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FIGURE 2. Isolation of native ASPDs. A, AD brains were stained with rpASD1 (5 jtg/ml) or anti-A31-42 C-terminal antibody (0.5 jig/ml; 2 jug/ml for cryosec-
tions). Band C, dot blotting of 100-kDa retentates (>-100 kDa) of AD or NCl brain extracts (1 11g of soluble extracts/dot) using rpASD1 (Scheffé post hoc test; **,
p=0.0011;* p = 0.0388).Fr, frontal cortex; Oc, occipital cortex. Dand £, TEMimages (D) and particle analysis of 100-kDa retentates (n = 3; 10randomly selected
fields) (F). F and G, method for immunoprecipitation (IP) (F) and dot blotting (using rpASD1) of IP supernatants (sup), wash, and eluate fractions. IPs were
performed using haASD1, mASD3, or mouse IgG (G). H and |, TEM images (inset, bar, 10 nm) (H) and particle analysis of IP eluates (n = 3; 15 randomly selected
fields, background (a small amount of spheres < 10 nm contained in eluate with buffers)-subtracted data are shown) (/). J, representative MALDI-TOF/MS data.
AB3-(1-40) and Ap-(1-42) were detected only in native ASPDs at theoretical monoisotopic mass values (([A3-(1-40) + H] ', 4328 Da; [A$-(1-42) + H]", 4512
Da) as observed in synthetic Aj3 peptides. K, toxicity of isolated native ASPDs toward primary rat septal neurons (mean =+ 5.D.; Scheffé post hoc test, **, p <
0.0001, compared with buffer, n > 8) correlated with the 10-15-nm sphere number determined as in /. Neurons treated with NCI-IP eluates showed only

background levels of apoptosis similar to those of neurons treated with buffers. Inset, synthetic or native ASPD amounts in A3 monomer concentrations.

with insoluble fractions of AD brains extracted with SDS or
formic acid (supplemental Fig. S3A). Furthermore, this insolu-
ble fraction produced broad smears in Western blots of A, as is
usually observed with fibrils (42) (supplemental Fig. S3B). In
contrast, the ASD antibodies reacted only with soluble fractions
of AD brains (supplemental Fig. S34) in which the human
ASPD counterpart was actually present, as described below (see
under “Isolation of Native ASPD from Brains of AD Patients”).
These results collectively indicate that the ASD antibodies
detect a human ASPD counterpart, namely native ASPD, asso-
ciated with plaques and neurites in AD brains. In subsequent
work, we used monoclonal mASD3 and haASD1 for isolating
ASPDs, because of their high affinity, and polyclonal rpASD1
for detecting ASPDs (except Fig. 34; see also “Immunoprecipi-
tations” under “Experimental Procedures”).

Isolation of Native ASPD from Brains of AD Patients—The
tissue fractionation study revealed that native ASPDs are recov-
ered in soluble fractions of AD brains. To investigate the
amount of native ASPD, we prepared soluble fractions of AD
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brains (1 = 7; age 85.6 * 3.1 years, brain weight 1025 * 104 g)
and NCI (1 = 5; age 72.6 * 9.5 years, brain weight 1236 * 64 g)
by means of a nondenaturing procedure using solutions of
physiologicionic strength and pH without detergents. We then
obtained 100-kDa retentates of the soluble fractions to concen-
trate native ASPDs (larger than 100 kDa) and to eliminate other
Ap assemblies smaller than 100 kDa (as performed in Fig. 14).
The 100-kDa retentates of AD brains thus obtained had high
levels of rpASD1-reactive substances, but those of NCI brains
had very low or negligible reactivity (Fig. 2B). Consistent with
the above data, much higher numbers of spheres sized 10-15
nm were present in 100-kDa retentates of AD patients than in
those of NCI (Fig. 2, D and E). These results suggest that
rpASD1-reactive 10—-15-nm spheres in 100-kDa retentates of
AD are native ASPD candidates. We then immunoisolated
native ASPDs (Fig. 2F) from large amounts of AD-derived 100-
kDa retentates using two monoclonal antibodies, haASD1 and
mASD3 (Fig. 2, G-J). These antibodies were chosen for their
extremely high affinity for ASPD (K, < 10~"2 M) and for their
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FIGURE 3. Native ASPDs exist in DLB brains. A, immunostaining using mASD3

(2.5 jrg/ml) and anti-A8 17 (pretreated with formic acid; 1:100; DAKO). B, IP

was performed withhaASD1 or mouselgG asin Fig. 2F using 100-kDa retentates (4 11g of soluble brain extracts/IP). Dot blotting (0.04 (t«g/mIrpASD1) of 100-kDa
retentates (2 tg of soluble brain extracts/dot), IP supernatants (sup), wash, and eluate is shown. C, representative MALDI-TOF/MS data.

recognition of different epitopes (Table 1). Judging from the
results of quantification of dot blots using rpASD1 (Fig. 2G), we
obtained about 43 pmol of native ASPDs (expressed as Af3
monomer concentration) from 1 g of AD brain tissues (1 = 6).
The rpASDI reactivity in the IP eluates was considered to be
mostly due to the 10-15-nm spheres, because the number of
spheres counted by TEM (Fig. 2H) (1.0 X 10'° 10-15-nm
sphere/pl estimated from the number of spheres in Fig. 2K, n =
6) was very similar to the amount of rpASDI1-reactive ASPD
obtained from dot blots (1.1 X 10" native ASPD/puul based on
the ASPD concentration in Fig. 2K, n = 8). This means that
rpASD1-reactive 10—15-nm spheres were selectively isolated
by a combination of 100-kDa retention and IP. Indeed, as
shown by the TEM data (Fig. 2H), the non-ASPD small-sized
spheres (<10 nm) that had been present in large amounts in
100-kDa retentates of AD and NCI were largely eliminated by
the 1P procedure (compare Fig. 2, I with E). Accordingly, we
successfully isolated native ASPDs, consisting of 10-15-nm
spheres (>95%; Fig. 2, H and 1), from 100-kDa retentates of AD.
In contrast, native ASPD-like assemblies were scarcely detected
in IP eluates from 100-kDa retentates of NCI (Fig. 2, G and K).
We next examined whether native ASPDs consisted of Af.
Mass spectrometric analysis showed that singly charged ions
corresponding to AB-(1-42) and AB-(1-40) were detected in
native ASPDs (Fig. 2J). These results collectively demonstrate
that 10-15-nm spherical AB assemblies isolated from AD
brains are native ASPDs. Notably, anti-pan A3 6E10 could nol
immunoisolate native ASPDs (data not shown), probably
because of its wealk affinity for ASPDs (K, =~ 107" M) compared
with ASD antibodies (K, < 102 a) (Table 1). We also con-
firmed that anti-pan oligomer A1l antibody failed to detect
native ASPDs (supplemental Fig. S4).

Having isolated native ASPDs selectively from human AD
brains, we next examined whether they elicited neurodegenera-
tion of rat primary neuronal cells. Surprisingly, AD-derived
native ASPDs were even more toxic than synthetic ASPDs (Fig.
2K). These results collectively demonstrate that we have newly
isolated A11-negative, high mass assemblies that cause neuro-
nal cell death and that differ in mass and surface tertiary struc-
ture from other reported nonfibrillar A assemblies.

NOVEMBER 20, 2009-VOLUME 284-NUMBER47  NXASHMEBEN

Native ASPD Amount Correlates with the Pathologic Severity
of AD—W e next examined whether the amount of native ASPD
correlated with the pathologic severity of AD brains. Larger
amounts of native ASPD were present in AD patients with
severe pathology (diagnosed “C” according to the CERAD cri-
teria (43)) than in AD patients with moderate pathology (diag-
nosed “B”) (Fig. 2C). Furthermore, in AD patients with severe
pathology, significantly higher amounts of native ASPD were
detected in the frontal or temporal cortices (7.2 * 1.5 nmol/g
brain tissue, n = 3, Scheffé post hoc test p = 0.0012) than in the
cerebellum (0.14 * 0.1 nmol/g brain tissue). The result is con-
sistent with previous findings that the cerebellum in AD is
pathologically less affected (44, 45).

The above observations suggest the involvement of native
ASPDs in neurodegeneration of AD brains. We therefore
examined brains of patients suffering from DLB, the second
most frequent cause of cognitive decline associated with neu-
rodegeneration in the elderly (46, 47), because the majority of
DLB brains have been shown to have AD-type pathology,
including plaques (46 —48). Interestingly, native ASPDs were
also isolated from DLB brains (Fig. 3, A-C).

AD-derived Native ASPDs Cause Severe Degeneration of
Human Neuronal Cells—To further elucidate the relation-
ship between neuronal loss and native ASPDs, we first exam-
ined whether native ASPDs induce degeneration of human
mature neuronal cells. Because studies using human primary
neurons are problematic for ethical and practical reasons,
cells with neuronal properties were induced from human
bone marrow stromal cells (MSCs) (49). Initially, postmi-
totic neuronal cells were induced from human MSCs (>95%
were neuron-specific MAP2ab-positive cells without glia)
(49). Treatment of these cells with glial cell line-derived neu-
rotrophic factor promoted their maturation into functional
neuronal cells (49). We found that a 2-day treatment of the
human MSC-derived functional neuronal cells with isolated
native ASPDs caused severe degeneration, whereas IP elu-
ates from NCI brains had no effect (Fig. 44). In addition,
pretreatment with mASD3 antibody (100 pg/ml) signifi-
cantly blocked this toxicity (Fig. 44), as observed in the case
of the 158 —669-kDa ASPDs (supplemental Fig. S54), dem-
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FIGURE 4. Characterization of native and synthetic ASPD-induced toxicity. A, IP was performed using haASD1 as in Fig. 2F. Human neuronal cells were treated for
2 days with AD or NCIHP eluates, with or without 2-h mASD3 (100 jig/ml) pretreatment. Nondamaged cells were counted after tyrosine hydroxylase (TH+) and
Hoechst 33258 staining. The ratio of damaged cells to neuronal cells treated with buffer alone (mean + S.D.) is shown (Scheffé post hoc test; *, p < 0.0001,n = 5).
Neuronal cells treated with mASD3 alone or NCI-IP eluates showed only background levels of damaged cells similar to those in the case of cells treated wnh buffer.
Band €, maturerat hippocampal neurons (24 DIV in Band 19 DIVin €) were incubated for 30 mineither with 100-kDa retentates of AD (containing 0.8 1« native ASPDs)
or NCI (no native ASPD detected) brain extracts in B or with 0.5 jim 158 - 669-kDa ASPDs (prepared from Ap-(1--42); see Fig. 1A) in C. Bound ASPDs were detected by
pASD1, as in Fig. 10. Punctate labeling was found primarily on neurites and surrounding cell bodies of neurons treated with native or synthetic ASPDs, but it was
hardly detectable in neurons treated with the NCl retentates. A representative high power view is shown in the inset (B; bar, 5 jum). Neurons were co-stained with an
antibody against anti-MAP2 in B, against a postsynaptic marker PSD-95 in C (upper panels), or against a presynaptic marker bassoonin C (lower panels). Z-stack images
are shown (except lower panelsin C) asin Fig. 10.Bound ASPDs did not co-localize with PSD-95 butwere concentrated with bassoon (white arrows in €), although they
were occasionally localized in close proximity to PSD-95 (blue arrows in €). D, mature rat hippocampal neurons (21 DIV) were treated with 1 11m 158 -669-kDa ASPDs
for 2 days, with or without pretreatment (100 j.g/ml mASD3 for 2 h; competitive (APV) or uncompetitive (MK801) NMDA-R antagonists (10 juv) for 30 min). Data
representmean = 5.D. (Scheffé post hoc test; * p = 0.0039, compared with synthetic ASPDs; synthetic ASPDs,n = 7; synthetic ASPDs + APV or MK801,1n = 5; synthetic
ASPDs + mASD3,n = 4).
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onstrating that the observed neuronal cell death was caused
by native ASPDs.

We then examined whether native ASPDs bind mature rat
hippocampal neurons, as is observed in the case of synthetic
ASPDs (Fig. 1D and supplemental Fig. S5B). Binding of AD-de-
rived native ASPDs to 24-DIV mature rat hippocampal neurons
was detected with rpASD1 most intensely in neurites and also
to some extent in cell bodies (Fig. 4B). These results suggest
that, despite the difference in dose dependence of neurotoxicity
(Figs. 2K and 4A), native and synthetic ASPDs share essentially
the same mechanism of neurotoxicity, i.e. they have the same
surface tertiary structure that is responsible for exerting the
toxicity. We speculate that the apparent difference in dose
dependence might be attributed to differences in molecular
compositions, but testing this idea will require further analyses
using large amounts of isolated native ASPDs.

