KH solution for
8 min and the following gradual washout of this ion for 5 min by the
isotonic mannitol solution were detected. There were significant
differences in tissue sodium, calcium, and magnesium ion contents
between washed and non-washed brains, suggesting a significant
contribution of the extracellular and vascular constituents to the
total tissue ion contents determined. Particularly, the tissue cal-
cium ion content of the washed hemisphere was 1/20th of the total
tissue calcium ion content of the non-washed hemisphere; and the
total rissue sodium ion, 2/5th of the total tissue sodium ion content
of the non-washed hemisphere. These results suggest a large con-
tribution of the extracellular and vascular constituents to these ion
contents if determined without the washing procedure. Since we
observed no significant differences in the tissue water or potassium
ion contents between the washed and non-washed brains of control
rats, the washing procedure is unlikely to non-specifically alter the
permeability of tissue constituents through the BBB. Thus, this pro-
cedure could be utilizable for the assessment of pathophysiological
alterations in the intracellular water and ions.

It is generally believed that loss of ion homeostasis plays a cen-
tral role in the pathogenesis of ischemic cell damage in the brain.
Ischemia-induced perturbation of ion homeostasis leads to the
intracellular accumulation of sedium and calcium ions, followed by
subsequent activation of proteases and phospholipases and the for-
mation oxygen and nitrogen free radicals [16). Consequently, these
events cause functional and structural changes including cerebral
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Fig. 4. Effects of HGF trearment on the brain sodium, calcium, potassium, and magnesium ion contents in both hemisphieres of HGF-untreated (ME) and HGF-treated (HGF)
rats with microsphere embalism. ‘Cont’ indicates non-operated animals; and ‘Sham'’, sham-operated animals. Each value represents the mean = S.EM, of three (Cont) or four
(Sham, ME, and HGF) experiments. “Significantly different from the Sham group and ®significantly different from ME group (p < 0.05)
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edema and eventually lead to cell death. Consistent with the above
ischemic cell death, ME in the current study induced an increase
in the water content, a sign of cerebral edema [15), of the ipsi-
lateral hemisphere of the animal, which elevation was associated
with increases in the tissue sodium and calcium ion contents and
decreases in the tissue potassium and magnesium ion contents.
Since the total tissue ion contents determined in the present exper-
iment excluded constituents present in vascular and extracellular
spaces, the results may represent substantial alteration of ions in
the intracellular space of the hemisphere of the ME rat, which may
be involved in the genesis of ischemic cerebral edema. Interest-
ingly, we observed that the ME-induced ionic disturbances were
almost the same as those in the intracellular sodium, calcium, and
potassium ion contents in the ischemic/reperfused heart [30]. It
is generally believed as a mechanism responsible for ionic distur-
bances in the ischemic/reperfused heart that sodium ion overload
during ischemia is increased due to an ATP breakdown-stimulated
increase in H* formation and energy production failure-induced
inhibition of Na*, K*-ATPase activity, followed by augmentation of
Na*[H* exchanger activity during ischemia and that calcium ion
overload during postischemic reperfusion is enhanced due to an
increase in the calcium entry-mode Na*[Ca?* exchanger activity.
This notion is consistent with the reports of several investigators
on the ionic perturbation in neuronal and glial cells that occurred
due to alterations in Na®, K*-ATPase [9], Na®/H* exchanger [3.4].
Na*[Ca?* exchanger [4.18,33] and Na*-K*-Cl~-cotransporter [5] in
the brain,

Continuous treatment for 3 days with human recombinant HGF
resulted in a partial attenuation of the alterations in water, sodium,
calcium, and potassium ion contents. The results in the current
experiments suggest that HGF-treatment was capable of attenuat-
ing the brain edema that occurred within 3 days after the cerebral
embolism. As described earlier, we observed that HGF attenuated
FITC-albumin leakage [7] and decreases in the expression of tight
junctional proteins, occludin and ZO-1, in the endothelial cells after
ME|8]. Although further studies on the mechanisms responsible for
the effects of HGF on the ischemic cerebral edema are required.
the present results demonstrated inhibition of the increases in
sodium and calcium and water contents as a possible mecha-
nism for the protective effect of HGF against ME-induced brain
injury.
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Abstract

To examine the effects of HGF on synaptic densities under excitotoxic conditions, we investigated changes in the number of puncta detected by
double immunostaining with NMDA receptor subunits and presynaptic markers in cultured hippocampal neurons. Exposure of hippocampal neurons
to excitotoxic NMDA (100 pM) decreased the synaptic localization of NMDA receptor subunit NR2B, whereas synaptic NR1 and NR2A clusters
were not altered. Colocalization of PSD-95, a scaffolding protein of the receptor, with the presynaptic protein synapsin | was also decreased afier
excitotoxicity. Treatment with HGF attenuated these decreases in number. The decrease in the levels of surface NR2B subunits following the addition
of the excitotoxic NMDA was also attenuated by the HGF treatment. The decrease in CREB phosphorylation in response to depolarization-evoked
NMDA receptor activation was prevented by the HGF treatment. These results suggest that HGF not only prevented neuronal cell death but also
auenuated the decrease in synaptic localization of NMDA receptor subunits and prevented intracellular signaling through the NMDA receptor.

© 2007 Elsevier Inc. All rights reserved.

Kevwords: Hepatocyte growth factor; Neuronal injury; N-methyl-n-aspartate receptor; PSD-95

Introduction

The N-methyl-p-aspartate (NMDA) receptor, a subtype of
ionotropic glutamate receptors, is highly permeable to Ca®* and
Na® (Dale and Roberts, 1985) and plays a pivotal role in the
regulation of neuronal development, learing and memory, and
neurodegenerative diseases (Dingledine et al., 1999). NMDA
receptors are heteromeric complexes of NRI and 4 types of
NR2 (NR2A-2D), or NR3 subunits (Das et al., 1998; Ishii et al.,
1993; Monyer et al., 1992; Moriyoshi et al., 1991; Nakanishi,
1992; Nishi et al., 2001). Whereas NR| is the principal subunit

Abbreviations: CNQX, 6-cyano-T-nitro-quinoxaline-2,3-dione; CREB,
cAMP-response-clement-binding  prowein; HGF, hepatocyte growth factor;
NMDA, N-methyl-p-aspartate; Pl, propidium iodide; PSD, postsynaptic density.
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' Present address: Division of Tumor Dynamics and Regulation, Cancer
Research Institute, Kanazawa University, Kanazawa, Japan.
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for the channel activity of the NMDA receptor, the NR2 sub-
units serve to modulate the properties of these heteromeric
receptors (Hollmann and Heinemann, 1994).

The postsynaptic density (PSD), which underlies the post-
synaptic membrane at excitatory synapses, has been implicated in
the linkage of receptors to signaling proteins and to the
cytoskeleton (Kennedy, 1997; Kim and Sheng, 2004; Klauck
and Scott, 1995; Ziff, 1997). PSD-95, a major protein component
of the PSD, interacts with NMDA receptor subunits NR2A and
NR2B by binding between PDZ (postsynaptic density-95, PSD-
95/Discs large, Dlg/zona occludens-1, ZO-1) domains of PSD-95
and the C-terminal PDZ-binding motif of the receptor proteins
(Cho et al., 1992; Kim and Sheng, 2004). PSD-95 also binds to
signaling proteins such as neuronal nitric oxide synthase (Bren-
man et al,, 1996) and synaptic Ras-GTPase activating protein
pl35synGAP (Chen et al., 1998; Kim et al., 1998) and organizes
these intracellular signaling complexes. Therefore, it has been
implied that PSD-95 links the NMDA receptor to intracellular
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signaling pathways at the synapse and plays an important role in
synaptic plasticity and leamning. With regard to this, in mice
carrying a targeted mutation in their PSD-95 gene, NMDA
receptor-mediated synaptic plasticity was altered and spatial
learning in a water maze was impaired (Migaud et al., 1998).

