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Figure 4. Representative images of the Kliver-
Barrera staining in the paramedian parts of the cor-
pus callosum of the BCAS-operated mice treated
with vehicle {A), vehicle +GW (B}, Tel (Low; C), Tel
(Low)+GW (D), Tel (High; E), and Tel (High)+-GW (F)
30 days post-BCAS (n==7 each). insets indicate
enlarged images of oligodendrocytes. Histogram
showing the grading of the white matter lesions of
the 6 groups of mice (G~-H; see Supplemental
Method Ill for details). Representative images of
immunchistochemistry for GST-w-positive oligoden-
drocytes in the medial parts of the corpus callosum
of the BCAS-operated mice treated with vehicle ()
and Tel (Low; J) 30 days post-BCAS (n==7 each).
Scale bar, 100 um. Histogram showing the density
of GST-7-positive oligodendrocytes (K) of the 2
groups of mice. Cerebral mRNA expressions of
MCP-1 (L) and TNF-a (M) pre-BCAS and 30 days
post-BCAS in the sham-operated or BCAS-
operated mice treated with vehicle or Tel (Low; n=5
sach). Tel (Low) indicates low-dose telmisartan

(1 mg/kg per day); Tel (High), high-dose telmisartan
(10 mg/kg per day); GW, GWI662 (1 mg/kg per day).
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compare SA, 5C, and 5E). Cotreatment with GW9662 did not
lead to additional histological changes in mice with vehicle
(Figure 5; compare SA and 5B) or high-dose tclmisartan (Figure
5; compare S5E and 5F).

Spatial Working Memory in Mice With Chronic
Cerebral Hypoperfusion Was Restored by a
Nonhypotensive Dose of Telmisartan

Finally, we analyzed spatial working memory of BCAS mice
by the Y-maze test as the final functional output. The percentage
of alternation behaviors significantly decreased in vehicle-
treated BCAS mice compared with the sham-operated mice but
significantly increased in a nonhypotensive dose of telmisartan-
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Figure 5. Representative images of the immunofiu-
orescent staining for 8-OHdG (red) in the medial
parts of the corpus callosum of the BCAS-
operated mice treated with vehicle {(A),
vehicle+GW (B), Tel (Low; C), Tel (Low)+GW (D),
Tel (High; E), and Tel (High)+GW (F) 30 days post-
BCAS (n=7 each). Capillaries double-positive for
CD31 (G, green) and 8-OHdG (H, red) and merged
image (}} in vehicle-treated mice. Scale bars,

100 pm (A-F), 50 pum (G-I}, Histogram showing the
percentage of 8-OHdG-positive area to CD31-
positive area of the 6 groups of mice (J). Tel (Low)
indicates low-dose telmisartan (1 mg/kg per day);
Tel (High), high-dose telmisartan (10 mg/kg per
day), GW, GW9662 (1 mg/kg per day).

|

treated mice, Such effects of low-dose telmisartan were partially
offset by cotreatnent with GW9662. Hypotensive doses of
telmisartan-treated mice manifested in finther impaired working
memory (Figure 6A). There were no significant differences in
the number of entries to each arm, which was considered to
reflect locomotor activity, among the 5 groups (Figure 6B).
These results suggest that a nonhypotensive dose of tehnisartan,
but not a hypotensive dose, improved spatial working memory
of BCAS-operated mice.

Blood Concentration of Telmisartan
Plasma concentration after 1 mg/kg per day administration of
telmisartan for 7 days was 142.86+=14.85 ng/ml. (n=4, values

Downloaded from stroke.ahajournals.org at Kyoto University on January 11, 2011

— 190 —



Washida et al

]

2

|
§
|
!
|
i

’ Alternation betdvior (%)
E &K 8 B8 g 3

Tt Lo FOW Tol iHigh)

Sham

Foil
R

Surnberaf ams eniries
D
w B

Tol QOwHOW Tl
HCAS. '
Figure 6. Spatial working memory assessed by the Y-maze test
showing altemation behavior (%; A) and number of arm eniries
(B) of the indicated groups of mice (sham, vehicle+BCAS, Tel
{Low)-+BCAS, Tel (Low)+GW+BCAS; n=20, Tel (High) +BCAS;
n=10). Tel (Low) indicates low-dose telmisartan (1 mg/kg per
day); Tel (High), high-dose telmisartan (10 mg/kg per day); GW,
GW9662 (1 mg/kg per day).

Shard

are expressed as mean+SEM), a lower limit of BP-lowering
cffect in humans.

Discussion

This study showed that (1) a nonhypotensive dose of telmis-
artan alleviated microglial/astroglial activation, endotbelial
oxidative stress, oligodendrocyte loss, and demyelinating
changes in the white matter of the mice with chronic cerebral
hypoperfusion; (2) such protective effects against the white
matter lesions were at least partially mediated by anti-
inflammatory and antioxidative effects that were exerted in
part by PPAR-v activation; (3) by contrast, a hypotensive
dose of telmisartan did not induce such positive effects in
BCAS-operated mice in the white matter; and (4) a nonhy-
potensive, but not a hypotensive, dose of telmisartan amelio-
rated cognitive decline of the BCAS-operated mice. Thus, the
protective effects of telmisartan against white matter damage
and cogpitive impairment are exerted by its multifaceted
effects, partially through PPAR-y activation, but these are
abolished by its BP-lowering effects when given at a higher
dose. Thus, telmisartan should be considered for putative
treatment for subcortical vascular dementia, although strict
monitoring of BP is required.

Telmisartan is an ARB with a high degree of lipophilicity
and is able to cross the blood—-brain barrier, Telmisartan
inhibits TNF-a-induced nuclear factor-kB activation, mainly

Effect of Telmisartan on a Vascular Dementia Model 1805

through AT, receptor blockade® In addition, telmisartan
suppresses MCP-1 expression through AT, receptor blockade
and PPAR-y activation.'® Genetic deletion of AT, receptor
protects against damage due to brain ischemia.’* With its
synergistic eftects of AT, receptor blockade and PPAR-y
activation, telmisartan may exert multiple beneficial effects,
including an antioxidative and anti-inflammatory effect, as
shown in this study.

The nonhypotensive dose of telmisartan suppressed super-
oxide production from the vessel wall without lowering CBF.
Telmisartan reduces NADPH oxidase activity?®; therefore,
administration of telmisartan in such a low dose seems to
decelerate the free radical system in the chronically hypoper-
fused mouse brain. However, a hypotensive dose of tebmis-
artan substantially increased the degree of endothelial oxida-
tive stress together with glial activation, white matter lesions,
and spatial working memory deficits. Because mice with
severe CBF reduction (approximately lower than 50% of the
baseline level) died and were subsequently excluded from the
analysis, such detrimental effects of high-dose telmisartan
may even be underestimated. ARBs protect against ischemic
cerebral injury, independently of BP.** The benefit of normo-
tension over hypotension lies in the absence of hypotension-
induced aggravation of ischemic change. In the PRoFESS study,
lowering BP at the subacute phbase after stroke (within 15 days)
may have decreased CBF. The Acute Candesartan Cilexetil
Therapy in Stroke Survivors (ACCESS) study indicated that
candesartan treatment immediately after stwoke, without signifi-
cant lowering of BP, decreased the rate of recuwmvent stroke '
Therefore, the beneficial pleiotropic effect of telmisartan seems
to be overwhelmed by BP-lowering if given in a high dose.
Caution should therefore be exercised when lowering BP at an
acute to subacute stage when cercbrovascular autoregulation is
damaged. In clinical practice, appropriate timing and dose of
telmisartan should be considered.

The effect of telinisartan on coguitive function was also
assessed. The Y-maze tests showed that spatial working memory
was significantly distupted by chronic cercbral hypoperfusion.
Nonhypotensive doses of telmisartan significantly attenuated the
deterioration of spaiial working memory together with histolog-
ical improvement in the white matter. By contrast, hypotensive
doses of telmisartan further aggravated spatial working mem-
ory together with histological deterioration. In this mouse
model, pathological changes were restricted in the white
matter only. The cercbral cortex and hippocampus, which are
associated with spatial working memory,'* were not damaged
in a relatively short period (for example, 30 days post-
BCAS). Thus, telmisartan may have restored frontal-subcor-
tical circuitry function, which is also associated with spatial
working memory.$1* However, hippocampal changes appear
at 3 months post-BCAS™; it would therefore be of interest to
extend the observation period to investigate effect of telmis-
artan on the gray matter in a future study.