Mode of Native ASPD Neurotoxicity Is Different from That of
Other Reported A Assemblies—The above results (Fig. 4,4 and
B) show that native ASPDs cause neuronal cell death, possibly
by binding to neuronal cell surfaces. We therefore examined
ASPD-binding sites on mature neurons to elucidate the molec-
ular basis of native ASPD neurotoxicity. As shown in the high
power images in Fig. 4B (inset), bound native ASPDs appeared
to protrude from the MAP2 staining of dendrites. Essentially
the same results were obtained with the binding of synthetic
ASPDs (supplemental Fig. S5B (inset)). Because of the limited
availability of native ASPDs, we employed synthetic ASPDs for
further analysis, as synthetic and native ASPDs share essential
properties. Consistent with the above observation, the binding
of synthetic ASPDs did not co-localize with a postsynaptic
marker, PSD-95 (Fig. 4C, upper panel), although it was occa-
sionally detected in close proximity to PSD-95 (blue arrows in
C). Instead, ASPD-binding sites appeared to be concentrated at
presynaptic sites stained by the antibody against a presynaptic
marker, bassoon (white arrows in Fig. 4C, lower panel).

Although previous studies using cell or slice culture sys-
tems have found that AB assemblies such as dimers, ADDLs
and ABOs bind postsynapses and depend on postsynaptic
signaling mechanisms for exerting synaptotoxicity (23), the
presynaptic binding of ASPDs apparent in Fig. 4B suggests
that ASPD neurotoxicity would not require postsynaptic sig-
naling mechanisms such as the N-methyl-p-aspartate gluta-
mate receptor (NMDA-R) pathway. Indeed, neither a com-
petitive (APV) nor an uncompetitive (MK801) NMDA-R
antagonist inhibited synthetic ASPD-induced neurodegen-
eration (Fig. 4D). As noted above, native and synthetic
ASPDs share the common surface tertiary structure respon-
sible for exerting the toxicity. Therefore, the findings
obtained with synthetic ASPDs (Fig. 4, C and D) strongly
suggest that native ASPDs cause neuronal cell death through
presynaptic target(s) on mature neurons. Furthermore,
these observations are consistent with the findings indicat-
ing that native ASPDs have a distinct surface tertiary struc-
ture from other reported AB assemblies and support the
hypothesis that native ASPDs have a different target(s) from
other AB assemblies.

A EVEN
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DISCUSSION

A assemblies are considered to acquire surface tertiary
structures that are not present in physiologic AB monomers
and that induce synaptic impairment and neuronal loss
through interactions with neuronal cells. Therefore, as recently
suggested (12), it is reasonable to classify seemingly different
Apassemblies in terms of their immunoreactivity to antibodies
that recognize particular surface tertiary structure. Because the
surface tertiary structure mediates the binding of AB assem-
blies to their target(s) and is therefore responsible for exerting
the toxic effects, AP assemblies having distinct surface tertiary
structures are likely to have distinct mechanisms of neurotox-
icity and may contribute differently to the disease development.
Here we have demonstrated the existence of patient-derived
native ASPDs by selectively immunoisolating them from AD
and DLB brains (Figs. 2 and 3) using ASPD tertiary structure-
dependent antibodies (Fig. 1 and Table 1). The native ASPDs
(>100 kDa) thus obtained are larger in mass than AD-derived
A dimers and other reported assemblies such as 12-mers
(53~60 kDa; ADDLs, globulomer, AB*56) or ABOs (~90 kDa)
(supplemental Table S1). More importantly, native ASPDs are
considered to have a distinct surface tertiary structure from
those other assemblies because they differ in immunospecific-
ity, as illustrated by the fact that ASPD tertiary structure-de-
pendent antibodies showed minimal reactivity with the 100-
kDa filtrate containing monomers and dimers (Fig. 14) or with
ADDLs (supplemental Fig. S14) (16) in dot blots. Additionally,
anti-pan oligomer A11 antibody (22) recognized ABOs but not
synthetic ASPDs (Fig. 1B) or native ASPDs (supplemental Fig.
S4). Finally, anti-AB N-terminal antibodies such as 82E1
blocked the synaptotoxicity of AD-derived dimers (30) but
failed to block synthetic ASPD-induced neurodegeneration
(supplemental Fig. S54). These results all indicate a difference
in the surface tertiary structure between these assemblies and
ASPDs.

As for the cellular basis of the AB-induced synaptic changes,
previous studies have suggested the involvement of postsynap-
tic signaling mechanisms (23). For example, the binding of
ADDLs and ABOs has been reported to co-localize with
PSD-95 (19, 23). As expected from the postsynaptic locale of
their binding, ADDLs bind close to or at NMDA-R (23), and
NMDA-R antagonists inhibit ADDL-induced dendritic
changes (23), reactive oxygen species formation (50), and insu-
lin receptor impairment (51). NMDA-R antagonists have also
been reported to inhibit AB dimer-induced synaptic loss (24,
30). Interestingly, cellular prion protein, which interacts with
NMDA-R (52), has recently been reported to serve as a high
affinity postsynaptic receptor mediating ADDL-induced syn-
aptic dysfunction (53). Taken together, these studies are con-
sistent with the ideathat A3 dimers, ADDLs, and ABOs perturb
postsynaptic transmission (19, 23, 30).

We found that, unlike the above A B assemblies, ASPDs bind
presynaptic target(s) on neurons to induce neurodegeneration
(Fig. 4, A-C). This may be reasonable in view of the distinct
ASPD surface tertiary structure. Although the actual targets of
native ASPDs remain to be elucidated, native ASPDs seem to
affect mature neuron-specific molecules or cellular pathways,
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as synthetic ASPD-induced neurotoxicity appeared to be con-
fined to neurons, being especially active toward mature neu-
rons, but sparing non-neuronal cells and immalure neurons
(supplemental Fig. S6, A—C). Together, the findings indicate
that native ASPDs are patient-derived, A11-negative, high mass
Ap assemblies with a distinct toxic surface that binds presyn-
aptic target(s) on mature neurons, leading to neuronal loss
(supplemental Table S1). Although further studies are required
to reveal how native ASPDs exert neurotoxicity in the brains of
patients with AD, our findings indicate for the first time that
presynaptic signaling mechanisms may play a critical role in
AB-induced neurodegeneration in AD.

Recent in vivo as well as in vitro studies support the toxicity of
nonfibrillar A assemblies and their possible causative roles in
the neuropathology of AD (54 —56), which is consistent with the
dissociation between fibril load and cognitive decline in
patients with AD (32, 57, 58). Thus, Ap assemblies other than
fibrils have been considered to be the preferred therapeutic
targets for AD (54). However, the nature of the A species and
the oligomer state responsible for the pathogenesis remain
controversial because of the heterogeneity of AB assemblies in
terms of AP species and oligomer size. It is also unknown how
AB monomers assemble into oligomers in living human brains.
Nevertheless, previous in vitro studies have shown that Ap
monomers develop into a variety of assemblies that might rep-
resent distinct structural variants (10-13). These studies sug-
gest that assembly may not be a linear process but may be the
result of a series of multiple processes involving intermediates
from side paths. Taking all the results together, it seems reason-
able to assume that the brains of patients with AD contain dis-
tinct types of AB assemblies with different surface tertiary
structures that may play different roles in AD development.
Therefore, identification and characterization of all types of A
assemblies actually present in brains from humans with AD will
be important for understanding the molecular mechanisms
underlying the AD progression from the initial step to the
symptomatic phase and for the development of therapies based
on this understanding. Fractionation studies using oligomer
tertiary structure-dependent antibodies as shown here will help
to elucidate the assembly process and to determine the A
assembly state causing the pathogenesis. We have isolated
native ASPDs that cause degeneration of mature human neu-
ronal cells in vitro (Fig. 4A) and have shown that the amount of
native ASPD is correlated with the pathologic severity of clini-
cally proven AD cases (Fig. 2C).

These findings suggest that native ASPDs might be a can-
didate for AB assemblies that directly cause neuronal loss in
the brains of humans with AD. However, it remains to be
elucidated whether or not ASPDs play a particular role in the
onset or early stage of disease development. Braak and co-
workers (59) have compared the expansion of AB pathology
in whole brain regions between AD cases and nondemented
cases with or without AB-related pathology. They found that
patients with clinically proven AD exhibit late AB stages,
although the nondemented cases with AD-related pathology
show early AB stages. Their findings suggest that AD brains
develop pathologic AB deposition before clinical symptoms
become apparent, and this may start much earlier in nonde-
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mented patients with AD-related AB pathology. Quantitative
studies, with the assistance of clinicians, on the brains of people
in different AB stages, including nondemented people with
AD-related A pathology, will be helpful to elucidate if ASPDs
play a role in neuronal loss in AD from the early stage of disease
development.

Analyses on brains of APP-transgenic mice with or without
neuronal loss would also help to elucidate the relationship
between ASPDs and neuronal loss. Although the strain does
not show neuronal loss, we examined 7g2576 mice, the most
widely used AD-model mice carrying the human Swedish APP
mutant (60), by means of immunohistochemistry and IP.
ASPD-like assemblies were only minimally detected in the cer-
ebral cortex of Tg2576 mice (supplemental Fig. S7, A and B);:
they were not detected up to 14 months and only a very small
amount (~0.01 nmol/mg extracts) was detected at 23 months.
As previously reported (18, 61), other AB assemblies such as
dimers and ApB*56 were increased in 7g2576 mice, and total A
reached levels comparable with those in human AD (supple-
mental Fig. S7C). With respect to mice with neuronal loss, in
addition to certain APP transgenic mice (28, 29), there is a
growing number of other AD-model mice, which have been
produced by combining APP mutations with either preseni-
lin-1 mutations (62, 63), Tau protein mutations (64), or nitric-
oxide synthase knock-out (65). It should be noted that the
mouse is not a perfect model of human AD, but these mice are
considered to more closely resemble what occurs in the human
brains. Therefore, further analysis to examine whether ASPD-
like assemblies are present in these mice, which do show mas-
sive neuronal loss, will contribute to establish the relationship
between neuronal loss and ASPDs.

In addition to the above, we are currently seeking to establish
a direct link between native ASPDs and neuronal loss in brains
from humans with AD by searching for the toxic target(s) of
ASPDs on mature neurons. The identification of native ASPDs
and availability of the toxicity-neutralizing antibodies should
facilitate a mechanistic understanding of the cellular basis of
neuronal cell loss in AD, as well as the development of therapies
based on this understanding.
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Nurrl Is Required for Maintenance of Maturing and Adult

Midbrain Dopamine Neurons

Banafsheh Kadkhodaei,' Takehito Ito,? Eliza Joodmardi,' Bengt Mattsson,’ Claude Rouillard,! Manolo Carta,?
Shin-Ichi Muramatsu,* Chiho Sumi-Ichinose,’ Takahide Nomura,® Daniel Metzger,® Pierre Chambon,® Eva Lindqvist,
Nils-Goran Larsson,®'? Lars Olson,” Anders Bjorklund,* Hiroshi Ichinose,” and Thomas Perlmann**

‘Ludhwig Institute for Cancer Research, Stockholm Branch, SE-171 77 Stockholm, Sweden, *Graduate School of Bioscience and Biotechnology, Tokyo
Institute of Technology, Yokohama 226-8501, Japan, *Wallenberg Neuroscience Center, Lund University, SE-221 84 Lund, Sweden, ‘Department of

Neurology, Jichi Medical University, Tochigi 329-0498, Japan, *Department of Pharmacology, Fujita Health University School of Medicine, Toyoake, Aichi
470-1192, Japan, “Department of Functional Genormics Institut de Génétique et Biologie Moléculaire et Cellulaire, 67404 lkirch, France, Departments of
"Neuroscience, *Laboratory Medicine, and ?Cell and Molecular Biology, Kavolinska Institutet, SE-171 77 Stockholm, Sweden, and "*Max Planck Institute for
Biology of Ageing, D-50931 Cologne, Germany

Transcription factors involved in the specification and differentiation of neurons often continue to be expressed in the adult brain, but
remarkably little is known about their late functions, Nurrl, one such transcription factor, is essential for early differentiation of
midbrain dopamine (mDA) neurons but continues to be expressed into adulthood. In Parkinson’s disease, Nurr! expression is dimin-
ished and mutations in the Nurrl gene have been identified in rare cases of disease; however, the significance of these observations
remains unclear. Here, a mouse strain for conditional targeting of the Nurr1 gene was generated, and Nurrl was ablated either at late
stages of MDA neuron development by crossing with mice carrying Cre under control of the dopamine transporter locus or in the adult
brain by transduction of adeno-associated virus Cre-encoding vectors, Nurr1 deficiency in maturing mDA neurons resulted in rapid loss
of striatal DA, loss of mDA neuron markers, and neuron degeneration. In contrast, a more stowly progressing loss of striatal DA and mDA
neuron matkers was observed after ablation in the adult brain. Asin Parkinson’s disease, neurons of the substantia nigra compacta were
more vulnerable than cells in the ventral tegmental area when Nurrl was ablated at late embryogenesis. The results show that develop-
mental pathways play key roles for the maintenance of terminally differentiated neurons and suggest that disrupted function of Nurrl

and other developmental transcription factors may contribute to neurodegenerative disease.

Introduction

Adaptation to a changing environment requires plasticity.in the
adult CNS: However, to ensure that neurois are properly main-
tained, such plasticity must be balanced against mechanisms that
counteract phenotypic instability. Studies of how: neurons de-
velop may help to unravel functions important for the stability of
nerve cells as factors promoting their differentiation may also
contribute to their maintenance: Indeed, many transcription fac-
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tors identified for their critical roles during neuronal develop-
ment continue to be expressed i the postnatal nervous system,
raising the possibility that they contribute to the integrity of al-
ready differentiated neurons (Hendricks et al., 1999; Vult von
Steyern et al;; 1999; Kangetal,, 2007; Alavian et al;, 2008). How-
ever, the consequences of adult gene ablation of any of these
factors have not yet been reported, anid very litte is knowi of
their functions in differentiated neurons.