In contrast t the crucial roles of the NMDA receptor in
physiological activities such as leaming and memory, an ex-
cessive activation of the receptor has been associated with
diverse neurological and neurodegenerative disorders, including
cerebral ischemia, epilepsy, Parkinson’s disease, Alzheimer's
disease, Huntington’s chorea, and amyotrophic lateral sclerosis
(Dingledine et al., 1999). Therefore, it has become an important
objective to investigate strategies to protect cells from NMDA
receptor-mediated excitotoxicity. The hepatocyte growth factor
(HGF), which was found to be a potent mitogen for hepatocytes
(Nakamura et al., 1984, 1989), acts as an organotrophic factor
for regeneration and has a protective effect in various organs
(Balkovetz and Lipschutz, 1999; Matsumoto and Nakamura,
1996, Matsumoto and Nakamura, 2001; Zamegar and Micha-
lopoulos, 1995). In addition, HGF is known to evoke diverse
cellular responses, including motogenic. morphogenic, angio-
genic, and anti-apoptotic activities in various types of cells
(Matsumoto and Nakamura, 1996; Nakamura et al., 19R9;
Thompson et al., 2004; Zamegar and Michalopoulos, 1995). In
the central nervous system, HGF and its c-Met receptor were
found to function in a variety of ways (Achim et al., 1997; Honda
etal., 1995; Sun et al., 2002a,b), including protection of tyrosine
hydroxylase-positive midbrain neurons, as well as hippocampal
and cortical neurons, against aging-related cell death in culture
(Hamanoue et al., 1996; Honda et al, 1995: Machide et al.,
1998). We recently demonstrated that HGF prevented in vive
ischemic brain injuries (Date et al., 2004; Niimura et al,, 2006),
Furthermore, HGF improved leaming and memory dysfunction
of ischemic rats in our previous study (Date et al., 2004). Al-
though HGF exerts protective effects on cultured hippocampal
neurons under pathophysiological conditions (Ishihara et al.,
2005), it is still not clear whether HGF affects synaptic function
of neurons under such conditions. In the present study, to achieve
further insight into the reason for the potency of HGF treatment,
we examined the effect of HGF on synaptic clustering of NMDA
receptor subunits and PSD-95 in hippocampal neurons after
excitotoxic injury. To assess the biochemical response to
excitatory input, we furthermore evaluated the phosphorylation
of cAMP-response-clement-binding protein (CREB) mediated
by the NMDA receptor. The results obtained show that HGF not
only prevented the decrease in the number of synaptic NMDA
receptor subunits and PSD-95 but also attenuated the decrease in
the surface expression of NDMA receptor subunits. Furthermore,
HGF improved phosphorylation of CREB in response to
depolarization-evoked activation of the NMDA receptor.

Experimental procedures
Primary hippocampal cell cultures

Primary hippocampal cell cultures were prepared from fetal
rafs at gestational day 18 as described previously (Huettner and

Baughman, 1986), with slight modifications (Ishihara et al.,
2005). Brains were dissected out and the pooled hippocampi
were dissociated by incubation at 37 °C for 30 min in Hank's
balanced salt solution containing 15 U/ml papain, 210 U/ml
deoxyribonuclease I, | mM vL-cysteine, and 0.5 mM EDTA. The
dispersed cells were resuspended in Dulbecco’s Modified Eagle's
Medium containing 10% horse serum, and plated at a density of
40,000 cells/em® on 12-well plates or in 35-mm dishes coated
with poly-L-lysine. At 24 h after plating, the medium was
replaced with serum-free Neurobasal medium containing 2% B27
supplement (Gibco-BRL, Rockville, MD, USA) and 0.5 mM
glutamine. To inhibit proliferation of non-neuronal cells, we
added cytosine arabinoside (1 £M) to each plate or dish. At 3 and
10 days in vitro (DIV), one-half of the medium was replaced with
fresh Neurobasal medium having the 2% B27 supplement and
0.5 mM glutamine. Cultures were maintained at 37 °C in a 5%
CO; incubator and used for experiments at 15-18 DIV.

For the experiment of high K -induced CREB phosphory-
lation, 10 pM 6-cyano-7-nitro-quinoxaline-2,3-dione (CNQX),
10 uM nifedipine, and 0.3 pM TTX were added 30 min before
treatment with 57 mM KCl to inhibit AMPA receptors, L-type
calcium channels, and spontancous synaptic activity, respec-
tively. Hippocampal cells were depolanzed for 3 min with
10 mM HEPES buffer, pH 7.4, containing 60 mM KCl, 67 mM
NaCl, 2 mM CaCl,~2H,0, 10 mM p-glucose, 10 uM glycine,
10 pM CNQX, 10 pM nifedipine, and 0.3 uM TTX. To inhibit
the NMDA receptor, we added 10 pM MK-801 to cultures in
some experiments.

Recombinant HGF

Human recombinant HGF was purified from conditioned
medium of Chinese hamster ovary cells transfected with an
expression vector containing human HGF ¢DNA as described
carlier (Nakamura et al., 1989). The purity of hrHGF was
>98%, as determined by SDS-PAGE.

Cell viability assay

Hippocampal cells were washed twice with 10 mM HEPES
buffer, pH 7.4, containing 144 mM NaCl, 2 mM CaCl;, | mM
MgCly, 5 mM KCI, and 10 mM p-glucose and were then
incubated for 15 min at 37 °C in a 5% CO, incubator with
100 pM NMDA in 10 mM HEPES buffer. pH 7.4, containing
144 mM NaCl, 2 mM CaCly, 5 mM KCI, 10 mM p-glucose, and
10 uM glycine. The hippocampal cells were then washed and
maintained in Neurobasal medium containing 2% B27 sup-
plement and 0.5 mM glutamine. After 1, 6 or 24 h of incubation,
the cells were incubated with 2 jig/ml propidium iodide (PI) for
20 min. After having been washed with phosphate-buffered
saline, cells were fixed in 4% paraformaldehyde to determine
the total number of neurons by immunostaining with anti-
microtubule-associated protein 2 (MAP-2) antibody. Fluores-
cent images of cells were captured by a CCD camera (DP50,
Olympus, Tokyo, Japan) mounted on an Olympus BX52
microscope equipped with a mercury arc lamp. The number
of PI- or MAP-2-positive cells was counted in 10 randomly
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chosen areas (245x=320 pm) of each well. Results were
obtained from 10 frames in 4 wells in 4 independent ex-
periments. HGF was added at the concentration of 30 ng/ml 1 h
before the addition of NMDA. The microscopic observations
were performed by a person unaware of the study group.