Recently, it has been shown that cerebral endothelial cells
secrete rophic factors that support the survival and prolifer-
ation of oligodendrocyte precursor cells.’® Such oligodendro-
cyte precursor cell-supportive phenomena in endothelial cells
are mediated by Akt and Src signaling pathways. Noncyto-
toxic levels of oxidative stress downregulate the production
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of trophic factors such as brain-derived neurotrophic factor
and fibroblast growth factor and distupt the ability of cercbral
endothelial cells to support oligodendrocyte precursor cells.
Furthermore, GST-m-positive oligodendrocytes were restored
by low-dose telmisartan. These data suggest that a novel func-
tion of telmisartan is to maintain “oligovascular niche” by
sustaining oligodendrocyte homeostasis in roaromalian brain,
In conclusion, long-term AT receptor blockade and PPAR-y
activation with telmisartan should be considered as a novel
therapentic approach for protection from damage associated with
chronic cercbral hypoperfusion or subcortical vascular dementia.
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Proteasome inhibition in medaka brain induces the features of

Parkinson's disease
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Parkinson’s disease (PD) is characterized by the degeneration
of dopaminergic and noradrenergic neurons in neuronal
populations located primarily in the substantia nigra pars
compacta and the locus coeruleus. Another symptom of PD
is the presence of abnormal protein-rich structures known as
Lewy bodies and pale bodies in the cytoplasm of neurons in
the brainstem or cerebral cortex. Several lines of evidence
show that defects in the ubiguitin-proteasome system may
play an important role in the pathology of PD (Dawson and
Dawson 2003). Mutations in the components of the ubiqu-
itin-proteasome system such as parkin and ubiquitin C-
terminal hydrolase L1 are responsible for a subgroup of
familial PD (Kitada et al. 1998; Leroy et al. 1998). Impair-
ment of the ubiquitin-proteasome system has also been
implicated in idiopathic PD. For example, a decrement in
proteasome activity or a decrease in subunits of the 208
proteasome and the PA700/19S complex was detected in the
substantia nigra of PD patients (Tofaris etal 2003;
McNaught et al. 2006b; Cook and Petrucelli 2009).

© 2010 The Authors

Previously, it was reported that systemic exposure to
proteasome inhibitors induced dopaminergic neuronal death
and the formation of inclusion bodies similar to Lewy bodies
(McNaught ef al. 2004). Although this report widely
attracted attention and some groups replicated the original
results (Nair e al. 2006; Schapira et al. 2006; Zeng ef al.
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2006), the findings have not been consistently reproduced
(Bové eral. 2006; Kordower et al. 2006; Manning-Bog
et al. 2006). The reason for this is unknown, but the authors
of the original paper proposed several possibilities, including
variation in the brain bioavailability of the toxin (McNaught
and Olanow 2006a). To date, the proteasome inhibitors
model of PD is not widely accepted as a useful model system
for the study of PD (Beal and Lang 2006).

We previously generated genetic and toxin-induced models
of PD using a small laboratory fish, medaka (Oryzias latipes)
(Matsui ez ¢l 2009, 2010). In this study, we report a method
for the administration of various drugs and toxins into the CSF
of medaka. Although we administered proteasome inhibitors
and 6-hydroxydopamine (6-OHDA) non-selectively into
medaka CSF using this new method, a selective loss of
dopaminergic and noradrenergic neurons was induced. Inclu-
sion bodies were observed 3 days after the administration of
proteasome inhibitors. This medaka model replicates key
featares of PD: locomotor dysfunction, inchision body forma-
tion and selective loss of dopamine and noradrenaline neurons.

Materials and methods

Proteasome inhibitors and 6-DHDA freatment

Wild-type medaka of the Kyofo-cab strain was used for this study.
Medaka at 10 months post-fertilization were anesthetized with
chloretone at a dosage of 0.35 ug/ml. (Tokyo Chemical Industry,
Tokyo, Japan). After sufficient anesthesia, each fish was moved into
an agarose-gel plate with a dent filled with water (Fig. 1a). Each fish
was gently grasped at the belly with the examiner’s fingers and
injected with toxins or non-toxic vehicles at a dosage of 0.8 pl./
0.1 g body weight. The concenfrations of toxins were as follows:
2 mM for lactacystin, 10 mM for 6-OHDA and 0.2 mM for
epoxomicin. The vehicle for lactacystin and 6-OHDA is water and
that for epoxomicin is dimethylsulfoxide. The mean volume
(standard error) of injection is 1.52 (0.0045), 1.52 (0.0044), 1.52
{0.0045) pl. for vehicle {water), lactacystin and 6-OHDA respec-
tively, and 1.52 (0.0044), 1.52 (0.0045) pL for vehicle (dimethyl-
sulfoxide) and epoxomicin respeciively. Injections were made

& ()

Water

" Agalose gel

Fig. 1 Method of injection. {a) Simple illustration of the agarose bed
for injection. The dent made it easy to hold the fish stationary. (b)
Injected dye in the cerebrospinal fluid space. Images were taken hy
BIOREVO, BZ-9000 microscope (Keyence, Osaka, Japan). White
arrow indicates the route for injection needle. The images were taken

© 2010 The Authors
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manually (about 1 s/injection) using a glass micropipette (GD-1;
Narishige, Tokyo, Japan) attached to a Hamilion syringe (Hamilton,
Reno, NV). The tip of the glass micropipette was positioned in the
CSF space between the hindbrain and the optic techum (Fig. 1b).
‘The injection procedures can be seen in the Movie S1.

Prateaseme activily assay

Each brain was homogenized in 200 pL ice-chilled buffer contain-
ing 20 mM Tris—-HCl pH7.6, 1 mM EDTA, 1 mM dithiothreitol and
0.1% NP40. Homogenates were centrifuged at 14 (000 g for 5 min at
4°C. The supematants were used for determination of proteasome
activity. Fifty micrograms of protein in 200 pI. buffer was incubated
with 10 pM Z-Leu-Leu-Glu-AMC (amido-methylcoumarin; Sigma
Aldrich, St Louis, MO, USA) for 60 min at 37°C. For the negative
control, we added 20 pM epoxomicin in the reaction buffer using
vehicle-treated brains. The released AMC was detected at 1 min
intervals by fluorescence at 460 nm (emission 355 nm) (Fluoroskan
Ascent FL; Thermo Fischer, Waltham, MA, USA).

Western biotting

Brains were homogenized in RIPA buffer (25 mM Trs-HCI pH
7.6, 150 mM NaCl, 1% NP40, 1% sodium deoxycholate, 0.1%
sodium dodecyl sulfate) with protease inhibitors and processed for
sodium dodecyl sulfate-polyacrylamide gel electrophoresis. Immu-
noreactive bands were detected with ECL reagent or ECL plus
reagent (GE Healthcare Life Sciences, Buckinghamshire, UK) and
the chemiluminescent signal was visualized by exposing the
membrane to Fuji RX-U X-ray film (Fuji Film, Tokyo, Japan).
Films were scanned and densitometric analysis of blols was
performed using ImageJ sofiware (National Institutes of Health;
http://rsbweb.nih.gov/ii/). The background iniensity of the film was
subtracted from the band intensity. A monoclonal antibody against
tyrosine hydroxylase (TH) (1 : 1000, mouse monoclonal; Millipore,
Billerica, MA, UUSA) and an anti-tryptophan hydroxylase antibody
(1 : 1000, sheep polyclonal; Abcam, Cambridge, MA, USA) were
used for the western blotting analysis of TH and tryptophan
hydroxylase, respectively. For the detection of ubiquitin, an anti-
ubiquitin antibody (1 : 1000, rabbit polyclonal; Dako, Glostrup,
Denmark) was used. An anti-B-actin antibody (1 : 5000, mouse
monoclonal, AC-15; Sigma-Aldrich, St Louis, MO, USA) was used
for the loading control.

from above, soon after the injection of Alexa Fluor 546 (Invitrogen,
Carlsbad, CA. USA). The left image is the photograph of the whole
head and the right is that of the brain (after removal of the skull and
other adjacent structures).
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ranumahistochemistry

Immunohistochemistry was performed as previously described with
minor modifications (Matsui er al. 2009, 2010). Each brain was
sectioned at a thickness of 20 pm and sections were incubated with
mouse anti-TH antibody (1 : 500, mouse monoclonal; Millipore) for
1 h. Immunoperoxidase detection was carried oui using a Vecior
Elite ABC kit with 3,3-diaminobenzidine (Vector I.aboratories,
Burlingame, CA, USA). Densitometric analysis of the striatwm TH-
positive fibers was performed by Photoshop software (Adobe, San
Jose, CA, USA). Several sections were then counter-stained for
Nissl substance. For staining of ubiquitin and synuclein, each brain
was sectioned at 10 pin and an anti-ubiquitin antibody (1 : 100 for
fluorescence, 1: 500 for 3,3'-diaminobenzidine staining, rabbit
polyclonal; Dako) and an anti-synuclein antibody (1 : 100, rabhit
polyclonal, AB5464; Millipore) were used, respectively.

To determine the numbers of Nissl-stained cells, we selected the
central section from the group of sections containing the middle
diencephalic TH-positive cell cluster (when the section number was
even, we chose the rostral section). We counted Nissl-stained cells in
the optic tectum 300-400 um lateral from the midline.

The staining specificity was assessed by replacing the primary
antibodies with the appropriate amount of phosphate-buffered saline
(PBS) solution containing 2% bovine serum albumin or by pre-
incubating the primary antibodies with an excess of their respective

@ h

Proteasome activity (wolig/min)
B
[l

1)

Mono UL

B-actin

g <
£
52

Contral

Fig. 2 Proteasome activity and the amount of ubiquitinated proteins
of vehicle-, lactacystin- and 6-OHDA-treated medaka brain. (a) The
upper and lower graphs show the proteasome activity 1h and
3 days after injection, respectively (n = 8). (b) Ubiquitinated proteins

© 2010 The Authors

1 day

Lactacystin ~ 6-OH

antigen. No reaction-product deposits were seen in the sections thus
ireated.