Fromra clinical perspective, itis of particular interest (o iden-
tify factors that maintain stability of neurons that are affected in
neurodegenerative disorders as loss of phenotype would likely
cause or contribute to disease. Parkinson’s disease (PD) is char-
acterized by progressive pathology - of midbrain- dopamine
(mDA) neurons of substantia nigra pars compacta (SNcj and the
ventral tegmental area (VTA), typically involving deposition of
a-synuclein-rich’ cytoplasmic protein aggregates térmed Lewy
bodies. During development, early signaling events induce tran-
scription factors that control the specification and differentiation
of mDA neurons (Smidt and: Burbach, 2007). Several of these
factors, including Nurrl; EmxIay Lmxlb, Pitx3; FoxA2, and
Enl/2; continue (o be expressed in the postiatal and adult brain
(Zetterstram et al;; 1996; Smidt et al., 1997, 2000; Albéri et al.,
2004; Simon et al., 2004; Kittappa et al, 2007). Nurrl, belonging
to a family ot ligand-independent nudlear receptors {(Wanget al.,
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2003; Perlmann and Wallén-Mackenzie, 2004), becomes ex-
pressed in developing mDA neurons that have just exited the cell
cycle and is essential for mDA neuron development because
mDA neurons of both the SNcand VTA fail to express dopami-
nergic markers and newborn NurrI-null mice lack mDA neuron
cell bodies and their striatal projections (Zetterstrom et al., 1997;
Castillo et al., 1998; Saucedo-Cardenas et al,, 1998). How Nurrl
regulales target genes in mPA nearon development renains es-
sentially unknown but may involve a functional interaction with
the homeobox transcription factor Pitx3 (Jacobs et al., 2009).

Determining the role of Nurrl also in the adult brain is of
particular importance because previous studies suggested an as-
sociation of this protein with PD pathology. Nurrl expression is
diminished in nettrons with «-synuclein inclusions in postmonr-
tem PD brain tissue, and Nurrl mutations and polymorphisms
have been identified in rare cases of PD (Xu et al., 2002; Le et al,,
2003; Zheng et al,, 2003; Grimes et al,, 2006). However, the sig-
nificance of genetic lesions remain unclear (Wellenbrock et al.,
2003; Hering et al., 2004; Tan et al,, 2004}, These observations
emphasize the importance of elucidating the role of Nurrl in
more mature mDA neurons by analyzing the consequences of
conditional Nurrl gene ablation in mice,

Materials and Methods
Conditional Nurrl gene-targeted mice. Mouse 1295V genomic library
constructed in bacterial artificial chromosome (BAC) was screened by

PCR. A BAC clone containing the entire Nurrl gene was selected, and a_

BamHI-Munl fragment containing exon 1 to exon 5 was recloned into a
pBluescript 1 vector. A floxed neomycin cassette was inserted into an
internal FeoRI site located in intron 3; and a synthetic loxP sequernice was
inserted at Sall site located in intron 2. Mouse embryonic stem (ES) cells
were electroporated with the targeting vector; and the homologously
recombinated clones were scieened by PCR and Southern blotanalysis.
ES clones with three loxP sites were selected, and a plasmid expressing
Cre DNA recombinase was transiently transfected into the cells. ES cells
with two loxP sites withouta neomycin cassette were selécted by PCRand
used for production of chimeric mice.

Aninmals, Mice were kept in rooms with controlled 12 Iy light/dark
cycles, temperature, and humidity, with food and: water provided ad
libitum, Al animal experiments’ were performed with permission
from the local animal'ethics committee, The genération of dopamine
transporter (DAT)~Cre mutant mice has been: described previously
(Ekstrand- et ali; 2007). Mice were matéd during the night, and the fe-
miales were checked for vaginal plugs in the morning [day of vaginal plug
considered as embryonic day 0.5 (E0.5)}.

t=3,4-Dilivdvosyphenylalanine treatment.: Methyl L-3.4- dihydroxypheny-
falaninie (L-DOPAY hydrochloride and the peripheral DOPA decarboxylase
inhibitor benserazide:-HCI (Sigma-Aldrich) were dissolved in Ringer’s so-
lution immediately before use. L-DOPA was intraperitoneally given every
second day at the dose of 2.5 mg/kg combined with 0.625 mg/kg benserazide.
Chronic treatmient. with L-DOPA/benserazide was administered for
50 d, starting at postnatal day 15 (P15). During this period, the mice
were carefully observed and weight was measured regularly. Reported
hyperactivity was observed in cNurrIP47% mice when given w single
higher dose of1-DOPA (25 mg/kg 1-DOPA, 6.25 mg/kg benserazide).

Histological analyses. At embiyo stages; embryos were fixed for 2-24 h
in 4% phosphate:buffered paraformaldehyde (PFA), cryopreserved in
30% sucrose before being embedded in OCI (Sakura Finetek), and cryo-
sectioned at a thickness of 1020 m onto slides (SuperFrostPlus; Men-
zel Glaser), For the isolation of brains for immunolabeling at P15 and
onward, animals were anesthetized with- Avertin (tribromoethanol; 0.5
mig/g) and: perfused through the left ventricle with body-temperature
PRBS, followed by ice:cold 4% PFA: The brains were dissected and post-
fixed overnight in 4% paraformaldehyde and subsequently cryopro-
tected for 24 =48 T in- 30% sucrose at 4°C. The brains were serfally
sectioned on a cryostat or sliding microtome at 10--30 g, Littertiates
were used in an all comparative experiments.
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For imimunohistochemistry, sections were preincubated for 1 h in
blocking solution containing either 10% nornal goat sera or 5-10%
bovine serum albumin, 0.25% Triton X-100, and 0.019% Na-azide in PBS.
Primary antibodies diluted in blocking solution were applied overnight
at 4°C. Aller rinses with PBS, biotinylated- or fluorophore-conjugated
secandary antibodies diluted in PBS were applied for 1 v at room tem-
perature. Biotinylated secondary antibodies were followed by incubation
with streptavidin-horseradish peroxidase complex (ABC elite kit, Vec-
tastain) for 1 hand subsequent exposure to diaminebenzidine (DAB kit;
Vector Laboratories). Primary antibodies and dilution factors were as
follows: rabbit anti-Nurr] (1:100; M196; Santa Cruz Biotechnology),
anti- Nurrl (1:250;5 E20; Santa Cruz Biotechnology), rabbit anti-tyrosine
hydroxylase (TH) (1:500; Pel-Freeze), rat anti- DAT (1:2000; Millipore
Bioscience Research Reagents), mouse anti-TH (1:200; Millipore Bio-
science Research Reagents), rabbit anti-vesicular monoamine trans-
porter (VMAT) (1:500; Millipore Bioscience Research Reagents), rabbit
anti-1-DOPA decarboxylase (AADC) (1:500; Millipore Bioscience Research
Reagents), rabbit anti-Cre (1:10,000; Covance Research Products), guinea
pig anti-Lmx1b (1:1000) (Andersson et al., 2006), and rabbit anti-Pitx3
(Srnidt et al., 2004). In some cases {anti-AADC, anti-VMAT, and anti
Nurrl), the blocking steps were performed after antigen retrieval (Dako).
Finally, expression was detected by secondary antibodies from Jackson
ImmunoResearch. Section images were collected by confocal micros
copy {Leica DMIRE2) and bright- field microscopy (Eclipse EI000K; Ni
kon). Cell counting was performed by counting all SN¢ DA neurons
detected by immunohistochemistry (DAB) in a total of three sections per
antimal (every 12th tissue section) within the ventral midbrain of ani
mals taken at 4 months after vector injection in both wild-type wr'
avere and Nurr?*VE animals. The mean of counted cells per
animal was established from both the injected and non-injected sides
in each animal; and the relative decrease was calculated as a percent-
age as described in Results.

AAV-Cre injections. Two and a hall- to 5-month-old animals received
one unilateral stereotaxic injection in the right striatum using a 10" ul
Harnilton microsyringe fitted with a glass pipette tip. The animals were
anesthetized with isoflurane, 1 ul was injected during 5 min, and the
cannula was left in place for an additional 2 min before being slowly
retracted. The anteroposterior and - mediolateral coordinates from
bregma were —2.8 and — 1.1 mm, respectively, and the dorsoventral
coordinates from the dura were —4.3 mim. Animals were killed 0.5, 1.5,
and 4 manths after injection; and.the brains were isolated.

Measurement of tissue cosstent for dopaniine, serotonin; and their metab-
olites; In supplemental Tables 1-3 (available at www.jneurosci.org as
supplemental: material), tissues were collected from PI, P7, P14, and
adult (P48 wePA T and eNurr 174 T9% mice. One to 14-d-old mice were
killed by decapitation; and P48 mice were killed by cervical dislocation.
Brains were rapidly removed, chilled in saline (4°C), dissected; frozen on
dry ice; and stored at: =80°C until use. To process tissues for HPLC and
electrochemical detection of monoamines and metabolites, sarnples were
homogenized by sonication in 5 vol or in 30 pl'of 0.1 s perchloricacid,
followed by centrifugation. Endogeénous levels of noradrenaline, DA,
3,4-dihydroxyphenylacetic acid, homovanillic acid (HVA); serotoriin (5-
HT)i and 5-hydroxyindoleacetic acid were determined i the superna
tants. A reverse column (BAS; C-18,.100.0. X 3.2 mm, 3 um particle
diaineter) was used for separation: The mobile phase consisted 0 0.05 M
sodium phosphate/0.03 w citric acid buffer containing 0.1 my EDTA and
was adjusted with various amounts of methanol and sodium-i-octane
sulfonicacid: The flow rate was 0.3 mb/min: Monoarmnines and metabo-
lites were detected using a glassy-carbon-electrode detector, whiciias sét
at +0.7 Voversus an’ AgfAgClreference electrode. Resultant peaks were
measured and compared with repeated conitrol samples containing fixed
mixed amounts of compounds of interest,

In‘supplemental Table 4 (available at www.jneuroscLorg as supple-
mental material); all animals were killed, and steiata. and cortex were
rapidly dissected out; frozen ondry ice, and stored at =80°C. To deter-
mine monoamines, tissue was homogenized in 0.1 M perchloric acid and
centrifuged at 16,000 rpm for 10 min before filtering though minispin
filters for an additional 3 min at 10,000 rpim, The tissuie extract were then
analyzed by HPLCas described previously (Carta et al., 2007) with minor
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Ventral Midbrain "

- line crossing was counted when the mouse
Striatum

Ctrl cNurp1 DATCre " Ctirl

moved its whole body from one square to

cNuryDATCre another.

K

Stepping test. Forelimb akinesia was moni-
tored inamodified version of the stepping test,
as described previously for rats (Schallertetal.,
1992; Kirik et al, 1998). The test was per-
formed three times daily over 3 consecutive
days. In this test, the mouse was held firmly by

E15.5

E18.5

P15

[__ P60

Figure 1.
showing TH immunohistochemistiy in control {ctrl) and cNurr

TH is progressively last in hoth the ventral midbrain and striatum of cNurr
IIIM( e

19414 mice, A-T, Confocal microscopy

mice as indicated. A-J, Sections were analyzed-at the levels of

the experimenter with both hindlimbs and one
forelimb inumobilized, and the mouse was pas-
sively moved with the free limb contacting a
table surface. The number of adjusting steps,
performed by the free forelimb when moved
in the forehand and backhand directions,
over a distance of 30 cm, was recorded. Re-
sults are presented as data collected on the
third testing day.

Results

Selective Nurrl ablationin late
developing mDA neurons

A mouse strain containing a Nurrl allele
for conditional gene ablation was generated
by insertion of two loxP sequences in the
second and third introns so that the coding
sequence, including the first coding exon
3, is excised by Cre-mediated recombina-
tion (supplemental Fig, 1, available at www,
jneurosci.org as supplemental material). To
analyze the consequences of Nurrl ablation
at late stages of mDA neuron develop-
ment, we crossed floxed Nirrl mice with
mice carrying Cre inserted in the locus of
the DAT gene (Ekstrand et al, 2007).
Crosses generated Nurrl mice that were

P'

ventral midbrain (as indicated in A and F) and in the striatum (as indicated in Kand P). TH immunoffuorescence was analyzed at
both embryonal and postnatal stages as indicated. Results demonstrate a progressive loss of THimmunoreactivity in the ventral
midbrain. Note that TH immunoreactivity was more drastically. downregulated at more lateral regions compared with the pro-

homozygous for the conditional targeted
Nurrl allele and heterozygous for the
DAT=Cre” allele  (Narr "3, DATE™

spective mediat VIA. K=T, THimmunoreactivity in the striatun. In cVurr 717 mice, TH was fost in the CPu and diminished in the

HAc. Scale bars, 250°jum.

modifications. Briefly, 25-ul of each sample were injected by a cooled
attosampler (Midas) into an ESA Coulochem 1TT coupled with an elec-
trochemical detector. The mobile phase (5 g/L sodium acetate, 30 mg/L
NaZ-EDTA, 100 mg/L octane-sulfonic acid; and 10% methanol, pH 4.2)
was delivered ata flow rate of 500 pl/min toa reverse-phase C18 column
(4.6 mum diameter, 150 mum).