Immunohistochemistry

After having been fixed with ice-cold methanol and blocked.
the cells were incubated with the primary antibody, and then with
the secondary antibody in blocking solution. They were then
incubated with another primary antibody and subsequently with
the corresponding secondary antibody. For double immunos-
taining of mouse anti-NR1 or mouse anti-NR2B antibody with
rabbit anti-synapsin antibody, the cells were incubated overnight
at 4 °C with mouse anti-NR1 or anti-NR2B antibody (BD
Biosciences) and then with biotinylated anti-mouse 1gG (Vector
Laboratories) for 2 h and streptavidin FITC for 1 h. The cells
were incubated with rabbit anti-synapsin I antibody, another
primary antibody, for 1 h at 37 °C and subsequently with Cy3-
conjugated donkey anti-rabbit IgG (Jackson Immunoresearch)
for 1 h at 37 °C. For double immunostaining of mouse anti-
PSD-95 antibody with anti-synapsin antibody, the cells were
incubated with mouse anti-PSD-95 antibody for 1 hat 37 °C and
then with FITC-conjugated goat anti-mouse 1gG (ICN Pharma-
ceutical, Inc.). The cells were incubated with rabbit anti-
synapsin I antibody, another primary antibody, for 1 h at 37 °C
and subsequently with Cy3-conjugated donkey anti-rabbit IgG
(Jackson Immunoresearch) for 1 h at 37 °C. Since we could not
obtain commercially available mouse anti-NR2A antibody for
double immunostaining with rabbit anti-synapsin I antibody, we
decided to use rabbit anti-NR2A antibody. In this regard, we
used mouse anti-synaptotagmin antibody as a presynaptic
marker, since attempts to examine immunostaining of synapsin
I using commercially available mouse anti-synapsin 1 antibody
were not successful under conditions in the present study. To
provide evidence about the similarity of the two presynaptic
markers synapsin and synaptotagmin, we examined double
immunostaining of synapsin with synaptotagmin. The cells were
incubated with rabbit anti-synapsin I antibody and subsequently
with Cy3-conjugated donkey anti-rabbit 1gG (Jackson Immu-
noresearch). The cells were incubated with mouse anti-
synaptotagmin antibody, another antibody, for 1 h at 37 °C
and subsequently with FITC-conjugated goat anti-mouse 1gG
(Jackson Immunoresearch). For double immunostaining of
NR2A with synaptotagmin, the cells were incubated overnight
at 25 °C with rabbit anti-NR2A antibody and then with
biotinylated anti-rabbit 1gG (Vector Laboratories) for 2 h and
streptavidin FITC for | hat 37 °C. The cells were incubated with
mouse anti-synaptotagmin antibody, another antibody, for 1 h at
37 °C and subsequently with Cy3-conjugated goat anti-mouse
IgG (Jackson Immunoresearch) for | h at 37 °C. Fluorescent
images of cells were captured by a CCD camera (DP50)
mounted on an Olympus BX52 microscope equipped with a
mercury arc lamp. Images were processed by using Adobe
Photoshop (Adobe Systems, Mountain View, CA). To count the
number of clusters, we evaluated at least 1 dendrite (50 pm
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length) in each of 5 randomly selected cells in each of 5 separate
cultures. The number of immunolabeled puncta with each
antibody and double-immunolabeled puncta on basal dendritic
segments were manually counted. The microscopic observations
were performed by a person unaware of the study group.

Cell-surface biotinvlation assay

Surface biotinylation of hippocampal neurons was performed
as described previously (Shen et al, 2000) with minor
modifications. Hippocampal neurons in culture were washed 3
times with ice-cold PBS, pH 7.4, containing 10 mM Na,HPO,,
2.7 mM KCIl, 137 mM NaCl, 1.0 mM CaCl,, and 0.5 mM
MgCl;. Surface proteins were then biotinylated with 1.0 mg/ml
sulfo-NHS-SS-biotin (Pierce, Rockford, IL) for 20 min in PBS at
4 °C. For removal of unreacted sulfo-NHS-SS-biotin, cells were
washed 3 times with ice-cold 50 mM Tris/PBS, pH 7.4,
containing 10 mM Na,HPOy4, 2.7 mM KCI, 137 mM NaCl,
1.0 mM CaCl,, and 0.5 mM MgCl,. The cells were then lysed
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with ice-cold lysis buffer (10 mM sodium phosphate, pH 7.4,
containing 100 mM NaCl, 0.2% SDS, 5 mM EDTA, 5§ mM
EGTA, 1 mM sodium orthovanadate, 10 mM sodium pyrophos-
phate, 10 yM PMSF, 5 pg/ml antipain, 5 pg/ml aprotinin, 5 pg
ml leupeptin). To isolate biotinylated proteins, we used
UltraLink-immobilized neutravidin beads (Pierce). After a 2-
h incubation, the beads were washed and bound proteins were
eluted with SDS sample buffer.

Western immunoblotting

The hippocampal cells were homogenized in ice-cold 0.32 M
sucrose containing 0.2 mM sodium orthovanadate, 0.1 mM
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pg/ml each of antipain,
aprotinin, and leupeptin. Protein concentrations were deter-
mined by the method of Lowry et al. (1951). Samples were

phenylmethylsulfonyl fluoride, and 5

stored at — 80 °C until used and were thawed only once. Proteins
(20 pg) were solubilized by heating at 100 °C for 5 min in SDS
sample buffer (10% glycerol, 5% [B-mercaptoethanol, and 2%
SDS, in 62.5 mM Tris—-HC], pH 6.8) and were separated on 8 or
12% polyacrylamide gels. Protein blots were reacted with the
appropriate antibodies, and the bound antibody was detected by
the enhanced chemiluminescence method (Amersham Bios-
ciences Inc,, Piscataway, NJ, USA). Quantification of the im-
munoreactive bands was performed by using an image analyzer
(ATTO Co., Tokyo, Japan). Care was taken to ensure that bands
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Fig. 2. Tume course of changes in the number of clusters including synapsin | and NR1 subunit or synaptotagmin and NR2A subunit after excitotoxicity in cultured
hippocampal cells. Hippocampal cells were treated with 100 gM NMDA for |5 min and then incubated in normal conditioned medium without NMDA for 1, 6 or 24 h

(a) Cells were double

ed with anti-synapsin | (synl, red) and anti-synaptotagmin (stg, green) antibodies. (b) Hippocampal cells were double-

immunostained with anti-synapsin | (synl, red) and anti-NR1 (NR1, green) antibodies. (¢) Hippocampal cells were double-immunostained with anti-synaptotagmin
(stg, red) and anti-NRZA (NR2A, green) antibodies. Images show magnified regions of dendritic segments. Scale bar, 10 pm. The numbers of clusters positive for
synapsin |, NR1, synaptotagmin or NR2A, and those double-positive for synapsin/NR 1 or synaplotagmin/NR2A (merged clusters) were counted in a 50-um dendrite

length. Results are expressed as the means+ SEM. *Significant difference from the control group (post hoc Dunnet's r-test, p<0.05)
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to be semiquantified were in the linear range of response. To
remove bound antibodies, we incubated the blots for 30 min at
65 °C in 62.5 mM Tris—- HCI buffer, pH 6.8, containing 2% SDS
and 0.1 M p-mercaptoethanol. The efficiency of the stripping
procedure was confirmed by reacting the stripped blot with
secondary antibody alone to ensure that no bound antibodies
remained.