Transmission electron microscepy

For electron microscopic analysis, medaka brains were fixed overnight
in 2% glutaraldehyde with phosphate buffer. After rinsing in 0.1 M
PBS with 0.1 M sucrose, samples were post-fixed in 1% osmium
tetroxide (OsO,) with 0.1 M PBS and 0.1 M sucrose for 1.5 h.
Samples were rinsed, dehydrated in an ethanol series, and embedded in
Epon. The 80-nm thin sections were cut on an ultramicrotoime.
Sections were stained with uranyl acetate and fead citrate.

Behavioral analysis

Behavioral analysis was performed as previously described with
slight modification (Matsui et al. 2009, 2010). Image acquisition
began 5 min after the medaka was placed in a new water tank. Data
were collected confinuously for the subsequent 5 min.

Statistical analysis

Data were expressed as mean = standard errors of the mean (SEM).
An analysis of variance (ANOVA) was used to test results for
stafistical significance. Post hoc analysis using Bonferroni correc-
tion for multiple tests was used. Differences were considered
significant when p < 0.05.

3 days

DA

6-0HDA

Control  Lectacystin

of the whole brain (3 days after injectior)). B-Actin is for the loading
control. The graph indicates the densitometric analysis of ubiquitin/
practin - and monoubiquiti/f-actin_ band (n=8). *p<0.05;
***p < 0.001.
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Results

Suceessful administration of materials into OSF of medaka
Using a glass micropipette coupled to a Hamilton syringe,
various toxins and drugs were soccessfully delivered to
medaka via the CSF. To verify drug delivery into the CSF but
not in the brain parenchyma, we injected a fluorescent dye as
a marker. Soon after injection, fluorescence was visible in the
CSF space. After removal of the skull and adjacent
structures, the signal totally disappeared, indicating that the
dye did not enter the brain parenchyma (Fig. 1b). This
method of drug delivery was used for all of the following
experiments.

Reduced proteasome activity and increased ubiguitinated
proteins in medaka treated with lactacystin

Proteasome activity was measured in the whole brain of
normal, untreated medaka to determine baseline levels of
proteasome activity (Fig. 2a) and compared with proteasome

Fig. 3 Images of inclusions of lactacystin-
treated medaka brain. (a) Lactacystin-trea-
ted, 3,3-diaminobenzidine (DAB) siaining
{anti-ubiquitin antibody). Arrows indicate
ubiquitin-positive inclusions. (b-d) Immu-
neflucrescence staining with anti-ubiquitin,
anti-TH antibody and DAPL (b) Vehicle-
treated. (c) Lactacystin-treated. White ar-
rows indicate ubiquitin, TH-double positive
inclusicns. (d) 6-OHDA-lreated. (e-h)
Electron microscopic photographs of lacta-
cystin-treated medaka brain. Black arrows
indicate the inclusions and arrow heads
indicate the lysosome. (e, g) Some inclu-
sions were seen adjacent to the nucleus. {f,
h) Enlarged image of () and (g).

© 2010 The Authors

activity measured in medaka at different time-points follow-
ing injection of the proteasome inhibitor lactacystin and the
neurotoxin 6-OHDA. Each brain was intensively washed by
PBS before the homogenization to avoid the carry-over of
injected materials. The fluorescence signals increased line-
arly for the entire 60 min assay (data not shown). Addition of
epoxomicin, a specitic proteasome inhibitor, into the reaction
buffer perfectly inhibited the fluorescence signals indicating
this assay indeed reflected the proteasome activity. One hour
after lactacystin injection, the proteasome activity in medaka
brain was markedly decreased from baseline levels. 6-
OHDA -treated medaka brain also showed mild reduction of
proteasome activity. Three days after injection, the protea-
some activity of lactacystin-treated and 6-OHDA-treated
medaka brain became comparable to that of control brains
(Fig. 2a).

Next, we compared the amount of ubiquitinated proteins in
vehicle- and lactacystin-treated medaka using western blot-
ting. Because medaka ubiquitin amino acid sequence is
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identical to human sequence, we used commercially avail-
able anti-ubiquitin antibody (rabbit polyclonal; Dako). Three
days after lactacystin injection, high molecular weight
ubiquitin-positive bands increased in lactacystin-treated
medaka brains compared with levels in controls. 6-OHDA-
treated medaka brain showed a more modest increase of
ubiquitinated proteins. The amount of mono ubiquitin did not
differ among the groups (Fig. 2b).

These findings soggest that injection of lactacystin inhib-
ited proteasome activity in medaka brain, resulting in an
increase in ubiquitinated proteins.

0 day

2 days

Fig. 4 Time course of ubiquitin-positive inclusion formation in lacta-
cystin-treated medaka brain (anti-ubiguitin antibody, (DAB) staining)
(a—c), and anti-synuclein antibody staining 3 days after the injection
(d-1). {a) O day, soon afier the injection. (b) 2 days after the injection.
The nucleus and cytoplasm showed diffuse signal enhancement. {(c)
3 days after the injection. Multiple ubiquitin-positive inclusions ap-
peared. (d—f) Control brain. (g-)) Lactacystin-treated brain. (d, g, j)

© 2010 The Authors

inclusion bodies seen in lactacystin-treated medaka

To test whether treatment with lactacystin resulted in an
increase in inclusion bodies in medaka brain, we stained
brain sections with an anti-ubiquitin antibody. Three days
after injection of lactacystin, ubiquitin-positive cytoplasmic
inclusions were seen in various regions of the brain (Fig. 3a).
These inclusions were distributed throughout the brain,
including the forebrain, optic tectum, diencephalon, hind-
brain and spinal cord (data not shown). Some inclusions look
like Lewy bodies, which are known to accompany PD
{(Fig. 3a). TH-positive neurons also contained inclusions

3 davs

- Vehicle control

Lactacystin

Lactacystin
(presbsorbed by
medaka w-synuclein)

Anti-ubiquitin antibody staining. (e, h) Anti-synuiclein antibody staining.
(k) Pre-absorption by recombinant medaka o-synuclein (10 pg/mL)
disappeared the signals of synuclein antibody, indicating this antibody
indeed recognized medaka w-synuclein. (f) Merged image of (d) and
(e). (i) Merged image of (g) and (h). {}) Ubiquitin and synuclein did not
colocalize. Merged image of (j) and (k). Each inset of (g), (h) and (i) is
an enlarged image of inclusions (arrows).
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(Fig. 3¢). Treatment with vehicle or 6-OHDA did not result
in the formation of inclusion bodies (Fig. 3b and d).

To examine the detailed structure and localization of
inclusions, samples were examined using transmission
electron microscopy. Oval aggregates with multiple concen-
tic and filamentous structires were observed in the
cytoplasm (Fig, 3e-h). In some cases, lysosomes appeared
to engulf these structures (Fig. 3e and f).

To check the time course of inclusion formation, we
examined brain sections at 6 h, 1 day, 2 days and 3 days
after the injection. General increase of ubiquitin was
observed 1 and 2 days after the injection (Fig. 4b). Ubiqu-
itin-positive inclusion bodies were first detected 3 days after
the injection of lactacystin (Fig. 4c). Samples examined prior
to 3 days post-injection did not appear to contain. inclusion,
bodies (Fig. 4a and b).

Whether such ubiquitin-positive inclusion bodies corre-
spond to Lewy bodies that are mainly composed of «-
synuclein is an important question, we immunostained
sections with an anti-synuclein antibody (Spillantini ef al.
1997). The antigen of this antibody is the amino acids 11-26
of uman a-synuclein (AKEGVVAAAEKTKQGV) and these
amino acids sequences are well conserved between human
and medaka (AKDGYVAAAKTKGYV). Pre-absorption by
recombinant medaka o-synuclein abolished the signals of
synuclein antibody, indicating this antibody indeed recog-
nized medaka a-synuclein. However, at all post-injection time
points examined, infrequent colocalization of synuclein was
observed with ubiquitin-positive inclusion bodies (Fig. 4d-1).

Sefective foss of dopaminergic and noradrensrgic neurons
in tactacystin-treated medaka

Immunoblotting of tryptophan hydroxylase and B-actin in
lactacystin- and 6-OHDA-treated medaka brain were com-
parable to levels in the vehicle-treated group. However, TH
signals in lactacystin- and 6-OHDA-treated medaka brain
showed significant reductions, indicating specific cell loss of
TH-positive neurons in these groups (Fig. 5a and b). To see
whether lactacystin and 6-OHDA caused loss of dopaminer-
gic neurons and fibers, immunohistochemistty was per-
formed using anti-TH antibody. In medaka fish,
dopaminergic neurons in the diencephalon are thought to
contain an equivalent of dopaminergic neurons in hwman
substantia nigra (Matsui et al. 2009). Vehicle-treated medaka
showed intact TH-positive fibers in the striatum and normal
TH-positive cell numbers in the diencephalon and medulla
oblongata. In contrast, the TH-positive signals in the striatim
decreased in lactacystin- and 6-OHDA-treated medaka
(Fig. 6a— and j). Furthermore, there was a significant
decline in the pumber of TH-positive neurons in the middle
diencephalon and locus coeruleus of lactacystin- and 6-
OHDA-treated medaka brain (Fig. 6d-, k and I). The
numbers of Nissl-stained neurons in the optic tectum did
not differ among vehicle-, lactacystin- and 6-OHDA-treated

© 2010 The Authors
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Fig. 5 Immuncblotting of TH, B-actin and tryptophan hydroxylase
{TPH) in vehicle-, lactacystin- and 6-OHDA-treated medaka brain. {a)
TH-specific reduction in lactacystin- and 6-OHDA-treated medaka
brain. (b) Densitometric analysis of TH/B-actin band (n=8).
*p < 0.01; "*p < 0.001.

medaka (data not shown), indicating that the toxicity of
lactacystin and 6-OHDA is specific to dopaminergic and
noradrenergic neurons. The middle diencephalon and locus
coeruleus were more affected than the caudal diencephalon,
and the rostral diencephalon was totally spared (data not
shown).