Fluorogold refrograde tracing. Anirmals received one unilateral stereo:
taxic injection in the right striatum using a. 5 gl Hamilton microsyringe
(22 gauge steel canniula) filled with the retrograde tracer Fluorogold (hy-
droxystilbamidine, 4%; Biotium). The animals were anesthetized with
isoflurane; 0.5 pl was injected during 1 min, and the cannula was left in
place for an‘additional 2 min before slowly being retracted. The antero-
pasterior and mediolateral coordinates from bregma were 0.27 and
—2.10'mim, respectively, and the dorsoventral coordinates from the dura
were —2.60 mm. Animals were killed 4 d after injection, and the brains
were isolated. Fresh-frozen sections (14 pm) were cut with @ cryostat and
examined - under a epifluorescence microscopé (Eclipse E1000K; Nikon}
coupled to an RTke spot camera.

Open-field test. This test was used to monitor overall activity and rear-
ing behavior. The open field consisted of a.white plastic box (55 X35 X
30 cm) with lines (squares of 7 X 35 cm) painted on its floor, The animals
were put in'the center of the box, habituated for 10 min, and filined 15
min thereafter while rearing was scored. The video recordings were used
to measure the number of lines crossed during the monitoring period. A

hereafter referred to as Nurr[P37<r
mice). Litiermates of genotype Nurrl 4%,
DAT™™ ar Nurr""™"; DAT™ were
used as controlsAlthough we cannotex-
clude that a small number of cells escape Nurrl gene deletion,
immunohistochemistry. using: an’ antibody dgainst Nurrl
showed that DAT=Cre-mediated Nuir [ ablation resulted in the
expecled delayed loss of NurrT expression in mDA niearons begin-
ning from approximately E13.5 and becomes essentially complete at
E15.5 (supplemental Fig: 2, available at: www.jneurosci.org as
supplemental material).. At this stage of normal development,
cells express pan-neuronal properties as well as many mDA nea-
ron markers, and axons ave growing toward the developing stri-
atuny (Smidtand Burbach, 2007):

eNurr1 P19 miice were born at the expected Mendelian fre-
quency of ~25% (of a total n = 159); hawever, ¢NiippPATCe
mice were less active than controls and did not suivive beyond 3
weeks after birthe If littérs were allowed to:remain with their
mothers after weaning, perinatal deatly was avoided in ~50% of
eNurr 179 paps, These surviving mice were, however; ~40%
smaller than controls at the age of 2 months (supplemental Fig. 3,
available at www.jneurosci.org as supplemental material). Al-
though no significant change in spontancous light-phase loco-
motor activity could be observed in adule eNurrIP*T9% mice,
rearing was dramatically decreased (supplemental Fig. 3; avail-
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able at www.jneurosci.org as supplemen-
tal material). 1L-DOPA treatment of

E15.5 | P1

mutant mice did not improve viability
and did not induce any weight gain. In-
stead, eNurrIPAT9 mice display a pro-
nounced and severe hypersensitivity to
1-DOPA treatment characterized by an 2
acute phase of hyperactivity and repetitive a
behaviors (incuding repetitive gnawing,
excessive grooming, and self-injury) in all
tested mutant (# = 9) but notinany wild-
type controls (# = 7) (see Materials and
Melhods). These behaviors resemble
those that have been observed in neonatal
6-hydoxydopadmine lesioned rats treated
with L-DOPA (Breese etal,, 2005). In con-
cusion, late embryonic mDA neuron-
selective Nurrl ablation is associated with
decreased weight, rearing, and viability,
and mice show an altered response to
L-DOPA.

AADC

VMAT

Reduced levels of TH and DA in brains
of cNurr1?*1 mice

The observed abnormalities are consistent
with a dopaminergic deficiency. To ana-
lyze the possible cellular basis for the phe-
naotype, brain sections from controls and
eNurr1"*7 miice were analyzed by im- o
munohistochemistry using an antibody =
against TH (Fig. 1). A progressive loss of g
TH immunostaining in SN¢ was observed
in the eNurrI P27 mice (Fig, 1A-]). TH
levels were significantly decreased already
at E15.5, soon after Nurrl is lost, and de-
creased: further ‘until adulthood when
only scattered TH-positive neurons could
be detected. TH was diminished also
within the VTA at later stages, but a sig-
nificant number of cells remained even in
adult animals (Fig. 1 A=J). These cells were counted in four non-
consecutive sections for each: analyzed brain. In-adult control
VTA, a mean of 74.5 £ 7.1 cells per section were counted: in
eNirr IPATY miice (= 4y and 499.3 + 5.2 cells inn controls (n =
3) (Student’s £ test, 4.4 X 1077): TH imimundastaining within the
caudatus putamen (CPu) was completely lost (Fig. 1 K=T). How-
ever, weak immunoreactivity remained in nucleas accumbens
{(NAc) innervated preferentially by VTA neurons (Fig. 1K=T).
We also noted the appearance of ectopic TH-positive cell bodies
within the striatal parenchyma in eNurrIP479¢ mice (supple-
mental Fig. 4, available at www.jneurosci.org as supplemental
matetial). These cells were more fréequent in' regions: in which
striatal TH had been most severely depleted as a consequence of
Nuwrrl ablation and resemble TH-positive neurons appearing in
rodent and primate DA-depletion models (Huot and Parent,
2007). Decreased levels of TH immunostaining were paralleled
by decreased DA levels, as: measured by HPLC (supplemental
Tables 1--3, available at www.jneurosclorg as supplemental ma-
terial ). Striatal DA was dramnatically reduced to 14% of controls at
P1 in cNurr P47 myice and was alimost campletely lost by P60.
An increased ratio of HVA to DA at P14 indicated increased
turnover of DA in remaining cells at this stage (supplemental
Table 2, available at www.jneurosci.org as supplemental mate-

Figure 2.

ctrl " cNurr1DATCre " Ctrl "cNurr1D""TCre
A . c

Al analyzed mDA neuron matkers are lost or diminished in cVir
immnohistochemistry. of several different mDA netron markers in control (ctrl) and in'Vurr 1" mice at £15.50r at P1, as
indicated. The following markers were analyzed: DAT, AADC, VMAT, Pitx3, and Limx1h. Results show a progressive loss of markers
that is more substantial in the lateral SN¢, whereas more medial VTA cells are lost more slowly. DAT is completely ahsent already at
E15.5in cNurr 1™ mice, whereas all other markers are decreased more slowly in this area (compare 4, B). Scale hars, 200 jim.

JPAT0¢ nice. A-T, Canfocal microscopy showing

rial). DA was more severely decreased in CPu compared with
NAc (supplemental Table 3, available at www.jneurosclorg as
supplemental material). In contrasty 5-HT was significantly in-
creased in.both CPu and NAg, consistent with previous findings
showing increased serotonergic innervation aftev striatal DA de-
pletion (Snyder et al; 1986). Thus, a severe neurotransmitter
deficiency of “the mesostriatal - DA systemy is “apparent in
eNurr 1P mice, Together, measurements of TH imimunore-
activity and DA levels demonstrate: that Nurrl is critically re-
quired for maintaining TH expression and DA synthesis fromIate
stages of MDA neuron differentiation.

Cellular deficiency within the ventral midbrain of

eNurrl DATCre mice

To investigate whether the phenofype is a consequence of a more
limited disruption of DA synthesis or a more severe cellular de-
ficiency, a number of additional InDA neuron markers were an-
alyzed. All analyzed mDA neuron markers were diminished or
absent within SNc in éNurr 17479 mice already at E15.5 (Fig. 2).
DAT was completely lost at E15.5 and therefore, consistent with
previous data (Sacchetti et al:, 1999), stands out as being a likely
direct target of Nurrl (Fig. 2A-D). Additional control experi-
ments showed that DAT and other markers, indluding TH and
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cNurr1 DATCre

Figuré 3. Cellbiodies and striatal innervation are lost in ourr 1717 mice as determined by Fluotagold (FG) retrograde tracing
of fibers extending from cell hodies in Sc to the striatum. A-C, After Fluorogold injection; injected into the left striatum in either
adult (1.5 months ofd) contro! (Ctrl) or tNurr 1”477 mice as indicated in €, mice were killed after 4 d and analyzed for THimmu-
nofluorescence in the striatum () orventral midbrain (). D~I; Analysis for Fluorogold (FG) orby Nissl staining. Strong Fluorogold
staining in hoth striatiem (D) and in the ventral midbrain (£) was consistently seen in alf controf (Ctrl) animals (i = 7). In contrast,
Fluoragold fluorescence was only detected in thestriatum (G} in cNurr 17" mice (n = 5), indicating that fibers fron the SHc(H)
had been lost in-these animals. Moreover, large, densely packed cell bodies are only vistalized by Niss! staining in the ventral
midbrain of control aniriials (F) bt are completely absent from cVirr 1779 mice (7). Striatal site of Fluorogold injection is marked
by asterisk in 4; D, and G. Scale bars: 4, 8, D, E, G, &, 1 jum; F, 1, 1200 pum.

wiAAVCre cNurrt AAVCre

l

cNurr1AAVCre

I"amo |[15mo |[05mo |

Figured.  THexpressionin boththeventral midbrain and striatum is progressively lost inthe injected, but not non-injected, side
of Nurr?9% mice. A-H, Sections from 0.5, 1.5, and 4 month {ing; as indicated) old AAV=Cre-injected controls (wt™¥) or
HNurr? ™o ice were sed for analyses by nonfluotescent DAB TH immunostaining in the ventral midbrain: The analyzed region
within the ventral midbrain is schematically iflustrated in 4 and £. The site of injection, marked by an asteriskin 8-Dand F-H, was
verified in ail animals by high-power magnification microscopy and was identified as a small area of injection-induced necrosis.
Results show that TH immunostaining is not drastically altered at 0.5 months but s progressively decreased at 1.5and 4 months in
the injected SHc and VTA. /~L, DAB TH staining at the level of striatum. Analyzed regions are indicated in 1. TH staining is
progiessively decreased at 1.5 and 4 months inthe side that s ipsifateral tothe side of AAV—Creinjection in cVurr 1 ° mice (J-L).
0T, Offactory tubercle. Scale bars: A-H, 600 pm; I~L, 1 mm. ,

1. Heurosci, December 16, 2009 - 29(50):15923~15932 « 15927

Nurrl, were not visibly decreased in mice
helerozygous for the DAT-Creallele (sup-
plemental Fig. 5, available at www.
jneurosci.org as supplemental material)
(data not shown). In contrast to DAT,
AADC, VMAT2, Pitx3, or Lmx1b were not
reduced within the most medial ventral
midbrain at this early stage and, with the
exception of DAT, markers were not com-
pletely downregulated at P1 (Fig. 2 E-T).
The progressive loss of markers indicates a
severe Joss of phenotype within the SNc,
whereas cells within the VTA appear more
resilient. Importantly, most TH-positive
cells within the VTA have lost any detectable
expression of DAT, indicating that these
cells have not escaped Nurrl gene targeting
(supplemental Fig. 6, available at www,
jneuroscl.org as supplemental material).
To further assess the extent of a cellular
deficiency, striatal target innervation was
analyzed by Fluorogold retrograde tracing
alter injection into the striatum of live 8-
1o 9-week-old controls and cNurrIPATCr
mice. Fluorogold was transported into SN¢
cell bodies of control mice; however, tluo-
rescence was entirely undetected within the
SNe of Pluorogold-injected cNurr?*7e™
mice (Fig. 3, compare D, Ewith G, H). In
addition, characteristic large and densely
packed TH-immunoreactive mDA neu-
rons within the SNc were virtually absent
in cNurr 1247 miice (Fig. 31). In conclu-
sion, Nurrl ablation in eNurr 1?47 mice
results in rapid loss of SNc cell bodies;
however, -scaftered VTA neurons re-
mained even in adult cNurrIPAT9 mice.

Adeno-associated virus—Cre-mediated
NiirrLablation inadult mice

In eNiirr 1P mice, Nurrl is ablated
well' before Full mDA neuron maturity
and before targets in the striatuin have
become innervated; thus, it reinained
possible that- the phenotype is a-conse-
quence of a developmental dysfunction.
Therefore, we proceeded to inactivate Nurrl
specifically “in- ventral. midbrain of adult
mice, using an adeno-associated virus
(AAV)-Cre vectar driven by the neuron-
specificsynapsin promaoter, AAV-Cre was
administered by unilateral stereotaxic mi-
croinjection above the right SNc. Cre im-
miunohistochemistry and S-galactosidase
expression was analyzed after infranigral
AAV-Cre injection into reporter imice in
which the ROSA26 locus is targeted with a
LacZreporter gene (Soriano, 1999). Results
show widespread Creexpression around the
site- of injection, spreading into both SNc¢
and VTA, and robust recombination of the
LacZ reporter construct (supplemental Fig,
7, available at www jneurosci.org as supple-
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Figure 5.  Cre-expressing cells are lost at 4 months within the SHc after Nurr1 ablation.
A, Higher magnification showing TH by DAB staining (hrown) at the level of the injected SNcin
wt™ and cNurr 1"V mice. The region that has been magnified is hoxed in 4. B-G, Adjacent
sections were immunostained for Cre (black) and are superimposed on the DAB-stained TH
sections in all micrographs. Cre staining is widespread in the area in which mDA neurons are
normally localized at 0.5 and 1.5 months (£, F) but almost completely ahsent in this area at 4
months (G). Scale bar, 500 fm.

mental material). Moreover, except for a small necrotic area around
the site of injection, virus administration did not affect tissue mor-
phology, expression of mDA neuron markers, or microglia activa-
tion (data not shown).