Antibodies used for immunoblotting were anti-actin (Sigma-
Aldrich), anti-NR1 (BD Biosciences, San Jose, CA), anti-
NR2A (Upstate Biotechnology, Inc., Lake Placid, NY), anti-
NR2B (BD Biosciences), anti-PSD-95 (Affinity BioReagents),
anti-CREB (Cell Signaling Technology), and anti-phospho-
CREB (Cell Signaling Technology) antibodies.

Silver staining was performed by using a SilverSNAP Stain
Kit Il (PIERCE, Rockford, IL). After electrophoresis, the gel
slab was fixed in 30% ethanol: 10% acetic acid in water for
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30 min. It was washed for 10 min with 10% ethanol in water and
then for 10 min with water. The gel was sensitized by incubation
for 1 min in the SilverSNAP Sensitizer (SilverSNAP Stain Kit
IT) and it was washed with water. The gel was incubated in Stain
Working Solution (SilverSNAP Stain Kit II) and then developed
in Developer Working Solution (SilverSNAP Stain Kit II).
When the desired intensity of staining was achieved, the devel-
opment was terminated with 5% acetic acid.

Statistics

The results were expressed as the means+SEM. Statistical
comparison among multiple groups was evaluated by ANOVA
followed by post hoc Dunnet's r-test or Fisher's protected least
significant difference (PLSD) test. Difterences with a probabil-
ity of 5% or less were considered to be significant (p<0.05).
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Fig. 3. Time course of changes in the number of clusters including synapsin | and NR2B subunit or synapsin | and PSD-95 after addition of excitotoxic NMDA 1o
cultured hippocampal cells. Hippocampal cells were treated with 100 pM NMDA for 15 min, which treatment was followed by incubation in normal conditioned
medium without NMDA for 1, 6 or 24 h. (a) Hippocampal cells were double-immunostained with anti-synapsin | (synl, red) and anti-NR2B (NR2B, green) antibodies

(b) Hippocampal cells were double-immunostained with anti-synapsin | (synl, red) and anti-PSD-95 (PSD-95, green) antibodies. Images show magnified regions of
dendnitic segments. Scale bar, 10 pm. The numbers of clusters positive for synapsin I, NR2B or PSD-95, and double-positive for synapsin/NR2B or PSD-95 (merged
clusters) were counted in a 50-pm dendrite length. Results are expressed as the means + SEM. *Significant difference from the control group (post hoe Dunnet’s r-test,
p<0.05).
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Results

First, we examined the effects of HGF on NMDA-induced
neuronal cell damage. The concentrations of NMDA (100 uM)
and HGF (30 ng/ml) used in the present study were based on
data obtained in our previous study (Ishihara et al., 2005). The
number of Pl-labeled neurons increased after the application of
NMDA without a change in the total number of neurons (Fig. la
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and b). Treatment with HGF attenuated the increase in the
number of Pl-labeled cells (Fig. 1¢) without changing the total
number of neurons 24 h after the application of NMDA
(Fig. 1d).

Next, the effects of excitotoxicity on clustering and synaptic
locahization of the NMDA receptor and PSD-95 were examined.
Exposure of cultured hippocampal cells to 100 pM NMDA
decreased the number of NR1 clusters starting from 6 h after
NMDA addition without changing the number of synapsin I, a
presynaptic marker protein, -positive puncta (Fig. 2b). Although
NRI clusters were decreased in number, the number of double-
positive immunofluorescent puncta containing NR1 subunits
and synapsin was not altered (Fig. 2b). We next explored the
time course of changes in the number of clusters of NR2
subunits. In the present study, we could not obtain commercially
available mouse anti-NR2A antibodies and attempts to examine
immunostaining of synapsin I using mouse anti-synapsin |
antibody were not successful. Therefore, we decided to examine
double immunostaining of NR2A and synaptotagmin, as a
presynaptic marker. At first, we identified the localization of
different proteins, synapsin I and synaptotagmin. Double
immunostaining of synapsin I and synaptotagmin revealed a
high degree of cluster colocalization (Fig. 2a). Therefore, the
results indicate evidence about the similarity of localization of
synapsin I and synaptotagmin. The density of neither NR2A
subunits nor synaptotagmin was altered throughout the
experiment (Fig. 2¢). In contrast, the number of NR2B clusters
was decreased at 24 h after the exposure to 100 pM NMDA for
15 min without a change in the number of synapsin clusters
(Fig. 3a). The number of NR2B clusters colocalized with
synapsin was also decreased at 24 h after the application of
NMDA (Fig. 3a). In addition to NMDA receptor subunits, we
investigated the number of clusters positive for PSD-95, which
is a receptor-anchoring protein. Their number dropped as did
the number of double-positive immunofluorescent puncta
containing PSD-95 and synapsin at 24 h after the application
of NMDA for 15 min (Fig. 3b).

Since the composition of NMDA receptor complex contain-
ing PSD-95 at postsynaptic sites would be altered at 24 h after
the excitotoxicity, we next examined the effects of HGF on the
number of clusters at 24 h after the application of 100 uM
NMDA for 15 min. As shown in Fig. 4, treatment with HGF
attenuated the decrease in the number of NR1 clusters without
changing the number of synapsin clusters or double-positive
immunofluorescent puncta (Fig. 4a). Whereas treatment with

Ftu 4. Effects of HGF on the ber of ¢l after exc

pal cells. Cultured hippocampal cells were incubated with (NH) or
w:l]tout (N} 30 ng/ml HGF for | h before the addition of 100 pyM NMDA. “H"
indicates HGF treatment without excitotoxicity. “C” indicates the incubation
under normal culture conditions for 24 h without NMDA treatment. Then, the
cells were incubated in normal conditioned medium without NMDA for 24 h and
...... ined with the indicated antibodies. The numbers of clusters
containing synapsin | and NR (a), synaptotagmin and NR2A (b), synapsin | and
NE2B (c) or synapsin | and PSD-95 (d) were counted in a 50-pum dendrite length.
Results are expressed as the means+SEM. *Significant difference from the
control group (post hoc Fisher's PLSD, p<0.08). #Significant difference from
the NMDA-treated group (post hoc Fisher's PLSD, p<0.05).

icity in cul

_231_



H. dkita er al. / Experimental Newrology 210 (2008) 83-94 89

HGF had no effect on the number of NR2A clusters (Fig. 4b),
the decrease in the number of NR2B (Fig. 4c) or PSD-95
(Fig. 4d) clusters was attenuated with HGF treatment without a
change in the number of synapsin clusters. Treatment with HGF
also lessened the decrease in the number of double-positive
immunofluorescent puncta containing NR2B and synapsin
(Fig. 4c) or PSD-95 and synapsin (Fig. 4d). Treatment with
HGF had no effect on the number of clusters under non-
excitotoxic conditions (Fig. 4).

We next focused on the surface expression of the NMDA
receptor. To assess this, we performed a cell-surface biotinyla-
tion assay using cultured hippocampal cells. First, we confirmed
that actin was not contained in the biotinylated proteins after the
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application of NMDA for 15 min (Fig. 5a). The protein com-
position of biotinylated samples under excitotoxic conditions
was comparable to that under normal conditions throughout the
experiment (Fig. 5b and c¢). As shown in Fig. 5d, the surface
expression of NR1 subunit was not altered under excitotoxic
conditions. Conversely, the amounts of NR2A and NR2B
subunits at the cell surface were significantly decreased starting
1 h after the application of NMDA, and the decreased levels were
maintained throughout the experiment (Fig. Se and ).