Next, we conducted TUNEL assay using the method
previously described (Matsui ez al. 2010). In the middle
diencephalon of lactacystin-treated medaka brain, not in that
of vehicle-treated one, TUNEL and TH double positive cells
were observed (Fig. 6m~t). These findings indicated that
lactacystin treatment indeed induced cell death of the TH-
positive neurons in the middle diencephalon, with a
fragmentation of DNA.

We used another proteasome inhibitor, epoxomicin.
Epoxomicin treatment also led to inclusion body formation
and similar immunohistochemical results (Fig. 7a—c). The
specific vulnerability of TH-positive neurons in the middle
diencephalon was also observed in epoxomicin-treated
medaka (data not shown).

Finally, we measured the amount of catecholamine to
confirm the effect of lactacystin and 6-OHDA on catechol-
amine neurons. Consistent with results from western blotting
and immunohistochemistry, the amount of dopamine and
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Fig. 8 TH immunohistochemistry of vehicle-, lactacystin- and 6-
OHDA-treated medaka brain. (a—c) Forebrain. White arrows indicate
TH-positive fibers in the striatum. (d-f) Middle diencephalon, low
magrification. White arrows indicate TH-positive cell cluster. (g-i)
Middle diencephalon, high magnification. (a, d, g) Vehicle-treated. (b,
e, h) Lactacystin-treated. {c, f, i) 6-OHDA-treated. (j) Densitometric
analysis of the siriatum TH-positive fibers (n = 4). (k) TH-positive cell
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Lactacystin

sswssers TE

Lactacystin 6-OHDA

&OHDA

- DAPY

number of the middle diencephalon (n = 8). (I} TH-positive cell number
of the locus coeruleus (n = 8). *p < 0.05; **p < 0.01; ***p < 0.001. (m—
p) TUNEL and TH double-positive neurons in the middle diencephalon
of lactacystin- (m-p) and vehicle- (q-t) treatéd medaka brain. (m, q)
DAPI staining. (n, r) TH staining. (o, s) TUNEL staining. (p, t) Merged
image of (m—o) and (g—s) respectively.

Joumal Compilation © 2010 International Society for Neurochemistry, J. Neurochem. (2010) 115, 178--187

— 199 —



Fig. 7 Results of epoxomicin-treated me-
daka. (a) TH immunohistochemistry. The
upper images show TH-positive fibers in the
striatum (white arrow), and the middle (low
magnification, white arrow indicates TH-
positive cell cluster) and lower images (high
magnification) show TH-positive neurons in
the middle diencephalon. (b) Ubiquitin, TH-
double positive neurons. White arrows
indicate ubiquitin-positive inclusions. (c)
The TH-positive cell number of the middle
diencephalon {n = 8). ***p < 0.001.

noradrenaline decreased significantly in lactacystin- and 6-
OHDA-treated medaka brain. Differences in serotonin levels
between treatment groups did not reach statistical signifi-
cance (Fig. 8a—c). Together with the histological findings, we
concluded that proteasome inhibition as well as 6-OHDA
treatment caused selective loss of dopaminergic and norad-
renergic neurons in medaka brain.

Decreased spontaneous movement in lactacystin-treated
medaka

Because motor distarbances are one of the definite charac-
teristics of PD, we evaluated the swimming movements of
lactacystin- and 6-OHDA-treated medaka. Spontaneous
movement of lactacystin- and 6-OHDA-treated medaka
gradually reduced. Three days after the injections, swimrming
velocity was significantly reduced in lactacystin- and
6-OHDA-treated medaka compared with vehicle-treated fish.
Total swimming distance also decreased in lactacystin- and
6-OHDA-treated medaka, but the reduction in 6-OHDA-
treated fish did not reach statistical significance (Fig. 9a—d).

e,
&
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-
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304

pNumbers of T+ neurcns
in the middle diencephalon

Control Epoxomicin

In conclusion, proteasome ishibition in medaka brain
showed similarities not only to key pathologies of PD but
also to motor disturbances seen in PD patients.

Discussion

Our results demnonstrate that the administration of protea-
some inhibitors to medaka via the CSF induces PD-like
symptoms. Fish treated with lactacystin developed inclusion
hodies similar to Lewy bodies, which are associated with PD.
Although proteasome inhibition in medaka brain resulted in
the formation of cytoplasmic inclusion bodies throughout the
CNS, the absence of inclusion bodies in 6-OHDA-injected
medaka brain suggests that formation of inclusion bodies is
not secondary consequence of cell death. Treatment with
lactacystin also induced selective loss of dopaminergic and
noradrenergic neurons and a reduction in spontaneous
movement. Using identical experimental parameters, we
demonstrated that specific clusters of TH-positive neurons
were especially vulnerable to toxins. All of the findings seen

Lactacystin

i LRSS

HDA T Control B-OHDA

Fig. 8 HPLC analysis of catecholamine in vehicle-, lactacystin- and 6-OHDA-treated medaka brain (n = 8). (a) Dopamine. (p) Noradrenaline. (c)

Serotonin (n = 8). "p < 0.05; **p < 0.01; **p < 0.001.
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Fig. 8 Spontaneous swirnming rovement of vehicle-, lactacystin- and
6-OHDA-treated medaka (n = 8). Spontaneous swimming movement
was assayed 1 (black) and 3 days (gray) afier the injection. (a)

in. lactacystin-treated medaka brain were also replicated by
another kind of proteasome inhibitors, epoxomicin (Fig. 7a—
c). This strongly suggests that the formation of inclusion
bodies was indeed a result of proteasome inhibition in
medaka brain.

Lactacystin, epoxomicin, 6-OHDA and MPTP (Matsui
et al. 2009) cause selective loss of dopaminergic and
noradrenergic neurons in medaka. TH-positive neurons in
the middle diencephalon and locus coeruleus showed
marked vulnerability to different kinds of toxins compared
with other neuren clusters. The reason for this selective
vulnerability is unknown, but in medaka the TH-positive
neurons in the middle diencephalon and locus coeruleus
have relatively large cell bodies with well-developed
fibers. In rats, the nigro-striatal dopaminergic neurons also
have widespread fibers (Matsuda eral 2009). Large
neurons may require more optimal conditions for survival
and this may explain the increased vulnerability of these
cells.

Because lactacystin-treated medaka demonstrated more
severe deficit in the behavioral tests compared with 6-
OHDA-treated medaka, there may be non-catecholaminergic
effects that were not detected in our assays. Lactacystin may
affect other newronal or non-neuronal behavioral system.
Further studies would be needed.

The present results are consistent with prior findings in rats
demonstrating PD-like symptoms in proteasome inhibitors-
treated animals (McNaught ef al. 2004). Although the results
from the earlier report have not been consistently replicated,
our findings demonstrate that proteasome inhibitors are

© 2010 The Authors
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Swimming velocity (cm/s). (b) Total swimming distance {cm). (c)
Duration of swimming (s). (d) Representative tracks of medaka
{n=8). *p < 0.05, *p < 0.01; **p < 0.001.

effective dopaminargic neurotoxins and may offer a good
model for PD. Furthermore, the medaka is an appropriate
model for testing neurochemical treatments because of the
high level of accessibility to the CSF and brain. The easy
accessibility of the CSF in medaka may help reduce
differences in bioavailability of injected chemicals, one of
the limitations of rat models.

One thing that our medaka model differed from human PD
is the absence of colocalization of ubiquitin and synuclein in
the inclusions. It may be due to the sensitivity of antibody we
used or acute proteasome inhibition could not produce
ubiquitin/synuclein double-positive inclusions. Our current
aim is to replicate not only the selective loss of dopaminer-
gic/noradrenergic neurons and movement disorders but also
the formation of Lewy bodies.