AAV-—Cre was unilaterally injected above the SNc of adull
mice homozygous for the floxed Nurrl allele to generate adult
conditional gene-targeted mice (¢Nurr 1*4V<¢) orinto wild-type
control mice (w**V¢), Tn addition, a vector encoding the green
fluorescent protein (GFP) driven by the synapsin promolter
(AAV-GFP) was injected in mice homozygous for the floxed
Nurrl allele (eNurrI™Y-S" mice) to ensure that the floxed ani-
mals are not more sensitive to nonspecilic toxicity induced by
AAV transduction. Histological analyses were performed from
animals killed at 0.5, 1.5, and 4 months after injection.

Reduction of TH and DA in adult Nurri-ablated mice
TH immunohistochemistry at the level of the ventral midbrain
was analyzed (o assess the consequences of adult Nugrl ablation,
Within SNc, TH immunoreactivity was unaffected at 0.5 months
but was progressively reduced at 1.5 and 4 months in the injected
SNc in eNurr1™Ve mice (Fig. 4 E-I1). In contrast, TH immu-
noreactivity was unaffected in SNc of control wr**V"* and
eNurrI*V=C mice (Fig. 4A-D) (data not shown). T was
also reduced in the VTA at 1.5 and 4 months; however, at 4
months, the reduction in VTA was less dramatic compared
with SNc (lig. 4E-H).

Decreased striatal TH immunoreactivily paralleled the reduc-
tion in the ventral midbrain. Thus, although no signs of degen-

Kadkhodaei et al. e Nurr1 Requirement for Dopamine Neuron Maintenance

erating striatal TH-stained fibers (swollen axons or dystrophic
neurites) were detected, striatal sections ipsilateral to the side of
AAV—Cre injection showed clearly reduced TH in cNurr1*4V<®
mice butnot in controls (wr**V® or cNurr1**V=-%) (Fig. 4 I-L)
(supplemental Fig. 8, available at www.jneurosci.org as supple-
mental material). Diminished TH immunoreactivity was ob-
served in regions innervated by both SNc¢ and VTA (CPu and
NAc, respectively), consistent with the reduced TH immunore-
activity in both SNeand VTA mDA neuron cell bodies. Measure-
ment of DA and metabolites by HPLC from dissected tissue at 4
months confirmed this picture as a significant reduction in DA
and DA metabolites noted both within the dorsolateral striatum
and in areas mostly innervated by the VTA (cortex and ventro-
medial striatum) (supplemental Table 4, available at www.
jneurosci.org as supplemental material). Thus, TH, DA, and DA
metabolitesare clearly reduced as a vesult of adult Nurrl ablation.

Loss of mDA neuron characteristics in adult

Nurrl-ablated mice

To further analyze the fate of Nurrl-ablated neurons, cells were
counted within the SNc and VTA in ¢Nurr IV and et 4Vere
mice. Within SN¢, the number of TH-positive cells was signifi-
cantly decreased at 4 months (58.1 * 8.3 and 95.4 + 6.3% in the
injected vs non-injected sides of cNurr 1V and wi** Ve mice,
respectively; p = 0.0053). In contrast, the numbers of TH-
positive cells was not significantly reduced within the VTA
(104.1 £ 4.7 and 101.6 = 10.5% in the injected versus non-
injected sides of <Nurr IV and wit V" mice, respectively).
Also, the numbers of TH-positive cells were not significantly
changed in ¢Nurr V9 mice at 1.5 months (data not shown).

To assess the integrity ol neurons, cellular analysis was ex-
tended by analyzing Cre-immunolabeled sections that were su-
perimposed on adjacent TH-labeled sections (Fig. 5). Notably, in
cNurr 1V mice, Cre expression was clearly detected within
the area of SNc at both 0.5 and 1.5 months but was lost at 4
monthsin the region in which mDA neurons should normally be
localized (Fig. 5, compare =G with B-D). Cre expression is
driven by a general neuronal promoter (synapsin), suggesting
that loss of Nurrl may eventually affect some pan-neuronal
properties at 4 months after ablation.

Confocal microscopy confirmed the loss of TH at 1.5 and 4
monthsafter Nurrl ablation and the loss of Cre at 4 months (Fig.
6A=D). At 1.5 months, DAT expression was weak but cell bodies
were readily identified (Fig. 6 I5 I and inset in I). DAT staining
remained also at 4 months, but, at this stage, high-power magni-
fication indicated that some of the staining appeared confined to
fibers and/or dystrophic cells (Fig. 6 G, I and inset in H). None-
theless, at 4 months, most cells with decreased TH stained posi-
tive for AADC, showing that not all mDA neuron characteristics
were alfected (Fig. 7A-F). Moreover, VMAT2 is yet another
marker that was severely decreased in ¢NurrI**V" mice, but
remaining weakly stained cells were positive for the general neu-
ronal marker Hu (Fig. 7G=L). The observed changes were not
correlated to increased number of apoplotic cells because in-
creased activated Caspase 3 could not be detected (data not
shown). Also, we found no evidence for nigral inflammation or
a-synucleinopathy because activated microglia and a-synuclein-
rich inclusions were not detected atany stage after Nurrl ablation
in eNurrIPA79¢ mice (data not shown). Finally, TIT and DAT
expression in VTA was also affected, without any apparentloss of
the neuronal marker Hu or any signs of dystrophic cells (supple-
mental Fig. 9, available at www.jneurosci.org as supplemental
material) (data not shown). Thus, Nurrl ablation resulls in a
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WtAAVCre " cNurr1 AAVCre
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| Cre TH
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Figure 6.  Decreased expression of DATand signs of dystrophic cells in cNurr 1" mice. A-H, Confocal analysis of SNcin wt™“and cNurr 1"V mice at 1.5 and 4 months, as indicated. Confocal
images show double staining of Cre (red) and TH (green; A-D) and staining for DAT (green; E-H ). Micrographs show that there s a loss of TH and DAT and a progressive loss of synapsin-driven Cre
at4 months. At4 months, DAT staining appears fragmented and stains scattered fibers, whereas very few intact cell profiles (marked with arrowheadsin Fand H) can be identified in Vurr 14V

mice (compare insets in F, H). Scale bar, 200 jem.

progressive dysfunction characterized by a partial loss of the
mDA neuron phenotype. Although we see few signs of neuronal
degeneration, we cannot exclude a limited cell loss.

To assess whether the observed dysfunction was paralleled by
an altered motor behavior, cNurr V< mice were subjected Lo a
stepping test at 3 and 4 months (Schallert et al., 1992; Kirik et al.,
1998). Performance of the left forelimb (i.e., the limb contralat-
eral to the vector injection) was impaired at both time points (Fig.
8). Additional behavioral testing, including amphetamine-
induced rotations and a corridor test, indicated that individual
mutant animals appeared affected; however, the Nurrl-ablated
group did not show alterations that were statistically significant
(supplemental Fig. 10, available at www.jneurosci.org as supple-
mental material). Our results demonstrate progressive mDA
neuron dysfunction, leading to a more severe deficiency at 3-4
months after Nurrl ablation.

Discussion

This study provides definitive evidence that Nurrl is not only
critical for early differentiation but also for the maintenance of
functional mDA neurons. Conditional gene targeting at late em-
bryogenesis, when characteristic features of mDA neurons are
already apparent, results in a rapid and close to complete mDA
neuron loss. Only few TH-positive cells remain within the VTA
also in the absence of Nurrl. Remaoval of Nurrl leads to a severe
dystunction also in adult mDA neurons. It should be noted that
reduction of striatal DA and the behavioral effects after adult
ablation most likely underestimate the importance of Nurrl in the
adult brain because AAV injection only transduced a proportion of
all MDA neurons in the injected side of treated animals. Thus, these
data emphasize the importance of studying developmental mecha-
nisms for elucidating neuron maintenance mechanisms. An analo-

gous example is provided by the glial cell line-derived neurotrophic
factor (GDNF). GDNF is known to promote neuronal survival un-
der development, but only recently has conditional gene targeting
enabled studies that interrogate the role of GDNF and other fac-
lors signaling via Ret for maintenance of midbrain dopamine
neurons in the adult brain (Oo et al., 2003; Jain et al., 2006;
Kramer et al., 2007; Pascual et al., 2008).

Data presented here have implications for our understanding
of how mature differentiated cell types are maintained. Previous
studies have indicated that the differentiated state is not irrevers-
ible because even mature specialized cells, including for example,
olfactory neurons and mature T- and B-cells, can be repro-
grammed into undifferentiated pluripotent cells by either so-
matic cell nuclear transfer or using the recently developed
methodology for the generation of induced pluripotent stem cells
(Takahashi and Yamanaka, 2006; Gurdon and Melton, 2008).
Nevertheless, under normal nonmanipulated conditions in vivo,
differentiated cells are remarkably stable, indicating the impor-
tance of mechanisms that maintain cells in their appropriate dif-
ferentiated state. Gene ftargeting in non-neural cell types has
revealed how transcription factors functioning in development
can be important for the maintenance of terminally differenti-
ated cell types, e.g., Pax5 in B-lymphocytes and Prox1 in lym-
phatic endothelial cells (Cobaleda et al., 2007; Johnson et al.,
2008). In CNS, transcription factors identified for their key
roles in early neuron development often continue to be ex-
pressed in the adult brain and may therefore guard against loss
of phenotype or drift into alternative states (Smidt et al., 1997, 2000;
Zellerstrom et al., 1997; Hendricks et al,, 1999; Vult von Steyern et
al., 1999; Albéri et al., 2004; Simon et al., 2004; Kang et al., 2007;
Kittappa et al., 2007; Smidt and Burbach, 2007; Alavian et al.,
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2008). However, remarkably little is
known of how these factors function at

TH

late stages of development or in the adult.
Although examples of adult mDA neuron
loss has been reported in mice haploinsuf-
ficient for transcription factor genes such
as Ingrailed and FoxA2, il remains possi-
ble (hat defects originate during embry-
onic development (Albéri et al.,, 2004;
Zhao et al., 2006; Kittappa et al., 2007;
Sonnier et al., 2007). Importantly, FoxA2
and Engrailed are critical for the estab-
lishment of the floor plate and for early
midbrain/hindbrain development, respec-
tively, and they are directly and indirectly
alfecting many cell fates along the entire
neuraxis. Thus, haploinsufficiency may
cause embryonal deliciencies that do not
become manifest until adult stages, a pos-
sibility that emphasizes the importance of
temporally controlled conditional gene b
targeting to rigorously test how transcrip-

wtAAVCre

cNurr1AAVCre

tion factors function in terminally differ-

entiated neurons. 3]

We do not yet understand why Nurrl
is required in already differentiated mDA
neurons. However, data presented here
provide compelling evidence for the exis-
tence of “terminal selector genes” in
mammalian  CNS  development.  Such
genes, defined from studies of Caernorhab-
ditis elegans neuronal development, are
continuously expressed throughout the
life of neurons and are essential for both
the establishment and maintenance of
distinct neuronal phenotypes (Hobert,
2008). Thus, Nurrl, which probably reg-
ulates typical mDA neuron markers
such as TH, DAT, AADC, and VMAT2
(Sakurada et al., 1999; Sacchetti et al,
2001; Hermanson et al., 2003; Kim et al.,
2003), is likely required for both early
differentiation and maintenance by reg-
ulating genes (hat distinguish mDA
neurons [rom other neuron types. Pre-
sumably, such regulation is critical
throughout the life of mDA neurons
and would depend on additional com-

wtAAVCre

cNurr1AAVCre

ponents, such as Pitx3, in a core tran-
scription faclor network (Jacobs et al,,
2009).

How may dysregulated Nurrl activity contribute to PD? Stud-
ies in PD patients have shown that, in early stages of the disease,
SNc cell bodies are relatively spared compared with theloss of DA
in the putamen (Fearnley and Lees, 1991) and that a significant
fraction of the surviving, piginented, DA somata in the SNc have
much reduced expression of the TH enzyme (Iirsch et al., 1988;
Chu et al., 2006). This suggests that, during early stages of disease,
nigral DA neurons may survive in a dysfunctional state charac-
terized by a downregulated neurotransmitter machinery. An in-
teresting possibility supported by our data is that reduced
expression of Nurrl contribules to such symptoms. Indeed,
Nurrl is severely reduced in neurons with signs of pathology in

Figure 7. Decreased levels of VMAT2 but not AADC in cNurr 1" mice. Confocal analysis of SNc in wt
mice at 4 months, as indicated. A-F, Confocal images show staining of AADC (red; A, D), TH (green; B, E), and double staining of
hoth markers (€, F). Micrographs show that AADC expression appears expressed at normal levels in most cells with decreased levels
of TH.G-L, Confocal images show staining for VMAT2 (red; G,/ ), Hu (H, K ), and double staining of both markers (/, ). Micrographs
show that VMAT2 s severely decreased in cNuurr 1"
decreased VMAT2. Scale bar, 200 z1m.