We next determined the effects of HGF on the surface
expression of NMDA receptor subunits. After the application of
NMDA for 15 min, the cells were incubated in normal con-
ditioned medium without NMDA for 24 h. Biotinylated proteins
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Fig. 5. Time course of changes in the levels of proteins at the cell surface after excitotoxicity in cultured hippocampal cells. Hippocampal cells were treated with
NMDA for 15 min and then incubated in normal conditioned medium without NMDA for 1, 6 or 24 h. Thereafter, proteins at the cell surface were labeled with
membrane-impermeable sulfo-NHS-SS-biotin, which labeling was followed by precipitation with UltraLink-immobilized neutravidin beads. (a) Biotinylated proteins
were probed with anti-actin antibody to confirm that actin was not present in the biotinylated samples. "H" indicates total brain homogenate. (b) Total protein
composition of biotinylated samples was determined by silver staining. (c) The gel m silver staining was scanned. Total protein composition was not changed

throughout the experiment. Results are expressed as the mean percentages of control + SEM. (d, e, and f) Biotinylated |

were blored with anti-NR |

(d), anti-NR2A (e), and anti-NR2B (f) antibodies. Bands corresponding to NR1, NR2A, and NR2B were scanned. Results are expressed as the mean percentages of
control + SEM. *Significant difference from the control group (post hoe Dunnet’s r-test, p<0.05).
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were not reactive with the antibody against actin regardless of  treatment (Fig. 6b and c). HGF treatment did not alter the surface
treatment or not with HGF (Fig. 6a). The protein composition  expression of NR1 subunit throughout the experiment (Fig. 6d).
of biotinylated samples was unaffected irrespective of HGF ~ The decrease in NR2B subunit density at the surface was
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HGF for | h before the addition of NMDA for 15 min. Then, the cells were incubated in normal conditioned medium without NMDA for | h. Proteins at the cell surface
were labeled with memb -impermeable sulfo-NHS-SS-biotin and then precipitated with UltraLink-immobilized neutravidin beads. Biotinylated proteins were
|mmunnhlnm:d with anti-NR1 (1), anti-NR2A (b), and anti-NR2B (¢) antibodies. Bands corresponding to NR1, NR2A, and NR2B were scanned Results are expressed
as the mean percentages of the control + SEM. *Significant difference from the control group (post hoc Fisher's PLSD, p<0.05), #Significant difference from the

NMDA-treated group (post hoc Fisher's PLSD, p<0.05),

inhibited and that in NR2A tended to be attenuated by the HGF
treatment (Fig. 6e and f).

We next examined the effects of HGF on the surface
expression of NMDA receptor subunits at the early stage.
Surface-biotinylated proteins were isolated at | h afier the
application of NMDA. The surface expression of NR1 subunit
was not altered regardless of treatment or not with HGF com-
pared with that of control group (Fig. 7a). The decrease in the
amounts of NR2B (Fig. 7c) subunits at the cell surface was
inhibited and that in NR2A (Fig. 7b) tended to be attenuated by
the HGF treatment.

As it is known that stimulation of NMDA receptors of
hippocampal neurons induces phosphorylation of CREB, we
next examined the effect of HGF on high K '-stimulated CREB
phosphorylation at 24 h after the application of NMDA. Cul-
tured hippocampal cells were pretreated with 10 pM CNQX,
10 pM nifedipine, and 0.3 pM TTX to suppress spontaneous
activity, First, we found that basal phosphorylation of CREB was
not altered by treatment with 10 pM MK-801 (Fig. 8a). Stim-
ulation with 60 mM KCl induced phosphorylation of CREB, and
MK-801 inhibited CREB phosphorylation (Fig. 8b). Under this
condition, high K'-stimulated phosphorylation of CREB was
significantly decreased at 24 h after the application of NMDA
(Fig. 8c). Treatment with HGF attenuated the decrease in CREB
phosphorylation induced by high K" -stimulation (Fig. 8c).

Discussion

We previously demonstrated that treatment with HGF
decreased neuronal death in the in vivo ischemic brain (Date
et al., 2004; Niimura et al., 2006), Furthermore, in cultured
hippocampal neurons, HGF exerted protective effects by acting
directly on neurons under the excitotoxic condition (Ishihara
et al., 2005). In accordance with this, the protective effects of

HGF against neurotoxicity in the present study were compara-
ble to those found in that previous study. Although these effects
of HGF may contribute to prevention from leaming and mem-
ory dysfunction seen after cerebral ischemia (Date et al., 2004),
it is still not clear whether synapses under the excitotoxic
condition were morphologically and functionally improved by
treatment with HGF. So we investigated the effects of HGF on
synaptic clustering of the NMDA receptor and PSD-95, and on
the biochemical response to excitatory input through the
NMDA receptor after the excitotoxic injury.

In control hippocampal cultures, the presynaptic marker
proteins synapsin and synaptotagmin were localized at dendritic
puncta; and approximately 60% of dendritic clustered NMDA
receptor subunits NR1, NR2A, and NR2B were colocalized with
these presynaptic marker proteins. Whereas the number of
synapsin or synaptotagmin clusters was not altered under the
excitotoxic condition, that of NRI clusters was decreased.
Although the limited resolution of fluorescent measurements
might preclude identification of smaller individual puncta, the
finding that the number of double-positive immunofluorescent
puncta containing NR1 subunit and synapsin was not altered
suggests that mainly the extrasynaptic NR1 subunits might be
decreased in number. The synaptic localization of NR2B was
decreased at 24 h after the excitotoxic injury, although the
number of synaptic NR2A clusters was not altered throughout
the experiment. These results suggest that NR2A subunit would
have remained in the NMDA receptor complex at synapses
under the excitotoxic condition. Earlier it was shown that cell
death mediated by the NMDA receptor was greater in transfected
HEK293 cells expressing NRI/NR2A receptors than NR1/
NR2B receptors (Anegawa et al., 1995). In addition, the infarct
volume after focal ischemia was decreased in mice lacking the
NR2A subunit (Morikawa et al., 1998), suggesting that the
NR2A subunit plays a key role in neuronal injuries. However,
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roles of NR2A subunit in pathological conditions remain unclear
and controversial, since the surface expression of NR2ZA
subunits was decreased after excitotoxic injury in the present
study. In contrast to NR2ZA subunit, it is conceivable that NR2B
subunits disappeared from synapses. Mutant mice defective in
the NR2B subunit showed a failure of neuronal pattern
formation and synaptic plasticity (Kutsuwada et al., 1996).
Conversely, overexpression of NMDA receptor subunit NR2B
in the forebrain of mice resulted in superior ability in learning
and memory function in behavioral tasks (Tang et al., 1999).
Therefore, the decreased number of NR2B clusters implies the
dysfunction of the NMDA receptor. However, a contribution of
NR2A subunit to exert physiological function cannot be fully
ruled out, since disruption of the NR2A subunit gene reduces the
NMDA receptor channel current and results in a deficiency in
spatial learning (Sakimura et al., 1995). We also demonstrated