Apart from the report by McNaught 1 al. and subsequent
studies of proteasome inhibition. in rats, this is the first study
to show the loss of specific dopaminergic and noradrenergic
neurons induced by the inhibition of proteasome activity.
Recently, Meyer and his colleagues used the Cre-recombin-
ase/loxP genetic approach to ablate the proteasomal Psincl
ATPase gene and deplete 268 proteasomes in neurons in
different regions of the brain to mimic neurodegeneration.
Depletion of the gene in dopaminergic neurons in the
substantia nigra generates a model of dopaminergic neurod-
edgeneration accompanied by Lewy pathology, further
supporting the idea that proteasome inhibition leads to
Parkinson’s disease phenotype (Bedford er al. 2008). We
believe that medaka can serve as a very useful model
organism for PD research.
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Induced Loss of ADAR2 Engenders Slow Death of Motor
Neurons from Q/R Site-Unedited GluR2
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GluR2 is a subunit of the AMPA receptor, and the adenosine for the Q/R site of its pre-mRNA is converted to inosine (A-to-I conversion)
by the enzyme called adenosine deaminase acting on RNA 2 (ADARR). Failure of A-to-I conversion at this site affects multiple AMPA
receptor properties, including the Ca®" permeability of the receptor-coupled ion channel, thereby inducing fatal epilepsy in mice (Brusa
etal., 1995; Feldmeyer et al., 1999). In addition, inefficient GluR2 Q/R site editing is a disease-specific molecular dysfunction found in the
motor neurons of sporadic amyotrophic lateral sclerosis (ALS) patients (Kawahara et al., 2004). Here, we generated genetically modified
mice (designated as AR2) in which the ADAR2 gene was conditionally targeted in motor neurons using the Cre/loxP system. These AR2
mice showed a decline in motor function commensurate with the slow death of ADAR2-deficient motor neurons in the spinal cord and
cranial motor nerve nuclei. Notably, neurons in nuclei of oculomotor nerves, which often escape degenerationin ALS, were not decreased
in number despite a significant decrease in GluR2 Q/R site editing. All cellular and phenotypic changesin AR2 mice were prevented when
the mice carried endogenous GluR2 alleles engineered to express edited GluR2 without ADAR?2 activity (Higuchi et al., 2000). Thus, loss

of ADAR2 activity causes AMPA receptor-mediated death of motor neurons.

Introduction

GluR2 (also known as GluR-B or GluA2) is a subunit of the
AMPA receptor. The adenosine within the glutamine coden for
the Q/R site of its pre-mRNA is converted to inosine (A-to-I
conversion) (Yanget al., 1995) by adenosine deaminase acting on
RNA 2 (ADAR2) (Melcher et al., 1996). Because inosine is read as
guanosine during translation, the genomic glutamine codon (Q:
CAG) is converted to a codon for arginine (R: CIG) at the (O/R site
of GluR2 in virtually all neurons in the mammalian brain (See-
burg, 2002). Conversion of Q to R at the Q/R site of GluR2 affects
multiple AMPA receptor properties, including the Ca®" perme-
ability of the receptor-coupled ion channel, receptor trafficking,
and assembly of receptor subunits (Sommer et al., 1991; Burna-
shev et al., 1992; Greger et al., 2002, 2003). Genetically modified
niice in which the Q/R site of GluR2 remains unedited displayed
fatal status epilepticus at early postnatal stages with exaggerated
excitation of neurons (Brusa et al., 1995; Feldmeyer et al., 1999).
Systemic ADAR2-null mice exhibit a similar phenotype, which
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was attributed to the absence of GluR2 (/R site RNA editing
(Higuchi et al., 2000). These findings indicate that the A-to-I
conversion of the GluR2 Q/R site by ADAR? is crucial for survival
in mice. However, it has not been demonstrated whether neuro-
nal death occurs in mice lacking GluR2 Q/R site editing or in
those lacking ADAR2.

Amyotrophic lateral sclerosis (ALS) is the most common
adult-onset motor neuron disease. Patients with sporadic ALS
account for >90% of all cases, and the majority of them do not
carry mutations in the causative genes of familial ALS that have
been identified thus far (Schymick et al., 2007; Beleza-Meireles
and Al-Chalabi, 2009). There is strong evidence indicating that
AMPA receptor-mediated excitotoxic mechanism plays a patho-
genic role in ALS and SOD1-associated familial ALS model ani-
mals (Rothstein et al., 1992; Carriedo et al., 1996; Van Danume et
al., 2005). Recently, we demonstrated that a significant propor-
tion of GluR2 mRNA was unedited at the Q/R site in spinal motor
neurons of postmortem patients with sporadic ALS. This is in
marked contrast to the fact that all GluR2 mRNA was edited in
the motor neurons of control subjects (Takuma et al., 1999;
Kawahara etal., 2004) and of patients with motor neuron diseases
other than sporadic ALS (Kawahara et al., 2006), as well as in
dying neurons in other neurodegenerative diseases, including
Purkinje cells of patients with spinocerebellar degeneration (Pas-
chen et al., 1994; Akbarian et al., 1995; Kawabara et al.,, 2004;
Suzuki et al., 2003). The disease specificity of inefficient GluR2
Q/R site editing implies the pathogenic relevance of ADAR2 in-
sufficiency in the death of motor neurons in sporadic ALS but
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leaves open the possibility that other genes whose products re-
main unedited by ADAR?2 insufficiency might contribute to the
demise of motor neurons.

We therefore generated a conditional ADAR2 knock-out
mouse strain (designated here as AR2), using the Cre/loxP re-
combination system, and demonstrated that the loss of ADAR2
activity induces the slow death of motor neurons also in the
mouse. Importantly, all motor neuron death in AR2 mice could
be prevented by substituting the wild-type GluR2 alleles for al-
leles point mutated to express Q/R site-edited GluR2 in the ab-
sence of ADAR2. Our genetic studies in the mouse cdearly
demonstrate that the underediting of the GluR2 Q/R site specif-
ically induces death of motor neurons with reduced ADAR2
activity.

Materials and Methods

All studies were performed in accordance with the Declaration of Hel-
sinki, the Guideline of Animal Studies of the University of Tokyo, and
National Institutes of Health. The committee of animal handling of the
University of Tokyo also approved the experimental procedures used.

ADAR2%* allele and conditional ADAR2 knock-out mice. DNA for the
targeted region was obtained from a mouse strain 129/SvEv genomic
library (supplemental Table S1, available at www.jneurosci.org as sup-
plernental material). A LoxP site was inserted into intron 6 and another
LoxP site was inserted into intron 9 of the mouse ADAR2 gene (adarbl),
along with a selection cassette containing a neomyein resistance gene
(Neo) flanked by flippase recognition target (FRT) sites (Fig. 14). Exons
7-9 encode the majority of the adenosine deaminase motif. Chimeric
mice were generated by injection of a targeted embryonic stem cell clone
into C57BL/6-derived blastocysts. ADARZ™™* intercrosses produced
ADARZ™™% rnice at apparent Mendelian frequencies, and ADARZ*fx
homozygous mice were phenotypically normal. Determination of the
ADARY™*allele was conducted by genomic PCR (Fig. 1 B). Then, to knock-
out ADAR2 activity selectively in motor neurons, we crossed ADAR2™iex
mice with VAChT-Cre.Fast mice to obtain AR2 mice.

AR2 mice. Tntercrosses of ADARZ™™ " [VACHT—Cre Fast mice pro-
duced ADAR™™ %y ACKT-Cre.Fast (AR2) mice, either heterozygous
ot homozygous for the Cre transgene, which directs restricted Cre ex-
pression under the control of the vesicular acetylcholine transporter gene
promoter in a subset of cholinergic neurons, including the spinal motor
neurons (Misawa et al., 2003). Cre expression levels were found not to
differ in mice heterozygous or homozygous for the VAChT—Cre.Fast
transgene {Misawa et al., 2003). The same intercrosses also produced, as
littermates of AR2, ADAR2™%* (Ctl1) and ADARZ™ " /VACHT-Cre-
.Fast mice (Ctl2), which were used as controls. Both genders of AR2 and
control mice were used, but littermates heterozygous for the floxed
ADAR2 allele were not used in this study. All genotyping was performed
by PCR on DNA from tail biopsies. PCR primers and amplicon sizes for
the different alleles are listed in supplemental Table S1 (available at www.
jneurosci.org as supplemental material).

AR2/GIR-B™® mice. AR2/GIuR-B** mice were generated by inter-
crossing ADAR™* [V AChT-Cre.Fast/GluR-B¥ " mice, which had
been produced by crossbreeding AR2 mice with GluR-B¥® mice. The
AR2/GluR-B*"® mice used by us were either heterozygous or homozy-
gous for the Cre transgene (Misawa et al., 2003) and homozygous for the
floxed ADAR2 and the GluR-B(R) allele. The desired genotype was found
approximately once in every 20 offspring. Other genotypes produced by
the intercrosses were not used in this study. All genotyping for the
ADAR? and GluR2 (GluR-B) alleles as well as for the Cre transgene was
by PCR on DNA extracted from tail biopsies. PCR primers and amplicon
sizes for the different alleles are listed in supplemental Table §1 (available
at www.jneurosci.org as supplemental material).

Genomic PCR and reverse transcription-PCR. Genomic DNA was ex-
tracted from mouse tails using the High Pure PCR Template Preparation
kit (Roche). Total RNA was isolated from brain and spinal cord tissue,
and first-strand ¢cDNA was synthesized and then treated with DNase I
(Tnvitrogen) as described previously (Kawahara et al., 2003b). Primer
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pairs and the conditions used for PCR are presented in supplemental
Table S1 (available at www.jneurosci.org as supplemental material). Po-
sitions of primer pairs used for genomic ADAR2 PCR (Fig. 14, FI/R1)
and ADAR2 reverse transcription (RT)-PCR (Fig. 1C, F2/R2) are
indicated.