Ve I/M V(e

and cNurr

Y1 mice, whereas Hu is maintained at normal levels in essentially all cells with

PD brain tissue, and reduced Nurrl expression in patients’ pe-
ripheral blood lymphocytes indicates that diminished Nurrl ac-
tivity may be a systemic feature ol disease (Chu et al., 2006; Le el
al., 2008). Although such correlations do not determine whether
reduced Nurr! expression is a cause or a consequence of disease,
progressive cell dysfunction in Nurrl-ablated mice provides a
clear indication that diminished Nurrl expression in PD should
have delelerious consequences for patients. This view is sup-
ported by theidentification of Nirrl gene variants thathave been
associated with rare cases of familial and sporadic PD (Xu et al.,
2002; Le et al., 2003; Zheng et al., 2003; Jankovic et al., 2005;
Grimes etal., 2000; Jacobsen et al., 2008). Although other studies
have failed to identify such mutations and indicated that Nurrl
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Figure8. Forelimbakinesiain thestepping test. The performance of the left paw {contralat-

eral to the vector injection) was significantly impaired in the fIffl mice {n = 16) but not the
wild-type mice (n = 13). Aithough the Impairment was significant at both time points, 3 and 4
months after vector injection, their performance got significantly worse aver time { p << 0.01,
Student’s paired ¢ test): 15 of the 16 mice in the fi/fl group showed a decline in their stepping
scores between the two tests, and at 4 months, 14 of the fi/flmice had scores below 5 compared
with G in the 3 month test, Scores give the means of steps recorded in the forehand and back-
hand direction for each paw (see Materials and Methods). *p << 0.001, Student’s paired ¢ test.

gene variants as a cause of PD must be very rare, the combined
data from genelics, postmortem PD brain tissue analyses, and the
ablation experiments reported here strongly imply that, if and
when Nurrl function is reduced, it will exaggerate PD progres-
sion and severity (Wellenbrock et ak,, 2003; Hering et al., 2004;
Tan et al:, 2004). .

The results indicate that therapies that can restore Nurr] ac-
tivity in diseased but notyet degenerated mDA neurons could be
of dlinical relevance, We envision several strategies whereby
Nurrl activity could be increased. (1) Nurrl belongs to the nu-
clear réceptor family whose miembers are commonly regulated by
small lipophilic ligands: The putative-ligand binding domain of
Nurrl is unconventional and lacks a ligand-binding pocket, but
Nurr1 forms heterodimers with retinoid Xreceptors (RXRs), and
ligands activating, these réceptors can protect mDA neurons in
culture (Wallen=-Mackenzie et al.; 2003; Wangetal,; 2003 ). Thus,
RXR may be a relevant target for ligand modulation of Nurrl-
regulated processes. Tt will be important to investigate to what
extent Nurr1-RXR heterodimers versus Nurrl alone are impor-
tant in pathways associated with the phenotype described in this
paper. (2) Nurrl activity is possible to modulate, for example, by
the leukemia drug 6-mercaptopurine (Ordentich et ali; 2003).
Although such drugs are pleiotropic and serious side effects are
likely, other compounds with higher specificity may be possible
to identify. (3) Therapies directed at increasing Nurtl activity
would be effective only as long as sufficient levels of Nurrl are
expressed in diseased neurons. Thus, treatments aimed at resto-
ration of Nurrl expression by gene delivery may prove advanta-
geous. Using similar’ AAV vectors as administered in this study
may be of particular interest because they have properties thatare
clinically favorable and are already used in dlinical trials in PD
patients (Check, 2007).

1, Neurosci., December 16, 2009 - 29(50):15923-15932 + 15931

In conclusion, loss of Nurrl at stages when characteristic fea-
tures of mDA neurons are already apparent in the developing
embryo or in fully differentiated adult neurons results in loss of
mDA neuron-specific gene expression and neuron degeneration.
These findings highlight the importance of developmental mech-
anisms also in the adult brain and dearly indicate that they may
be critical for the understanding of cell maintenance and neuro-
degeneration. How Nurrl and other transcription factors operate
in adult neurons to control and preventloss or drift in phenotype
remains a challenge for future studies.

References

Alavian KN, Scholz C, Simon FIFL (2008) Transcriptional regulation of mes-
encephalic dopaninergic neurons: the full circle of life and death. Mov
Disord 23:319--328.

Albéri L, Sgado P, Simon HI (2004) Engrailed genes are cell-autonomously
required to prevent apoptosis in mesencephalic dopaminergic neurons,
Development 131:3229--3236.

Andersson E, Tryggvason U, Deng Q, Friling S, Alekseenko Z, Robert B,
Perlmann T, Ericson J (2006) Identification of intrinsic determinants of
midbrain dopamine neurons, Cell 124:393--405.

Breese GR, Knapp DJ, Criswell HE, Moy SS, Papadeas ST, Blake BL
(2005) ‘The neonate-6-hydroxydopamine-lesioned rat: a model for
clinical neuroscience and neurobiological principles. Brain Res Brain
Res Rev 48:57-73.

Castillo SO, Batfi ]S, Palkovits M, Goldstein DS, Kopin 1], Witta J, Magnuson
MA, Nikodem VM (1998) Dopamine biosynthesis is selectively abol
ished in substantia nigra ventral tegmental area but not in hypothalamic
neurons in mice with targeted disruption of the Nurrl gene. Mol Cell
Neurosci 11:36-46.

Check E (2007) Second chance. Nat Med 13:770 -771.

Chu Y, Le W, Kompoliti K, Jankovic J, Mufson ], Kordower JH (2006)
Nurrl in Parkinson’s disease and related disorders. J Comp Neurol
494:495-514.

Cobaleda C, Jochum W, Busslinger M (2007) Conversion of mature I3 cells
into T cells by dedifferentiation to uncommitted progenitors. Nature
449:473--477.

Ekstrand MI, Terzioglu M, Galter D, Zhu S, Hofstetter C, Lindqvist E, Thams
S, Bergstrand A, Hansson IS, Trifunovic A, Hoffer B, Cullheim §,
Mohammed AH, Olson L, Larsson NG (2007) Progressive parkinson
isim in mice with respiratory-chain-deficient dopamiiie neurons. Proc
Nath' Acad Sci U § A 104:1325-1330.

Pearnley M, Lees AJ (1991) Ageing and Parkinson’s disease: substantia
nigra regional selectivity. Brain 114:2283--2301.

Grimes DA, Han T, Panisset M, Racacho L; Xiao F; Zou R, Westaff K, Bulman
DE" (2006) Translated mutation'in the Nwrtl gene as a cause for Parkin
son’s disease; Mov-Disord 21:906--909,

Gurdon B, Melton DA (2008} Nuclear: reprogramming in cells, Science
322:1811-1815.

Hendricks T, Francis N; Fyodorov D, Deneris ES (1999} The ETS domain
factor Pet-1 is an early and precise marker of central serotonin neurons
and interacts with a consérved element in serotonergic genes. J Neurosci
19:10348--10356.

Hering R, Petrovic §; Mietz EM, Holzmann C, Berg D, Bauer P, Woitalla D,
Miiller T, Berger K, Krtiger R, Riess O (2004)- Extended mutation anal-
ysis and association studies of Nurrl (NR4A2} in Parkinson disease. Neu-
rology 62:1231--1232;

Hermanson E, Joseph B, Castro D, Lindqvist E, Aarnisalo:P, Wallén A, Benoit
G, Hengerer B; Olson L, Perlmann T (2003) Nur regulates dopamioe
synthesis “and “storage in: MNID - dopamine cells. Exp- Cell Res
288:324-334.

Hirsch E£; Graybiel AM,; Agid YA (1988) Melanized dopaminergic neu-
rons are differentially susceptible t6 degeneration in Parkinson’s disease.
Nature 334:345-348.

Hobert O (2008) Regulatory logic of neuronal diversity: terminal selector
geries and selector motifs. Proc Natl Acad Sci U S A'105:20067--20071.

Huot P, Parent A (2007} Dopaminergic neurons intrinsic to the striatum.
] Neurochem 101:1441-1447.

Jacobs FM, van Erp S, van der Linden AJ, von Qerthel L, Burbach JP, Smidt
MP (2009) Pitx3 potentiates Nurrl in dopamine neuron terminal dif-



15932 + J. Neurosci., December 16, 2009 - 29(50):15923-15932

ferentiation throughrelease of SMRT -nediated repression. Development
136:531-540.

Jacobsen KX, MacDonald H, Lemonde S, Daigle M, Grilmes DA, Bulman DE,
Albert PR (2008) A Nurrl point mutant, implicated in Parkinson’s dis-
ease, uncouples ERK1/2 dependent regutation of tyrosine hydroxylase
transcription. Neurobiof Dis 29:117-122.

Jain §, Golden JP, Wozniak D), Pehek E, Johnson EM Jr, Milbrandt] (2006)
RET is dispensable for maintenance of midbrain dopaminergic neurons
in adult mice. J Neurosci 26:11230--11238,

Jankaovic J, Chen S, Le WD (2005) The role of Nurrl in the development of
dopaminergic neurons and Parkinson’s disease. Prog Neurabiol 77:128
138,

Johnson NC, Dillard ME, Baluk P, McDonald DM, Harvey NL, Frase SL,
Oliver G (2008) Lymphatic endothelial cell identity is reversible and its
maintenance requires Prox ! aclivity, Genes Dev 22:3282-3291.

Kang BJ, Chang DA, Mackay DD, West GH, Moreira TS, Takakura AC, Gwilt
M, Guyenet PG, Stornetta RL (2007) Central nervous system distribu-
tion of the transcription factor Phox2b in the adalt rat. J Comp Neurol
503:627- 641,

KimKS, Kim CH, Hwang DY, Seo H, Chung S, Hong $), Lim JK, Anderson T,
Isacson O (2003) Orphan nuclear receptor Nurrl directly transactivates
the promoter activity of the tyrosine hydroxylase gene in a cell-specific
manner. } Neurachem 85:622- 634,

Kirik D, Rosenblad C, Bjorklund A (1998) Characterization of behavioral
and neurodegenerative changes following partial lesions of the nigrostri-
atal dopamine system induced by intrastriatal 6- hydroxydopamine in the
rat. Exp Neurol 152:259-277.

Kittappa R, Chang WW, Awatramani RB, McKay RD (2007) The foxa2 gene
controls the birth and spontaneous degeneration of dopamine neurons in
old age. PLoS Biol 5:e325.

Kramer ER, Aron L, Ramakers GM, Seitz S, Zhuang X, Beyer K, Smidt MP,
Klein R (2007) Absence of Ret signaling in mice causes progressive and
late degeneration of the nigrostriatal system. PLoS Biol 5:e39.

Le W, Pan T, Huang M, Xu P, Xie W, Zhu W, Zhang X, Deng H, Jankovic]
(2008} Decreased NURRL gene expression in patients with Parkinson’s
disease; | Newrol S¢i 273:20-33,

Le WD, Xu P, Jankovic J, Jiang H, Appel SH, Smith RG, Vassilatis DK (2003)
Mutations in NR4A2 associated with familial Parkinson disease. Nat
Genet 33:85-89.

Oo TF, Kholodilov N; Burke RE (2003) Regulation of natural cell death in
dopaminergic nearons of the substantia nigra by striatal glial cell line-
derived neurotrophic factor i vivo. | Neurosci 23:5141-5148.

Ordentlich P, Yan Y, Zhou §; Heyman RA (2003) Identification of the anti-
neoplastic agent 6-imercaptopurine as an activator of the orphan nuclear
hormane receptor Nurrl. J Biol Chem 278:24791-24799.

Pascual. A, Hidalgo-Figueroa' M, Piruat JI, Pintado CO, Gomez-Diaz R,
Lopez-Barneo ' (2008) Absolute réquirement of GDNF for adult cat-
echolaminergic neuron survival, Nat Neurosci 11:755-761,

Perlmann T, Wallén-Mackenzie A' (2004) Nurrl; an orphan nuclear recep-
tor with essential functions in developing dopamine cells. Cell Tissue Res
318:45-52.

Sacchietti P; Brownschidle LA, Granneman JG; Bannon M) (1999) Charac-
terization of the'5 {lanking region of the human dopamine transporter
gene. Brain Res Mol Brain Res 74:167-174.

Sacchetti: Py Mitchell TR, Granneman JG, Bannon MJ. (2001} Nuril én-
hances transcription of the human dopamine transporter gene through a
novel mechanism. J Neurochem 76:1565-1572.

Sakurada K; Ohshima-Sakurada M, Palmer TD, Gage FIL (1999) Nurrl, an
orphan nuclear receptor, is a transciiptional activator of endogenous ty-
rosine hydroxylase in neural progenitor cells derived from theadultbrain.
Development 126:4017-4026.