(b)

KCl - + +
MKBO1 - - +

v (]
o e [

—~ BO00¢ *
Eiﬂ- gm.
2 "% 600
£‘ n. zm'
- - 400} #
300
40 g |
20} 100 +
J § A
MKa01 - + KCI - + +
MKBO1 - - +
(c) control  NMDA  NMDA+HGF
KCiI - + - + - +
pones [ .

m[ .
350 _L T
300} X
3|
m.
8 ol ’
gm
i fuil
K,fi’,' - ¢ ok = &
Cont NMDA NMDA
+HGF

/ Experimental Neurology 210 (2008) 83-94

that synaptic localization of PSD-95 was decreased at 24 h. In the
postsynaptic density, the binding of PSD-95 to NR2 subunits has
been implicated in the localization and anchoring of receptors
and signaling proteins to the postsynaptic density, and in the
regulation of ion-channel function, synaptic activity, and
intracellular signaling (Kim and Sheng, 2004; Migaud et al.,
1998; Sattler et al.,, 1999; Yamada et al., 1999). For example,
PSD-95-mutant mice showed alteration of synaptic plasticity
and failure of spatial leaming (Migaud et al., 1998). A marked
decrease in the levels of NR2 subunits and PSD-95 would
indicate that levels of functional receptors might be decreased.
This was consistent with failure of CREB phosphorylation in
response to depolarization-evoked NMDA receptor activation in
the present study. Therefore. the disturbance of appropriate
clustering of NMDA receptors and PSD-95 at synapses may lead
to dysfunction of glutamatergic neurotransmission, which
ultimately causes impairment of learning and memory function.

In the present study, HGF attenuated the decreased synaptic
localization of NR2B and PSD-95. Functional localization of
the NMDA receptor at synapses depends on PSD-95 (Barria and
Malinow, 2002; Mori et al., 1998; Prybylowski et al., 2002;
Steigerwald et al., 2000). Recently, we demonstrated that HGF
increased the number of puncta of PSD-95 in young hippo-
campal neuron (Nakano et al., 2007). These findings suggest
that HGF might modulate the synaptic expression of the NMDA
receptor by regulating the localization of PSD-95. Interestingly,
tyrosine-phosphorylated NMDA receptors induced by tyrosine
kinase Src were not truncated by calpain (Rong et al., 2001).
PKC, which is one of the upstream components of Src acti-
vation (Lu et al., 1999; Macdonald et al., 2005), can be activated
by HGF in neurons (Machide et al., 1998). Therefore, the results
in the present study suggest the possibility that HGF may
prevent the degradation of NMDA receptor subunits through

I-Ig 8. Effects of HGF on NMDA rrcrpmr-modmlcd CREB phnsphoryln.tmn
after excitotoxicity in cultured hipp pal cells. (a) Cultured hi

cells were pretreated with 10 pM CNQX, 10 pM nifedipine, and 0. 3 uM Tl'X
for 30 min and then incubated for 3 min with or without 10 pM MK-801_ Total
cell lysates were probed with anti-phospho CREB (pCREB) and anti-total
CREB (tCREB) antibodies. Bands corresponding to pCREB were scanned, and
the scanned bands were normalized by tCREB on the same blot. (b) Cultured
hippocampal cells were pretreated with 10 pM CNQX, 10 pM nifedipine, and
0.3 uM TTX for 30 min, which pretreatment was followed by stimulation with
60 mM KCI for 3 min with or without 10 pM MK-801. Total cell lysates were
probed with anti-phospho CREB (pCREB) and anti-total CREB (tCREB)
antibodies. Results are expressed as the mean percentages of control+SEM.
*Significant difference from the untreated group (post hoc Fisher's PLSD,
p=0.05). #Significant difference from the high-K -stimulation group (post hoc
Fisher's PLSD, p<0.05). (¢) Cultured hippocampal cells were pretreated or not
with HGF for 1 h before the addition of NMDA for 15 min. Then, the cells were
incubated in normal conditioned medium without NMDA for 24 h. Thereafier
the cells were incubated with 10 pM CNQX, 10 pM nifedipine, and 0.3 pM
TTX for 30 min and subsequently stimulated or not with 60 mM KCl for 3 min.
Total cell lysates were probed with anti-phospho CREB (pCREB) and anti-total
CREB ({CREB) antibodies. Results are expressed as the mean percentages of the
control+SEM. *Significant difference from the high-K -untreated group (post
hoc Fisher's PLSD, p<0.05). #Significant difference from the high-K'-
stimulated control group (post hoc Fisher's PLSD, p<0.05). tSignificant
difference from the high-K -stimulated NMDA-treated group (post hoc Fisher's
PLSD, p<0.05).
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promoting protein phosphorylation. Synaptic structures are not
homogenously distributed along a dendrite and are an important
determinant of its function. It will be important to determine
whether the pathophysiological changes are dependent of the
order of dendrites or restricted to apical or basal dendrites.

We further demonstrated that the surface expression of the
NMDA receptor subunits NR2A and NR2B, which modulate the
properties of heteromeric NR 1/NR2 receptors, was decreased by
excitotoxicity. In the present study, there was an inconsistency
between the number of clusters of NMDA receptor subunits and
the surface expression of receptor subunits. A possible reason is
suggested to be that the expression of NR2 subunits on cell
surfaces is vulnerable to excitotoxic stimulation, On the other
hand, the surface expression of NRI subunit was not altered
throughout the experiment, although NRI clusters were
decreased in number. Although immunolabeled puncta on den-
dritic segments might include intracellular and/or extrasynaptic
receptors, our results are consistent with the findings that NR2
subunit is rapidly cleaved after NMDA receptor stimulation with
no cleavage of NRI (Simpkins et al., 2003) and that NRI
immunoreactivity in the cell-surface fraction was not changed
after application of glutamate (Wu et al., 2007). We demon-
strated that the decreased amounts of NMDA receptor subunits
at the cell surface were attenuated by treatment with HGF. This
might be due to the protective effect of HGF against neuronal
cell death at 24 h after the application of NMDA. In the present
study, surface expression of NR2 subunits was significantly
decreased at the early period after excitotoxicity. Therefore, we
next assessed effects of HGF on the surface expression of
NMDA receptor subunits at | h after the application of NMDA,
when cell death did not occur. We demonstrated that the decrease
in surface expression of NR2 subunits tended to be inhibited by
HGF treatment. The results suggest that HGF has the ability to
attenuate decreases in the NMDA receptor at the cell surface
under excitotoxic conditions. The decreases in the surface ex-
pression of NR2 subunits may result in a disturbance of
intracellular signaling pathways through the NMDA receptor.
The prevention of ischemia-induced leaming and memory
dysfunction by HGF treatment as observed in a previous study
(Date et al., 2004) might contribute to the improvement of
NMDA receptor localization and intracellular signaling,

The next important issue is whether attenuation of the
number of clusters and surface localization of NMDA receptor
subunits by HGF treatment is related to an improvement of
activity-dependent biochemical response. In this sense, failure
of CREB phosphorylation in response to depolarization-evoked
NMDA receptor activation was attenuated by HGF treatment. It
has been well characterized that CREB is involved in the
acquisition of learning and memory (Konradi and Heckers,
2003). Although it is conceivable that CREB phosphorylation
in cultured cells is a marker of NMDA receptor signaling and
learning and memory function, the results in the present study
suggest that HGF improved the ability of intracellular signaling
components to phosphorylate CREB via the NMDA receptor.