Analysis for editing efficiency at A-to-I sites. Editing efficiencies at the
Q/R sites in GluR2 mRNAs were calculated by quantitative analyses of
the digests of RT-PCR products with Bbvl as described previously (Ta-
kuma et al., 1999; Kawahara et al., 2003a, 2004). In brief, 2 pl of cDNA
were subjected to first PCR in duplicate in a reaction mixture of 50 ul
containing 200 mM each primer, 1 my dNTP Mix (Eppendorf), 5 ul of
10X PCR buffer, and 1 pl of Advantage 2 Polymerase mix (Clontech).
The PCR amplification began with a 1 min denaturation step at 95°C,
followed by 40 cycles of denaturation at 95°C for 10 5, annealing at 60°C
for 30 s, and extension at 68°C for 40 5. Nested PCR was conducted on 2
1l of the first PCR product under the same conditions with the exception
of the annealing temperature (58°C). Primer pairs used for each PCR
were listed in supplemental Table $1 (available at www.jneurosci.org as
supplemental material). After gel purification using the Zymoclean Gel
DNA Recovery kit according to the protocol of the manufacturer (Zymo
Research), an aliquot (0.5 mg) was incubated with Bbvl (New England
Biolabs) at 37°C for 12 h. The PCR products originating from Q/R site-
edited GluR2 mRNA had one intrinsic restriction enzyme recognition
site, whereas those originating from unedited mRNA had an additional
recognition site. Thus, restriction digestion of the PCR products origi-
nating from edited GluR2 mRNA should produce different numbers of
fragments (two bands at 219 and 59 bp) from those originating from
unedited GluR2 mRNA (three bands at 140, 79, and 59 bp). Because the
59 bp band would originate from both edited and unedited mRNA but
the 219 bp band would originate from only edited mRNA, we quantified
the molarity of the 219 and 59 bp bands using the 2100 Bioanalyzer
(Agilent Technologies) and calculated the editing efficiency as the ratio of
the former to the latter for each sample (supplemental Table S1, available
at www.jneurosci.org as supplemental material)

With similar methods, we calculated the editing efficiencies at the Q/R
sites in GluR5 and GluR6 mRNA and jn GluR2 pre-mRNA, the R/G site
in GluR2 mRNA, and the I/V site in Kv1.1 mRNA (Paschen et al., 1994;
Takuma et al., 1999; Kawahara et al., 2003a, 2004; Nishimoto et al.,
2008). The following restriction enzymes were used for restriction diges-
tion of the respective A-to-I sites: Bbvl for the Q/R sites, Mfel (New
England Biolabs) for the I/V site, and Msel (New England Biolabs) for the
R/Gsite. Primer pairs used for each PCR and sizes of restriction digests of
PCR products were indicated in supplemental Table S1 (available at
www.jneurosci.org as supplemental material).

Behavioral analyses. Using a mouse-specific rotarod (SN-445; Neuro-
science Corp.), we determined the maximal time before falling at 10 rpm
duringa 180 s period; each run consisted of three trials. Grip strength was
measured with a dynamometer (NS-TRM-M; Neuroscience Corp.).
Measurements were conducted weekly by a researcher blind to genotype
and age of the mice.

Isolation of single motor neurons and brain tissue. Single-cell isolation
from frozen spinal cord tissue was performed with a laser microdissec-
tion system (Leica AS LMD; Leica Microsystems) as described previously
(Kawahara et al., 2003b, 2004). All of the large motor neurons (diameter
larger than 20 um} in the anterior horn were dissected from 14-pm-thick
cervical cord sections, and three neurons each were collected together
into respective single test tubes containing 200 ul of TRIZOL Reagent. In
addition, using the same method, nuclei of oculomotor nerve and of
facial nerve were dissected from the brainstem sections of AR2 mice and
control mice at 12 months of age. The positions of these cranial nerve
nuclei were identified using the Paxinos and Franklin mouse brain atlas
(Paxinos and Franklin, 2001). All samples were kept at —20°C until use.

Iminunohistochemistry. Under deep anesthesia with isoflurane, mice
were transcardially perfused with 3% paraformaldehyde and 1% glutar-
aldehyde in PBS. The brains and spinal cords were removed and im-
mersed in serjally increasing concentrations of a sucrose~PBS solution
(final sucrose concentration of 30%). The immunohistochemical proce-
dure was performed on 10-um-thick sections, which were cut with a
cryostat (imodel HM300 O; Microm). The sections were analyzed with a
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Figure 1.

from the tails of ADARZ™*™* mice (lane 1), ADAR

standard avidin—biotin-immunoperoxidase complex method using the
M.O.M. Immunodetection kit (Vector Laboratories} for mouse primary
antibodies and Vectastain ABC IgGs (Vector Laboratories) for other pri-
mary antibodies. The following primary antibodies were used: mouse
anti-nonphosphorylated neurofilament H (SMI-32; dilution at 1:1000;
Covance), mouse anti-neuronal nuclei (NeuN) (dilution at 1:500; Milli-
pore Bioscience Research Reagents), sheep anti-rat RED1 (ADAR2) N
terminus [dilution at 1:500; a gift from Dr. R. B. Emeson (Sansam et al.,
2003)], rabbit anti-glial fibrillary acidic protein (GFAP) (dilution at
1:200; Lab Vision), and rat anti-mouse MAC-2 (dilution at 1:500; Cedar-
lane). Color was developed with the HRP-DAB System (Vector
Laboratories).

Muscles and neuromuscular junctions. Medial gastrocnemius mus-
cles and medial quadriceps muscles were dissected, pinned in mild
stretch, and mounted on cork blacks and were quickly frozen in
isopentane-liquid nitrogen. Samples were stored at —80°C until use.
Five-micrometer-thick transverse frozen sections were stained with he-
matoxylin and eosin. Twenty-micrometer-thick frozen longitudinal sec-
tions were stained with tetramethylrhodamine—bungarotoxin. The same
section was incubated with monoclonal antibodies to neurofilament
(NF160; dilution at 1:200; Millipore Bioscience Research Reagents) and

c a2 AgeR

Generation of a conditional ADAR2 knodk-out mouse. 4, A LoxP site (filled triangle) was inserted into intron 6 and
anotherLoxPsite in intron 9 with a selection cassette containing the gene for neomycinresistance {Neo) flanked by FRT sites. Exons
are depicted as black bars with numbers. RBDs, RNA binding domains; F1/R1, primer pair {supplemental Table S1, available at
www.jneurosci.org as supplemental material) for 8; S, Sfil; BI, Bgll; Bil, Bglll; £, ERI. B, Genomic PCR using template DNA obtained
7+ mice {lane 2), and ADAR2™"™ mice (fane 3). €, Exons excised by
recombination are shown as shaded areas in the mRNA, and a hlack har indicates the in situ hybridization probe (supplemental
Table $1, available at www.jneurosci.org as supplemental material) for 0. F2/R2, Primer pair (supplemental Table $1, available at
wWw.jneurosci.org as supplemental material) used in Figure 2 8. B, In situ hybridization using a probe that encompasses the region
excised by (re-mediated recombination. Thereis alarge number of punctate signals in the gray matter (outlined with dotted lines)
of control mice {(t!), whereas nuclei of some large neurons in the anterior hom were devoid of signal in the ADARZP¥ ™ pACHT~
Cre.Fast {AR2) mice at 6 months of age {6m; arowheads in magnified view). The sense probe did not yield a visibe signal in the
control mice at the same age {Ct] sense). Scale bars: top panels, 200 wm; bottom panels, 25 pom. £, All SMI-32-positive large
neurons in the anterior hom (AHCs, brown color in the cytoplasm) of the cervical cord {(5) were ADAR? positive {dark gray colorin
the nudei) in the control mice ((t), whereas some of them were devoid of ADAR2 immunoreactivity in AR2 mice at 2 months of age
{2m, arrowheads and inset). Sections were counterstained with hematoxylin. Scale bar: 50 fem; inset, 25 gum.
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synaptophysin (dilution at 1:100; Cell Signal-
ing Technologies) and then with Alexa Fluor
488 rabbit anti-mouse 1gG (dilution at 1:100;
Invitrogen) as the secondary antibody. Stained
sections were examined under an LSM-510
confocal microscope system (Carl Zeiss).
Electrophysiology. Mice were anesthetized
with isoflurane and placed in a prone position
on a thermal pad at 37°C for the examination.
Electromyogram (EMG) recordings using a

296bp

BT
w&ﬁ:‘“*{ Power Lab 26T and EMG machine (AD Instru-
ADARZ mENA ments) were obtained using a 29-gauge,

Teflon-coated, monopolar needle electrode.
The recording electrode was inserted into the
gastrocnemius muscles, and spontaneous elec-
trical activity was recorded for 120 s usinga Lab
Chart analysis system (AD Instruments).