Saucedo-Cardenas O, Quinfana-Fau JD, Le WD, Smidt MP, Cox JJ, De Mayo
F, Burbach JP; Conneely OM (1998} Nurrl is essential for the induction
of the dopaminergic phenotype and the survival of ventral mesencephalic
late - dopaminergic precursor- neurons. Proc Natl Acad- Sci USA
95:4013-4018.

Kadkhodaei et al. e Nuirt Requirement for Dopamine Neuron Maintenance

Schallert T, Norton D, Jones TA (1992) A clinically relevant unilateral rat
model of Parkinsonian akinesia. J Neural Transpl Plast 3:332-333.

Simon HH, Thuret S, Alberi L (2004} Midbrain dopaminergic neurons:
controlof their cell fate by the engrailed transcription factors. Cell Tissue
Res 318:53~61.

Smidt MP, Burbach JP {2007} How to make a mesodiencephalic dopami-
nergic neuron. Nat Rev Neurosci 8:21-32,

SmidtMP, van Schaick HS, Lanctot G, Tremblay J7, Cox JJ, van der Kleij AA,
Wolterink G, Drouin J, Burbach JP {1997} A homeodomain gene P&3
has highly restricted brain expression in mesencephalic dopaminergic
neurons. Proc Nath Acad Sci U S A 94:13305-13310.

Snridt MP, Asbreuk CH, Cox 1], Chen H, Johnson RL, Burbach jP (2000) A
second independent pathway for development of mesencephalic dopami-
nergic neurons requires Lmx1b. Nat Neurosci 3:337-341,

Smidt MP, Smits SM, Burbach JP {2004) Homeobox gene Pitx3 and ils role
in the development of dopamine neurons of the substantia nigra. Cell
Tissue Res 318:35-43,

Snyder AM, Zigmond M}, Lund RD (1986) Sprouting of serotoninergic af
ferents into striatum after dopamine-depleting lesions in infant rats: a
retrograde transport and immunocylochemical study. ] Comp Neurol
245:274-281.

Sonnier L, Le Pen G, Hartmann A, Bizot JC, Trovero F, Krebs MO, Prochiantz
A (2007) Progressive loss of dopaminergic neurens in the ventral mid
brain of adult mice heterozygote for Engrailed 1. ] Neurosci 27:1063 -
1071,

Soriano P (1999) Generalized lacZ expression with the ROSA26 Cre re
porter strain. Nat Genet 21:70--7 1.

Takahashi K, Yamanaka S (2006) Induction of pluripotent stem cells from
mouse embryonic and adult fibroblast cultures by defined factors. Cell
126:663--676.

Tan EK, Chung H, Chandran VR, Tan C, Shen H, Yew K, Pavanni R, Puvan
KA, Wong MC, Teoh ML, Yih Y, Zhao Y (2004) Nurrl mutational
screen in Parkinson’s disease. Mov Disord 19:1503-1505.

Vult von Steyern F, Martinov V, Rabben 1, Nji A, de Lapeyriere O, Lomo T
(1999) The homeodomain transcription factors Islet 1 and FIBY are ex-
pressed in adult alpha and gamma motoneurons identified by selective
retrograde tracing: Tur ] Nettrosci 11:2093-2102.

Wallen-Mackenzie A; Mata de Urquiza A, Petersson S, Rodriguez FJ, Friling
S, Wagner J, Ordentlich P, Teéngqvist J; Heyman RA, Arenas E, Perlmann
T {2003). NurrI-RXR heterodimers mediate RXR ligand-induced sig-
naling in neuronal cells. Genies Dev 17:3036 -3047.

Wang Z; Benoit G, Liu J; Prasad $; Aarnisalo P, Liu X, Xu H, Walker NP,
Perlmann T (2003) Structure ind function of Nurr 1 identifies a class of
ligand-independeént nuclear receptors. Nature 423:555-560,

Wellenbrock C, Hedrich K, Schafer N; Kasten M, Jacobs H, Schwinger I,
Hagenah J, Pramstalier PP, Vieregge P, Klein C (2003) NR4A2 muta
tions are rare among European patients with familial Parkinson's disease.
Anni Netirol 54:415.

Xu PY, Liang R, Jankovic J; Hunter C, Zeng YX; Ashizawa T, Lai D; Le WD
(2002} Association of homozygous 7048G 7049 variant in- the intron six
of Nurt 1 gene with Parkinson’s disease, Neurology 58:881--884.

Zetterstidin RH; Williams R, Perlimamn T, Olson L7 (1996) Cellular expres-
sion of the immediate-early transcription factors NurrFand NGFL-B sug-
gests a- gene. regulatory role: in several: brain regions: including the
nigrostriatal dopamine systern. Brain-Res Mol Brain Res 41:111-120.

Zetterstrtém RH, Selomin L, Jansson' L, Hoffer B); Olson L, Perlmann T
(1997) Dopamine neuron agenesis i Nurrl-deficient mice. Science
276:248--250.

Zhao 7, Scott M, Chiechio 5; Wang IS, Renner KJ, Gereau RW 4th, Johnson
RL, Deneris ES, Chen ZF (2006): Emx1b is required for maintenance of
central serotonergic néurons and tnice lacking central serotonergic sys-
ten exhibit normal locomotor activity. J Neurosci 26:12781-12788.

Zheng K, Heydari B, Simon DK (2003) A common NURRI polymorphisim
associated with Parkinson disease and diffuse Lewy body disease. Arch
Neurol 60:722-725.



ERPRIC AR 7 PR SRIE - B2

ALS I2H1F % RNA editing &

B AL B LR TR EE S RN SR AR
HH 0N Siisine maisiss AW EESGAEsaEreenne
A GluR2 Q/R editing site B_ = " —— \ i ————— Sl C @
Gh o P S8 EH GUR2R) | GluR2(Q) ‘ ’ GlR2 | ;
CRRE | KR ©)_ P NAE
Ca? Ca Cat W\ ‘

2 l/:""’ e ;

il N/

Stargazin

Stargazin

1 GluR2H71=vw b & Ca?hiEBMIC &2 EE M HZHAASE

A) AMPA BAMEDZY 7212y b D M 2121 Q/R BRAL & MEIEN B EMIA3H b, EERALIX GIuR2 ATV E S v (Q)TH 2D Icst L
T, GUR2ZFRTAF=ZVR)TH B, LHLY AL THE, GluR2D Q22— FLTW2 CAG EWIHEFITHS. R &2tz
RNA ~#REH, mRNA KR ZHNCT 7T/ ¥V (A)D34 7 v v (DN LEEBHRIN, CAG(Q)25 CIGR)~ND 7 I ) BEBIAMEL 2720
Hs VRY—ALTIRIT7T//VVG)ERASETHRLERELINDE®, CIGIXCGG LRAINR ELTEHRENS, Z0BEKII RNA e
LIEENS, B) 722y FOHT, FyYRILD ClTEBEREICEELFEZ2ELZLTWBDIE GluR2 Th 3. AMPA Z&KD Calt
Bk X GluR2 DEEIZ L > TIREZIN TS, AMPARZAFRZENT %2 4-50% 722y b®D I 5 GluR2 Z 1 DY FATRZAEMIL, Calt
FREIMELDICH L, GluRl, 3, 40¥ 722y F Z T CTHRINEZARKR, @\ CalHEBkER2RT. C) Q/REMids Ca?h BB M
WEELRDIFF v ZNVRTIZELTED, BELDO R Ca%T 2B DIt L TERNCHED Q TR OEABTBVWEDTHE EEI LN

T3,

IEU®IC

A ZE M I ZRE{LIE (amyotrophic lateral sclerosis : ALS) &, 90%
MFRIEE 2 B 2 WIIFEME T, RERED OWREHED 2 HRE
MEBETH B, EFE o, MHAME ALS EHESH = »—o > T,
TN I VEERAEETH D AMPA (a-3-hydroxy-5-methyl-4-iso-
xazole propionic acid) &K T ¥ 2N D CaH B @M% FEI 2
DFEACHEBERPR, MIDERMCREI>TwaZ 2 RIL,
DN FEAL RN D ERERRIC %2 5 2 &6, ALS DJF
HerEZzohzZtrBHICLEY, ZoFEMEEL 3 Lk
DHRDS RNA #sE (RNA editing) TH 5,

MFME ALS (CH V) 2 REEHZMNIE S AMPA 28K%
AR OB EEWBER IV Y S VT, BHEH =2 —0vd
INY I VBEBRRPBEICHKE TS, SV I VRICk s BER
BEC B A 4 VEBMETEI X ) IEEEEOER L,
B0 A A — 2@, & v ) OPEEEMREMIEED 2 H =X
LATH B, TICEEMERMESE, BilEngE Mg, <A»
MNERER DA OMEMIIEICEIC EEZ STz, —AT,
BEEMIIAR, in vivo B EER CAMEIC IR 2B S - X
RVEVEETY, ZEGRIPRIEFRNICEE T 2 2 L OERE
DIEIMIATEDSBE 5 Z EBHODICI N, ZDOZ E» 6, Bl
AT T 2R EHERTH 5 ALS 128 W OEHKME O i Mgt
OEESMERXND LS ko, I5i, EH= 2 —n v IEE
HAIEEEIc eSS Th H, BRI CaTRAI X 2 Il Ca2 T I BED

246

R LR 2RO RA & Z 2 SN T\ 5, IR Calt
EEREOBEICIE AMPA 28D Ca? EBIEDBEAK Z W,
AMPA S7&{Kk& RNA fRE
AMPA ZAEMEIE 4OV 7 2= v b+ (GluR1-4) DEM, Tl
RA BEABEDOED» SR BMERTH %, AMPA ZEED Calhid
WEERET BHEFITIE, GuR2Y 72=v b, GluR2 Y 72=v
b @ RNA #F& (Fflz Q/R #47), flip/flop splicing varient, AMPA
RREEENET NS, Lo, CTERERHET 2EBFDS
THSHAREAG I EHEENET 2 01T TiER\, GluR2D ./ v 777 bic
X D NMEEER TS EL 222, GluR2 /vy 2777 k=
AT LTP BH DA CTHMIEIZEL %3 (” 1B). Flip/lop
isoform (3 MIIEFE % 4 U 72223, AMPA RAGEERBD 29,
AMPA ZAGEEOELO R TRARMATLZE L 2 WY, oh
WXL, RNAfREZEIEL-ER <Y 2 Tl34E% 20 H P IcRE

I & B AEIEHSERD 5159 (K 1B).
AMPA SBAY 7 1=y MEIRE ALS DEEBIZ 2 —0O 3
INGOERE2 LT Z, MBHREICEET 25 FEMTH2
GluR2 D@72 \> L GluR2 Q/R L DIRERE T D EEEZEES
DT N—T73HEF L7, Kwak & i laser microdissector 2 FAv>C
ARSI o B —EB) Wiz 2] h L, RT-PCR i<
X D GluR2 mRNA Hi3k® cDNA %##IEL, AMPA BAEEZY S
2=y b mRNA 2 E87 % /518 X O GluR2 Q/R #BHL RNA iRE
BREEEBTLHERMESL L. 2L, MFHE ALS HHES)
0289-0585/10/ %500/ 3 /JCOPY




1001 o @ e @ 000000000000 RS WS e e4eeesOQEEPICOe

% il 2 g :r

ggeoy + 0T

5 o 40- } : C1:28 C2:12 C3:13, C4:12, C5:
£ 2 . 11T%H3%, EF=a—uryTiREFaY

| @ = " = LEHOTRCOMEIC BT, Hst

i % oL e = ¢ & 7 HRERIE 100% Th o7z, ZHLCH L

| Al A2 A3 A4 A5  C1-5 A2 A5 D1 D2 C1 G2 <, ALSECRELAS5HTTIcH

; n10 20 21 10 17 76 24 24 23 22 24 20 T, fRERIE0~100%F TAE 5D

Motor neurons

® 2 BE—#EMiRicEH 75 GluR2 Q/R &R RNA RESE
(Kawahara 50 X h %)
ZE (ORI AIE 5 M, NS A 1M, ALSE#S 6
(A1-A5), a v ru—E5H](C1-C5DE—FHEH -2 —n
VIZB T 3 GluR2 Q/R #BAZ) RNA IREZ L, ALSH2HI(A2,
A5), Dentatorubral-pallidoluysian atrophy (DRPLA) & 2 #l (D 1,
D2), avru—E24I(C1l, C2)DE—/NK7 ¥y ilizo
EERPRL TS, FHEEMERZE L ET L MBS ) bR
L7, BE=—2—uvitBW3EEa Y- 76 HONRIZ,

Purkinje cells

&, E¥avibo—LELHELEEICKE
T L TWw 7z (Mann-Whitney U test, p<
0.001). —A, /MM 7V¥* v filgic BV 2REEICOVTI,
ALS#, DRPLAE LoV IIu— LEOBMICIEEEEZII LWV
(Mann-Whitney U test, p>0.05). ¥ 7-, fhDZSMEyE B DR 28 1 5
PfhDEE) = 2 — 1 VIE (SBMA) T, MEXRDETIZFZAD 2,
ZDXIINBEIREREERZEDERFEL LTS, FHEH =2 —u v
AMPA ZBAE# mRNA FIREB L O GluR2 ¥ 7= v b LS,
oy = 2 —a MR TEL, b E b E CalhiEiitk AMPA &K
DEEGDEZLI E, L5 TRNARERTOHEEZZ IR T W
ZEMBETOENS,

& ; BEANO A—1 RNA fRIREBILE JUHER - KRR

W4 HRHEAB (L BT R 2T 1M <7 A2 M % mRNA BHahsR EETE S i & Dl
TAMPA T GluR2 Q/R fib{iz SEEF v 20 CaltiFm@fE | 100% ADAR? ALS (fBHHRIET)

TIA I BB NG GRIEHSYET )
ZAk GluR2, | R/G fiB{i BEERF v ZILOBAERERE | GluR2:75%, GIuR3:90%, GIuR4: | ADARI, ADAR?