Whereas the NMDA receptor plays a pivotal role in phys-
iological activities in the central nervous system such as learning
and memory function, the excessive activation of the receptor is
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involved in a variety of neurological and neurodegenerative
disorders. Therefore, it is important to explore strategies to
protect brain cells from NMDA receptor-mediated injury under
pathophysiological conditions. The present findings sugges! that
treatment with HGF is capable of improving not only synaptic
localization of NMDA receptor subunits but also physiological
intracellular signaling via the NMDA receptor.
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Abstract
TAR DNA binding protein 43 (TDP-43) has been considered a
signature protein in fio poral d in and amyotrophic

lateral sclerosis (ALS), but not in ALS associated with the
superoxide dismutase | (SOD/) gene mutations (ALSI). To clanify
how TDP may be involved in ALS pathogenesis, clinical and
pathological features in cases of sporadic ALS ([SALS] n = 18) and
ALS| (n = 6) were analyzed. In SALS patients with rapid clinical
courses. TDP muslocalization (i.e. cytoplasmic staining and TDP-
positive cytoplasmic inclusions) in anterior hom cells was frequent.
In SALS patients with slow clinical courses, TDP-43 mislocalization
was rare, In an ALS| patient with the SOD/ gene mutation C1LTY,
there were numerous TDP-positive inclusions and colocalization of
SODI and TDP. In mutant SOD| transgenic (G93A) mice at the end
stage (median, 256 days), TDP-positive inclusions and TDP
coloculization with SODI were also observed: nuclear TDP-43
immunoreactivity was highly correlated with life span in these mice.
In both humans and mice, nuclei that stained strongly for TDP were
large and circular; weakly stained nuclei were atrophic or deformed.
In conclusion, low levels of TDP expression in the nucleus cor relate
with a rapid clinical course in SALS and in ALS] model mice,
suggesting that nuclear TDP may play a protective role against
motor neuron death resulting from different underlying etiologies.
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INTRODUCTION

Amyotrophic lateral sclerosis (ALS) is a fatal motor
neuron discase that causes progressive motor paralysis. The
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underlying pathogenetic mechanisms are largely unknown in
90% of ALS patients, that is, those with sporadic ALS
(SALS). Of the 10% of ALS cases with familial ALS
(FALS), approximately one fifth are associated with a
mutation in the superoxide dismutase 1 (SOD/) gene; these
patients are classified as ALS1 (1, 2). The pathogenesis of
ALS] is thought to involve aggregation of mutant SOD1 and
subsequent oxidative stress (3). Another rare cause of
Juvenile autosomal recessive FALS is the gene that encodes
ALS2, also known as alsin (4, 5). In most cases of FALS,
however, the causative gene has not been identified because
of low penetrance.

TAR DNA binding protein 43 (TDP-43), a nuclear
protein. contains 2 fully functional RNA recognition motif
domains and a C-terminal region that is capable of binding
directly to several proteins of the heterogeneous nuclear
ribonucleoprotein family (6-8): these ribonucleoproteins have
a variety of functions including the modification, stabilization,
and transport of RNA. The TDP modifies the splicing of exon
9 of the cystic fibrosis transmembrane conductance regulator
gene (9) and of exon 3 of the apolipoprotein A-11 gene (10).
Recently, it also has been reported that loss of TDP in vitro
results in nuclear dysmorphism, misregulation of the cell
cyele, and apoptosis (11).

Neuronal inclusions, such as Lewy body-like hyaline
inclusions (LBHIs), or the aggregation of mutant SODI in
ALSI (3. 12) are known to be important pathological fea-
tures in the pathogenesis of neurodegenerative diseases.
The TDP is a component of the ubiquitin-positive inclusions
and neurites observed in frontotemporal dementia and ALS
(13, 14). The TDP-positive round or filamentous inclusions
in the cytoplasm and mislocalization of TDP from the
nucleus to the cytoplasm have been observed in all cases
of SALS (15) and FALS, but not in ALSI (16, 17). A novel
missense mutation in TDP was recently identified as caus-
ative in familial motor neuron disease and SALS (18, 19).
Although the concept of TDP proteinopathy has been sug-
gested (14, 20), the presence of TDP-positive inclusions in
other diseases, including hippocampal sclerosis, Alzheimer
disease (21), Parkinson disease (22), Pick disease (23), and
neoplastic lesions (24), complicates this issue. Furthermore,
Sanelli et al (25) have reported that TDP is not a major
ubiquitinated target within the pathological inclusions
of ALS.
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Nuclear TDP Correlates With ALS Clinical Course

To clarify how TDP may be involved in pathogenetic
mechanisms in ALS, we examined SALS and ALSI patients
clinically and pathologically by immunohistochemistry using
an anti-TDP antibody. We also examined the lumbar spinal
cords of mutant SODI1 transgenic mice (G93A mice) that
have lower copy numbers of the mutant SOD/ gene than the
G93A mice previously examined by Robertson et al (26);
G93A mice with low copy numbers of the mutant SOD/I gene
show pathological changes that are similar to those in
patients with ALS (27).

MATERIALS AND METHODS

ALS Cases and Pathological Assessment

Fixed paraffin-embedded 4-pm-thick scctions through
the lumbar spinal cord at the L5 level were obtained from
Osaka University Graduate School of Medicine (Suita) for
clinicopathologic analysis. These patients had SALS (n = 18;
age at death 62 [median, 45-79] years; disease duration,
2 [0.7-7.3] years) or ALSI (n = 6: age at death, 58 [42-71]
years; disease duration, 9 [2-11] years; Table). All neuro-
pathologic analyses were performed by trained neuropathol-
ogists. Sporadic ALS patients who did and did not have a
history of respirator use and whose deaths were caused by
respiratory failure or pneumonia were examined. Clinical

data including the localization of initial symptoms, history of

respirator use, cause of death, and family history are shown
in the Table.

Deparaffinized sections were incubated for 30 minutes
with 0.3% hydrogen peroxide to quench endogenous perox-
idase activity and then washed with PBS. The primary
antibodies used were rabbit polyclonal antibodies against
TDP-43 (1:3000, Protein Tech Group, Chicago, IL) and
ubiquitin (1:2000, Dako, Glostrup, Denmark), mouse mono-
clonal antibodies against human SODI (0.5 pg/mL, clone
1G2, MBL, Aichi, Japan) and phosphorylated neurofilament
(1:10,000, SMI31, Covance, Berkeley, CA), and a sheep
polyelonal antibody against human SOD1 (1:20,000, Calbio-
chem, San Diego, CA): these were applied to serial sections
as primary antibodies. Goat anti-rabbit and anti-mouse
immunoglobulins conjugated to peroxidase-labeled dextran
polymer (ready to use. Dako Envisiont, Dako Corp,
Carpinteria, CA) and rabbit anti-sheep immunoglobulin
(1:1000, Abcam PLC, Cambridge, United Kingdom) were
used as secondary antibodies. Reaction products were
visualized with 3.3"-diaminobenzidine tetrahydrochloride
(ImmPACT DAB, Vector Laboratories, Burlingame, CA),
and hematoxylin was used to counterstain cell nuclei,

To estimate the numbers of TDP-positive cytoplasmic
inclusions, large neurons that had clear nucleoli and cell
bodies with a diameter greater than 37 pm (28) (presumed to
be a motoneurons) and the numbers of neurons with TDP
mislocalization from the nucleus to the cytoplasm in the gray
matter, from video images of each section obtained with a
digital camera (Keyence VB-7010, Keyence, Osaka) attached
to a light microscope (EclipseE800, Nikon. Tokyo)., were
counted. The diameters of the neurons were measured with
the aid of image analysis software (VH-HIAS, Keyence).