Moerphological observation and stereology.
Sections of the fifth cervical (C5) and fifth lam-
bar (L5) spinal cord segments were sequen-
tially immunostained with RED1 and SMI-32
using the HRP-DAB system with and without
the addition of NiCl, for color development.
Some sections were immunostained with NeuN.
ADAR2-positive and -negative neurons were
separately counted among SMI-32-positive neu-
rons with diameters larger than 20 sum in 10
sections for each mouse. The number of
NeuN-positive neurons with diameter smaller
than 20 p2m in the ventral gray matter (ventral
to the line running though the ventral edge of
the central canal) was counted in 10 C5 sec-
tions for each mouse at 12 months of age. None
of the NeuN-positive small neurons exhibited
SMI-32 or GFAP inununoreactivity. The entire
brainstem of each mouse at 12 months of age
was cut axially to produce a 10-pm-thick sec-
tion, and the numbers of all the neurons with
nucleoli in the nuclei of cranial motor nerves
were counted under a light microscope after
cresyl violet staining. The position of each nu-
cleus was stereologically determined using a
mouse brain atlas (Paxinos and Franklin,
2001). The positions from the bregma were
from —3.80 to —4.24 mm (nucleus of oculo-
motor nerve), from —4.36 to0 —4.48 mm (nu-
cleus of trochlear nerve), from —4.84to —5.34
mm {motor nucleus of trigeminal nerve), from
—5.52 to —5.80 mm (nucleus of abducens
nerve), from —5.68 to —6.48 mm (nucleus of facial nerve), from —7.08
to ~—7.92 mm (dorsal nucleus of vagus nerve), and from —7.08 to —8.12
mm (nucleus of hypoglossal nerve). The density of neurens in each nu-
cleus was estimated by dividing the total number of neurens in each
nurcleus by the volume of the nucleus, which was calculated as the prod-
uct of the area of the nucleus and the thickness of each section. In addi-
tion, transverse, 1-pm-thick, Epon-embedded sections of the anterior
hotns of the spinal cord, and the ventral roots at the L5 level were pre-
pared and stained with 0.1% toluidine blue. Cell counting was performed
by researchers who were blind to the genotype of the mouse.

In situ hybridization. Anesthetized mice were perfusion fixed with Tis-
sue Fixative (GenoStaff). Dissected cervical cord tissues were sectioned
after they were embedded in paraffin. Antisense and sense adarbl cRNA
probes (Fig, 1C) (supplemental Table $1, available at www.jneurosci.org
as supplemental material) were generated from the mouse adarbl open
reading frame sequence, which was cloned into the pGEMT-Easy vector
(Promega). Digoxigenin-labeled ¢cRNA probes were prepared with the
DIG RNA Labeling mix (Roche Applied Science). Color was developed
with nitro blue tetrazolium/5-bromo-4-chloro-3-indolyl phosphate, and
tissue sections were counterstained with Kernechtrot stain solution
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{Muto Pure Chemicals). After mounting, 24-bit color images were ac-
quired by scanning of the sections. Digoxigenin signals were isolated by
uniformly subtracting the counterstaining color component using Pho-
toshop version 9.0.2 {Adobe Systems) (Ohmae et al, 2006; Takemoto-
Kimura et al,, 2007).

Statistics. Differences in behavior and survival rates between groups
were analyzed using log-rank analysis with SPSS software (version 15;
SPSS Inc.), and GraphPad Prism version 4 (GraphPad Software), respec-
tively. The differences in neuronal oumber between each group and the
control samples were examined with a repeated-measures ANOVA. The
SPSS version 15 software was used for ANOVA, followed by a Tukey-
Kramer statistical test.

Results

Generation of the ADARZ™#*/V AChT-Cre mouse,
designated as AR2 mouse

We constructed the mouse ADAR2™™ allele by flanking exons 7-9
ofthe adarb] gene (mouse ADAR2 gene) with loxP sites (Fig. 1.4)
{supplemental Table S1, available at www.jneurosci.org as sup-
plemental material). Exons 7-9 encode the majority of the aden-
osine deaminase motif in the adarb] gene (Feng et al., 2006), and
Cre-mediated deletion of this region ablates ADARR activity. To
ablate ADAR2 activity selectively in motor neurons, we crossed
ADAR*fe* mice with VAChT-Cre.Fast mice. In VAChT-
Cre.Fast mice, Cre expression is under the contrel of the vesicular
acetylcholine transporter gene promoter, which is active in cho-
linergic neurons, including spinal motor neurons (Misawa et al,,
2003). In these transgenic mice, Cre expression is developmen-
tally regulated, and ~50% of motor neurons express Cre by 5
weeks of age, independent of the heterozygous or homozygous
state of the transgene (Misawa et al, 2003). The resulting
ADAR2P¥e\ AChT-Cre.Fast mice, referred to here as AR2
mice {(for breeding, see Materials and Methods), therefore would
lack ADAR2 activity in a subset of motor neurons in the spinal
cord and other brain motor nuclei after expression of Cre by 5
weeks of age. I situ hybridization with a probe encompassing the
sequence excised by Cre-mediated recombination (Fig. 1C) dem-
onstrated that several large neurons in the anterior horn (AHCs)
were devoid of adarbl gene signal in the AR2 mice, whereas all the
AHC:s exhibited the signal in control littermates (Fig. 1D). Sim-
ilarly, a subset of the AHCs were devoid of ADAR2 immunore-
activity in AR2 imice, whereas all AHCs exhibited ADAR2
immunoreactivity in the controls (Fig. 1 E). There was no differ-
ence in the results on male and female AR2 mice,

ADAR? activity in ADAR2-null motor neurons

Next we examined the effects of recombination of the ADAR2™*
allele on ADAR?2 activity. We dissected all large neurcns in the
anterior horn (AHCs) (for AHC identification, see supplemental
Fig. S1 A, available at www.jneurosci.org as supplemental mate-
rial) from frozen sections from 2-month-old AR2 mice (n = 4)
using a laser microdissector (Fig. 2A). We verified that these
AHCs, but not small neurons in the anterior horn, are the spinal
motor neurons by RT-PCR for choline acetyltransferase on a
single-cell lysates (supplemental Fig. S1, available at www,
jneurosci.org as supplemental material). Because RT-PCR of
GluR2 mRNA on the lysates of three neurons, but not the lysates
of one or two motor neurons, reproducibly yielded amplification
products, we analyzed the extent of GluR2 (/R site editing on
RNA extracted from the lysates of three pooled AHCs (designated
as a specimen) by quantitative analysis of the Bbvl-restriction
digests of the RT-PCR products, as described previously (Kawa-
hara et al., 2003b, 2004). Among 116 specimens examined, eight
showed 0% and 42 showed 100% Q/R site editing, with the re-
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Figure2,  Cre-dependent targeting of ADAR2 and GuR2 Q/R site-editing in motor neurons.
4, Frequengy histogram of editing effidency at the GluR2 Q/Rsite in specimens {lysates contain-
ing 3 motor neurons) obtained from AR2 mice at 2 months of age (2m; n = 4). Neurons were
dissected with a laser microdissector (inset). B, Specimens {1 == 116) were collected into four
groups depending on the predicted number of ADAR2-deficient neurons in each spacimen; the
groups of specimens containing 3,2, 1, and 0 unedited GluR2-expressing neurons were desig-
nated as groups 03, 1:2, 2:1, and 3:0, respectively. TheADARZ""*gene and transcripts of the (e
geneand the ADARY™ alleles before and after recombination were analyzed for each group by
PCR. AHCs expressing unedited GluR2 mRNA (group 0:3) harbored the truncated ADARZ™ gene
and Cre transaripts, whereas AHCs expressing edited GluR2 mRNA (group 3:0) carried the full-
length ADAR2™ gene and did not express Cre. Ct1, ADARZ™*™* mice; Ctl2, VACKT—Cre.Fast
mice; AH, anterior hom of the spinal cord.

maining 66 specimens distributed between the ranges of 17 and
98% (Fig. 2A) (supplemental Table S2, available at www.
jneurosci.org as supplermental material). Because AHCs of con-
trol littermates (these carried wild-type ADAR? alleles or no Cre
transgene; see Materials and Methods) expressed only edited
GluR2 mRNA, the presence of samples exhibiting 0% Q/R site
editing suggests that ADAR2-expressing neurons expressed only
edited GluR2 mRNA, whereas ADAR2-null neurons expressed
only unedited GluR2 mRNA. Then, DNA and total RNA from the
specimens were collected in four different groups according to
the proportions of unedited GluR2 (Fig. 24). Using PCR, we
demonstrated that the samples with 100% editing efficiency
(group 0:3) harbored the truncated ADAR2™ gene and Cre tran-
scripts, whereas the samples with 100% editing efficiency (group
3:0) carried the full-length ADARY™™ gene and did not express
Cre (Fig. 2B). Those samples with both edited and unedited
GluR2 mRNA (groups 1:2 and 2:1) exhibited both full-length and
truncated ADAR2 along with the Cre transcript. These qualitative
results are consistent with the assumption that recombination of
the ADAR2™ alleles occurred in a Cre-dependent manner and
that this recombination abolished the editing of the GluR2 Q/R
site. Among other A-to-I sites examined, we found a significant
reduction in editing efficiency only at the GluRé Q/R site (sup-
plemental Table $3, available at www.jneurosci.org as supple-
mental material).

Behavioral changes

AR2 mice were hypokinetic (supplemental movie, available at
www.jneurosci.org as supplemental material) and abnormal in
posture (supplemental Fig. S2 4, available at www.jneurosci.org
as supplemental material), but they displayed no overt paralysis
or vesico-urinary disturbances and exhibited a normal with-
drawal response to noxious stimuli. They showed a lower rotarod
performance than their control littermates after 5 weeks of age
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Age (moniths) Age (months) progressive motor-selective behavioral

Figure 3. Behavioral changes in AR? mice. 4, Rotarod performance presented as latency to fall (at 10 rpm, 180 s at the
maximum) began to dediine at 5 weeks of age in AR2 mice and rapidly fell to low levels during the initial 5- 6 months, remaining
stable until 18 months of age. Control mice exhibited full performance (180 s) until ~12 months of age, followed by slightly lower
performance (>164.5 = 6.4 s) until 24 months. B, Grip strength measured declined with kinetics similar to those of rotarod
performance. InA and 8, the scores obtained for the AR2 mice (mean = SEM; » = 28) areindicated as percentage performance of
controlmice {# = 15).C,AR2 mice exhibited slightly lower body weight than controls  p > 0.05). 8, AR2 mice {n = 33) had long
lifespans, but the rate of death increased after month 18. The median = SEM survival was 81.5 = 16.4 weeks for AR2 mice

compared with 105.1 = 13.5 weeks for control mice { p = 0.0262, log-rank analysis).