GIuR3, 45%

GluRd
hA ZURER GluRS Q/R BBfL DEARTF v 2D CatHiEdt | 64% ADAR1, ADAR?
gi'éﬁ SYB TGIRG | Q/R ABAL, IV | BEEF v 30 CattBmiBYE | Q/R BB 86%, 1/V BB 87%, | ADARI, ADAR2 | USHSEC A MA,
SEE BBAL, Y/C HBA Y/C BB : 90% (Glu R6 Q/R ABfTsEM IS L7

B =] = 5-HT2cR | A~E HBfi G AV INUEEEHHHR ABBAL . 75%, BB 80%, CHB | A, BHEBHL . ADARIL, | 2DfF
BAMK fir:15%, D HBAL . 70%, E(C)HB | C, D BRI . ADAR2 | (5-HT2c52 %5k D, E BBfziBHE
) fir e 57

RREEA k771 Kvi.1 |86 KAAZA | FvRIIOAEL 48% ADAR?2 Episodic ataxia type 1
AUILF ¥R _ (MRt R 3omg) *
RNA {RHERESR ADAR2 | ACHRIRARN. | REIIEIE 15% ADAR?

*ERHOE GRS LT 5 KT L TULVRL), **AKHEIE point mutation Tdh't), RNARERBOMENEZ SN TS,

RNAMBHEOFERE LT, RNABRICEWIEO7 2 /A BRIBE N, FIREDOXE SRS FRIINENT D E CTHIREMD R OAEA TG I HIBEHdH 5.
RNA fBH#lE, b Q)=o) 7T ) (A=A /22 () D 2 RN M5 TULND, C—U O RNA BHEIIEY D SIHFLEE TREFES R, i b2 Ky
T O HMETFICIERE T R D 0D, ACG—AUG EMBIRE NS T &S K URME D K>z, @IRPIREZAHICA S correctional editing & EDMH N TS, ML
BT CoUBEILER TV, A= HBHEISPIRMER TERICR I > THY, E D RRFRIAIVA, #R, a2 awNL, (h, MALATHERINhTEY, X
HPSTFELTVRRKREEASND, GuR2 Q/RABRIAMHILIATHRAINCRON D IABHEAMITHY), ZOMIC, D SO ICREAMLISZERRA F > F v RIICE L
KREN, R/GHEBLIGAERIEAEDMBIE THRAIHINL, 4> F v 2 OREIFZWE L, GluR6 D 1/V, Y/CELIEA 4 > F v RN OWTIRIAEIC IS LTS, IEE
HEBOM, TADA, HIER REKEME SO, BI%), MRMERMER GRIRMEHUE BFREE) CORFHITORTOSY, IERTE hOBKEREOMEAR

57»(:&1&6@‘:&, HEESOUN—TTRAELIEALS OBH=— 21 —O>OHTdH 5,

S a—nvOE—#HEAKEL X)L T, GluR2 mRNA HFHREICEER
BEAHE W LD, BEXUALS OBE—ES) = 2 —n iz GluR2
Q/R EBAL RNA fREZRET & 2 ) RNA REEEVHIISBEIRW DD
BEERNICEONS Z L 2WMEL L8 (X 2).
RNA RE & RNA RERS ADAR2

Z ® GluR2 Q/R #Hz D RNA iRE#RKEMICHIH L T2 N)
RNA #H£ 3% adenosine deaminase acting on RNA type 2 (LT
ADAR2)TH 29, —fRiz, H3 5 v 7~ EBIRI NS mRNA
WBEGEFHOBEINLE, AT I9A4S Vv IT%2%T, Avinvif
A HENTERI NS, EEERIZEECEE S 2T
EIICEDH 2 & ) hERREERRTARESDH 203, EET»5
mRNA BER SN2 BRCEGBERIESRIONE I LD S
Z 1% RNA #R£ (RNA editing) & "E510 RNA fRED 5 L ICER
EB0a P yBREPEIBEIIE, FUNTOEEREZ 25ED
Y, EYEMRICDEELRRGTH 5. IFEE ALS TRHLNS
X9 AT RERPIRHERERTRDBERICEL T3 ESH).

T GluR2 @ Q/R Hhzid, MBAEM» S RAMICES FTIEIE
100%fREZINT VB LW HTRHENTHD, ThiFEEVLIRE
KR RTEMIBICIERVWEINTOu L
EESDIN—TIFADAR2 2V F4va PN/ v I T v
v 2ARMERL, MEMBEEZEL 30 piEHFTH Y,
ADAR2 DHEREMEEADSINFENE ALS DIREH ERFIC D235 LHA
HFLTW3,

X ik
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(FUOIC : FEMRERZEEES &

FRZERRIEIIZRIE(LAE (amyotrophic lateral scle-
rosis : AT, ALS) &, #EBi= 2 —u v didh 2D
SEMICIES, REARHTHREED RS S

[#—7—K &B58E]

RNA#isE, AMPAZ%4&, ALS, GIuR2, Q/Ri#

iz

ALS : amyotrophic lateral sclerosis (fiiZSémk:
MR RELAE)

AMPA : a-3-hydroxy-5-methyl-4-isoxazole
propionic acid

DRPLA : dentatorubropallidoluysian atrophy
(IR IZ AL IR B ROV A (55 000E)

MSA : multiple system atrophy (% R & 5H%E)

ADAR : adenosine deaminase acting on RNA

ECS : exon complementary sequence

CYFIP : cytoplasmic fragile X mental retarda-
tion protein interacting protein

MAMRTEMBIERRELE (amyotrophic lateral sclerosis, M{TFALS) (&, EERIEOME
BEMREBTHS. BHE, WBDOTI—TTRERIINY I VBSEEY T 1oy A2 GIUR?

RENSHESMI LI, ThIZBERMBEE &b ICEBERNARETEEHER TS 2 A0S
TETDHDTHD. /TR, ThETOEBNGRBEBSEOMEIC DOV TIRRTHI,

TH5, ALSORERIIAOIOFASHD 0.8~7.3
N/ EBE, BRRIE2~8 NBETH b HEED AE
ERBD SN TRy, BBOFRERFEOEED
RRIND . BRI SIE]T 1 — A _E i o0 3 iz B /0
FRIDOHIMET - HiEEIHRE S, OO CHTREE,
WERARRRE 22 EIC X 5T, %13 2~564F (¥ 34)
BECHICELHETH S,

PRI, BHMAIC LTS ) A — 2
2RO, BHAIAOKRELES) = 2 — 1 v O HERT
TH 5, BE= 22— Wik, Bunina/ME EIEiFn
BIAC VDS R Y FUHiRBIE, ST x
VPR EOMBANS AR EXF Ui,
TDP-43 BtEE AT b 5 skein-like inclusion
Lewy body-like hyaline inclusion 7z ¥ % A{k234
55,

MFAHEALSIILEEDIO B L2 Ko, AR
B ALS OFEEETEEIIASHOES cRE S
ToRwie®d, FKIEMHEALS EIEHEA 2= X LB ;

AMPA receptor and sporadic amyotrophic lateral sclerosis
Takuto Hideyama '’2) /Takenari Yamashita "’ /Shin Kwak ! : Department of Neurology, University of Tokyo, Graduate
School of Medicine }) /Division for Health Service Promotion, University of Tokyo? (ERK¥AZERES AR R
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2rEZ NG, HEMN WERERTRZHR, W
By vy BES, STHEBRRBEE I O0MRE
FNTELD, OTNLIEHAINTWRL, ZDL)
RO H , Kwak 51 & o TIlFEME ALS HHEES)
Za—0 VTR, VI VEBRERTH S AMPA
(ax~3-hydroxy-5-methyl-4-isoxazole propionic
acid) 2HFY 72y b 1oTHb, Ca2tiEiEik
AMPA Z &K 2T % GluR2 @ Q/R &L RNA R
EPHEZ SR VLKRIFER O GluR2E M2, EERE
1, MERERICEI > T3 I EPFERI ALY,

B AMPA S5 & U (R AT

1) L5 2 VBRI & 2BRIEEEEMIRSE

SEARRRIZ SNV S I VBRVHREEEYE TH Y, B
BH—2—0 b ZOEEBEEANLEEIIRIT TS,
2O DEBE 2 —nYICBLTH N I VBRA
EOEEETHEL T35, BEESRMEETLD X A
SALE, INYIVBBICKX ZBEEMNRFICL S L
Cat*te EDA A VBB ENE| it 2 30, WEE
BHEDIEAE L, MIAFEDOH R — R &b o
T 5, WEEMEMEILE, EEmEmnE, s
18, TAPAERR EOAEOMIEHIEIIC @ L&
zZonTwik, —T, HEMIER, invivoBYER
FCAMIC IR E S SR IR WEVIBET
b AMPA ZAKEHIMRRIVICRE T2 2 L TEHR
WO MBI 5 2 EBRL LB LICE N,
B2 ALS T AMPAZEEE AT 2 WiEHIAESES ALS
OMEMATIC TV B 2 E 2R T EELES
NTWsDY . iz, AMPAREKRORME & Mg
FEIZ DWW L 3.
2) M E AMPASEE

PN I VBSERIRE(A AV Ty 2NELER
S OEEI NG, ZLTA AV F v R VEIEE
5ic NMDASREME, #4=vBSatk, AMPASA
I3 5 s, NMDA A A ORI
BE5T 20l LT, AMPAZEMEITE LY F 7 AE
BIHD 3= 2 —u v OEREMEICES L, EE
Za—uvi, BigEomERMEmcEEch D
i TS, ZOSFAA=ALLE L CHIE
D YA — B0, BFEIZ Ca? A X Al
WCaTEEORRN LRt 5. WiEMian Ca2 g
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ELROBEIZIE, ONMDAZRAEKDIEEIZ XS
F v 2N 6D Ca A, @Ca?tiEiftt AMPARE
EoiEEd, @ REBEI LY S VEBERAKR EOEE
2 & BIP3EEENT 2/MEE» 5D Ca? ' 8IE, @ K
DRI & BEEMKFE Ca2 F 2 LOBOR L
DX A=Ak, © BUIFFKEFED T A VEBRES ¥ 2
LOEE (transient receptor potential) 2315 #T
W3, FICT v MEEFESEMROWE 2060
DAMPAZEREN L LRENPEETHS Z LoD
ot A=t IPAT T 7 PRBRBENRE D,
b @Y OBFMEH - 2 —u T, A4 = VB
FEOFEEBZ LD L ¢, AMPARARKIEE
WHBELTED, EEMREIIEICAMPAZEED
HoTws, 7, ALSEEWREZEET v M KEMW
AR 5§ 2 & R IENESEDSE U, AMPARE K
FUITZAMCESTVAF 2 —TE 3HBNMDAR
BE7 7 T2 Mk > TR 2w Y, NMDA
ZERME LY AMPAZAEREN L MIIEFLIC I TH 5
ZEDRENTVBEY,

3) AMPABRIZAGD Ca2t BB RERTF

AMPAEARIY, BRAEE, (L¥EER, HEIHEL
E, ZAHE»PSORFTICEIDA4BEDOY T2y b
(GIuR1-GluR4) o #F -3 X I ladby
DoRBMBARLEEZONTVS, FY T 2=y X
HEEEERR-o TR, HEIKNT70% DT 2/ BES
oMEMERF> (’1A).

AMPA Z &4k D Ca? S E: B2 IET RT3, ©
GluRZH¥ 7 2=y k, @GIuRZ¥7a2=v F®RNA
WE (Bic Q/REML), @flip/flop splicing variant ®
R/GEMMIDIRERL EF ¥ 2ILOBOZRET S P 2
AvhdH Y, HilELEE L TZ@AMPASZBHEED
Ca®*MABRMRETIRELHFLES. LoL,
Ca?"ZEBRELHE T 2RF O T CHMiEst I EER
EE2biFTidRy, GluR2D ) v 777 Mz &k b
R E RTINS E L 5255, GluR2/ v 777
b2 AT LTP BH¥ O A CHIFEFEIZE U8 flip/
flop isoform &, MEFE%R LU %R\vA3, AMPARER
EhrBn 37, AMPARBKREEOELD AR TIIH
BB EZE T 2w, oL, RNAFERHEIE
LRy A TER 20 BBRICES I L DT T
39 (K18B).
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