@ 2008 American Association of Newropathologists, Inc.

Mislocalization of TDP was defined as the presence of a
TDP-negative nucleus and TDP-positive cytoplasm. In
mislocalizations of TDP, there can also be diffuse staining
patterns n the cytoplasm and TDP-positive filamentous or
round inclusions in the cytoplasm. Cells containing TDP-
positive inclusions were classified as neurons or glia on the
basis of the shape of their nuclei and cytoplasm.

Animals

Transgenic mice expressing the mutated human SOD/
(G93A) gene at a low level (B6SIL-TgN[SOD1 }-G93A)1 Gur”
[GIL]) were obtained from Jackson Laboratory (Bar Harbor,
ME). These mice camry I8 transgene copies because of a
reduction in the copy number compared with (B6SIL-
TgN[SODI1]-G93A)1Gur (GIH) mice, which express 25
copies (3). The GIL mice were bred and maintained as
hemizygotes by mating with wild-type B6.SJL mice. Non-
transgenic littermates were used as controls. All animals were
genotyped and handled as previously described (29). We
examined control (n = 6,292 [median, 240-296] days old) and
GIL (n = 9,256 [224-281] days old. end stage) mice, One
G1H mouse (120 days, end stage), also obtained from Jackson
Laboratory, was examined to confirm the lack of TDP-43
abnormalities reporied previously (26). End stage was defined
as oceurring when the mouse was so severely paralyzed that it
could hardly move or drink water. The mice were killed with
an overdose of sodium pentobarbital and perfused with PBS
followed by 4% paraformaldehyde. The lumbar enlargement
of the spinal cord was removed, immersed in 4% paraformal-
dehyde overnight at 4°C, and then dehydrated and embedded
in paraffin blocks. Paraffin sections, 4-pm-thick, were
prepared and stained with hematoxylin and eosin. Every fifth
section (cut at 20-pm intervals) was obtained. and 4 sections
from each mouse were used to count the total number of
LBHIs in the sections. For immunohistochemistry, the primary
antibodies used on the serial sections were against TDP-43
(1:600, Protein Tech Group) and human SOD1 (0.5 pg/mL,
clone 1G2, MBL, Nagoya, Japan).

Semiquantitative Analysis of Immunoreactivity
for TDP

Because variation in the TDP immunoreactivity (TDP-
IR) was evident among GIL mice, the pattems of TDP
immunostaining were divided mto normal (0) and abnormal
(1 to 4), the latter showing TDP-positive neurites and
inclusions and varying degrees of nuclear positivity, The
stages of normal or abnormal patterns were classified by
TDP-IR of the neuron nuclei as follows: normal pattern
(Stage 0): same as in normal littermates, with immunoreac-
tivity apparent only in nuclei; abnormal pattem (Stages 1-4):
Stage 1, weak immunoreactivity in nuclei; Stage 2, weak to
moderate immunoreactivity in nuclei; Stage 3, moderate to
strong immunoreactivity in nuclei; Stage 4, strong immuno-
reactivity in nuclei,

Quantitative Analysis of LBHIs
The numbers of LBHIs with a core and halo in neurons
of the lumbar spinal cord were counted in hematoxylin and
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cosin-stamned sections (100x< objective) from each GIL
mouse as previously described (29).

Statistical Analysis

DifTerences in the numbers of TDP-positive inclusions in
neurons and glia and in large neurons (>37 pm) between SALS
patients with a rapid course and those with a slow course were
analyzed by Wilcoxon rank sum test. The relationships among
the numbers of large neurons and TDP-positive inclusions in
neurons and ghia were also analyzed using Spearman
correlation coefficient with a 95% confidence interval (CI).
In GIL mice, the relationships among age at the end stage,
number of LBHIs, and TDP-IR were analyzed using Spearman
correlation coefficient with 95% CI. Exploratory subgroup
analyses for age at the end stage were done in the TDP-IR
weak groups (Stages | and 2) and the TDP-IR strong groups
(Stages 3 and 4) by Kolmogorov-Smimnov test. All statistical
analyses were performed with SAS version 9.1 (SAS Institute
Inc, Cary, NC).

RESULTS

ALS Cases
In the lumbar cords of SALS patients with discase
durations less than or equal to 2.5 years (SALS r-1 10 -13),

mislocalization of TDP was frequently observed (Figs. 1B, C;
Table); this was not evident in controls (Fig. 1A). There was
a diffuse cytoplasmic staining pattem, especially in large
neurons (=37 wm, Fig. 1B) and TDP-positive filamentous or
round inclusions were evident in atrophic neurons and in glia
(Figs. 1C, D); the nuclei in the neurons and glia were
negative for TDP. In SALS patients with mild to moderate

" neuronal loss, there was often a diffuse TDP staining pattern

in the cytoplasm of large neurons (Table). No extracellular
TDP-positive inclusions were apparent. By contrast, in SALS
patients with disease durations longer than 3 years (SALS s-1
to -5). ncurons with diffuse cytoplasmic staining patterns
were not evident, and TDP-positive inclusions were only
rarely detected (Table). The TDP-IR of the nuclei of residual
neurons appeared to be preserved.

In ALSI patients, diffuse cytoplasmic TDP staining of
large neurons was found only in | patient, i.e. ALSI-2 (126
2bp del), who had a clinical course of 2 years (Table). Some
small neurons in Patients ALS1-2 and ALS1-3 (126 2bp del)
also showed diffuse cytoplasmic TDP staining (Figs. 3A, C).
The TDP-positive inclusions were prominent in the glia and
in small neurons or their neurites in Patient ALS1-1 (C111Y),
who had no remaining large neurons. The nuclei of cells with
TDP-positive inclusions were TDP negative (Figs. 2A, E).
Colocalization of TDP and SOD! was frequently evident as
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FIGURE 1. Mislocalization of TAR DNA binding protein (TDP) in cases of sporadic amyotrophic lateral sclerosis (SALS) with

rapid clinical courses. (A) Normal control. The nuclei of large neurons are positive for TDP (arrows). Some glia (arrowheads) are

weakly stained. (B-D) 5ALS patients. (B) There is diffuse punctate cytoplasmic staining in the neuron on the left (arrow), and

heterogeneous staining in the middle (arrow) is observed in the cytoplasm. Nuclei of neurons on the left and in the middle are

negative for TDP, whereas the nucleus of the neuron on the rightis stained. (C) Variable appearances of cytoplasmic TDP inclusions

(arrows). The structure on the left (arrow) is rounded, whereas the one in the middle neuron is elongated and filamentous
(arrow). (D) Glial inclusions are positive for TDP (arrows). Immunohistochemistry against TDP. Scale bar = 50 pm,
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