(Fig. 34), when the Cre expression reached the maximum level
{~50% of motor neurons) (Misawa et al., 2003). Their rotarod
performance rapidly declined during the initial 5-6 months of
life, followed by stable performance until about 18 months of age
(Fig. 34). Control mice exhibited full performance (180 s) until
~12 months of age, followed by slightly lower performance
(>>164.5 * 6.4 s) until 24 months. Grip strength declined with
kinetics similar to those of rotarod performance (Fig. 3B). The
AR2 mice had slightly lower body weight than the controls (Fig.
3C) and were relatively long-lived (81.5 = 16.4 weeks; mean =
SEM), although not as long as control mice (105.1 % 13.5 weeks;
p = 0.0262, log-rank analysis) (Fig. 3D).

Pathological alterations in the spinal cords and muscles

Immunohistochemical examination demonstrated that all the
AHCs in the spinal cord that were immunoreactive to anti-
phosphorylated neurofilament antibodies (SMI-32) showed in-
tense ADAR2 immunoreactivity in their nuclei in control mice,
whereas a fraction of these cells was devoid of ADAR2 immuno-
reactivity in AR2 mice (Fig. 1 E) (supplemental Fig. S2 B, available
at www.jneurosci.org as supplemental material). There were a
number of degenerating AHCs with cytoplasmic vacuoles (Fig.
44) and darkly stained degenerating axons in the ventral roots
(Fig. 4 B). The number of AHCs in AR2 mice markedly decreased
between 1 and 2 months of age and then slowly decreased beyond
1 year of age (Fig. 4C). The number of ADAR2-positive AHCs in
the AR2 mice decreased from 83 to 54% of the number of total
AHCs in the age-matched control littermates between 1 and 2
months of age. The rapid reduction in the proportion of ADAR2~
positive AHCs during this period is likely attributable to the Cre-

deficits (Fig. 3A,B). The long survival
with hypoactivity beyond 6 months of age
indicates that the remaining ADAR2-
expressing neurons functioned normally
during the remainder oflife. The high rate of
death after 18 months may reflect the fail-
ure of the remaining AHCs to compensate
for an age-related decline in skeletal mus-
cle power, including a decline in respira-
tory muscle strength.

We also examined denervation of skeletal muscles. Electro-
myography performed on AR2 mice at 12 months of age revealed
fibrillation potentials and fasciculations, which are common
findings in ALS, indicative of muscle fiber denervation and motor
unit degeneration and regeneration (Fig. 4 D). We observed char-
acteristics of denervation, including muscle fiber atrophy, cen-
trally placed nuclei, and pyknotic nuclear clumps in the skeletal
muscles of AR2 mice (Fig. 4E). Some neuromuscular junctions
{NMJs) were not innervated and other NMJs were innervated by
ramified axons that innervated more than one NMJ in AR2 mice,
indicating reinnervated NMJs (Fig. 4F). In contrast, in control
mice, all the NMJs were innervated by a single axon. The
proportion of denervated NMJs decreased, whereas reinner-
vated NM]Js increased with age in AR2 mice (Fig. 4F). In ad-
dition, proliferation of activated astrocytes with increased
GFAP immunoreactivity and of MAC2-positive activated mi-
croglial cells was detected in the anterior horns of AR2 mice
(Fig. 4G,H). These results suggest that degeneration of
ADAR2-lacking AHCs induced degeneration of their 2xon ter-
minals, and then denervated NMJs were reinnervated by col-
laterally sprouted axons of ADARZ-expressing AHCs after
longer survival.

Neurons in the motor nuclei of cranial nerves

The numbers of large neurons in facial and hypoglossal nerve
nuclei in AR2 mice were significantly smaller than those in con-
trol mice at 12 months of age, whereas the numbers of neurons in
nuclei of oculomotor nerves were not decreased (Table 1). Con-
versely, GluR2 Q/R site editing was significantly decreased both
the in oculomotor nerve nuclei (the efficiency of GluR2 Q/R site
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Figure 4.  Loss of ADAR2-deficient motor neurons. A, Degenerating AHCs in AR2 mice at 2 months (2m; Nissl staining) and 4
months (4m; toluidine blue staining, T pum section) of age. Scale bar: 2m, 25 pum; 4m, 12.5 wm, B, Ventral root {L5) of control (Ctl)
and AR2 mice at4 months of age {4m). Inset, Magnified view of degenerating axons. Scale bar: 100 w; inset, 20 gem. €, Numbers
of AHCs shewing ADAR? immunoreactivity {(black columns) and facking this immunoveactivity {gray columns) (mean == SEM} in
AR2 mice at different ages (Tm, 2m, 6m, 9m, 12m). In AR2 mice, Cre expression is developmentally regulated {orange line), and
~50% of motor neurons express Cre by S weeks of age, with recombination of the ADAR2 genein ~10% of AHCs at 1 month of age
and 40 - 45% of AHCs after 2 months of age (orange line). The number of ADAR2-lacking AHCs significantly decreased in AR2 mice
after 2 months of age as a result of (re-dependent knock-out of ADAR2 (*p < 0.01, repeated-measures ANOVA). The number of
AHCs in the control mice did not change at different ages, and all the AHCS in controls showed ADARZ immunoreadiivity, D,
Electrophysiological examination in AR2 mice. Electromyography from an AR2 mouse at 12 months of age showing fibiiffations and
fasciculations, common findings in ALS indicative of muscle fiber denervation and motor unit degeneration and regeneration.
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editing, mean = SEM: for AR2 mice,
89.7 £ 5.8%, n = 3; for contrel mice,
100%, n = 3, p = 0.0048) and in the facial
nerve nuclei {for AR2 mice, 82.6 % 9.1%,
n = 3; for control mice, 99.2 * 0.2%, 1 =
3, p = 0.0017) of AR2 mice at 12 months
of age. These results indicate that
ADAR2-lacking motor neurons do not
always undergo cell death, and some
motor neurons, including those in the
oculomotor nerve nucleus, are relatively
resistant to cell death mediated by defi-
clent ADAR2. Indeed, motor neurons in-
nervating estraocular muscles are much
less vulnerable than those innervating
bulbar and limb muscles in ALS patients
(Lowe and Leigh, 2002).

GluR-B" alleles prevent motor neuron
death in AR2 mice

To investigate by genetic means the role of
RNA editing at the GluR2 (/R site in the
death of motor neurons, we exchanged
the endogenous GluR2 alleles in AR2 mice
with GluR-B® alleles (Kask et al., 1998),
which directly encode Q/R site-edited
GluR2, thus circumventing the require-
ment for ADAR2-mediated RNA editing,
AR2/GluR-B*® mice were obtained by
ADARZ"* [V AChT~Cre. Fast/GluR-BY/*
mice intercrosses to generate ADARZ™ /%)
VAChT-Cre.Fast/GluR-B*® (AR2/GluR-
B*®) mice (sce Materials and Methods).

o

These findings were observed in two other AR2 mice examined
but never in control mice (CGth; # = 2). £, Galf musdes from a
wild-type mouse {feft) and an AR2 mouse (middle and right) at
12 months of age. Characteristics of denervated musdles, in-
cluding muscle fiber atrophy (white arrow), centrally placed
nuclei, and pyknotic nuclear dumps (white arrowhead) are
observed in the AR2 mouse. Hematoxylin and eosin. Scale bar,
60 pum. £, NMJs and distal axons. Quadriceps muscles from a
wild-type mouse {Ctl; left) and an AR2 mouse (AR2; middle
and right) at 12 months of age are stained with tetramethyl-
rhodamine— bungarotoxin (8TX) (red) and immunostained
concomitantly with anti-synaptophysin and neurofilament
(SYN/NF) antibodies {green). Endplates (red) were counted as
“innervated” if they were merged with axon terminals (merge;
yellow). Each endplate is innervated by a thick axon terminal
in the (il mouse. In AR2 mice, in addition to the normally in-
nervated NMJs, some NMJs were innetvated by axons that si-
multaneously innervate more than one NMJ (reinnervated
NMIs; middle), and other NMJs were devoid of axon terminals
{denervated NMJs; right). More than 50 NMJs were counted in
each animal in the control group and greups of AR2 mice at 4
and 12 months of age (» == 3 in each group). Proportions of
denesvated NMIs and reinnervated NMJs among total NMlsin
each group are indicated as mean &= SD {percentage). Scale
bar, 25 pem. 6, #, Immunohistochemistry in the anterior hom
((5). There was a time-dependent increase in GFAP immuno-
reactivity (6) and an increase in MAC2 immunoreactivity max-
imal at 6 months of age (i) in the spinal anterior hom of AR?
mice. m, Months of age; inset, activated astroglia. Scale hass:
6,100 gamy; insets and H, 50 am.



