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FIGURE 2. Isclation of native ASPDs. A, AD brains were stained with rpASD1 (5 g/mal) or anti-Ap1-42 C-rerminal antibody (0.5 pg/ml; 2 0.g9/ml for aryosec-
tions). B and C, dot blotting of 100-kDa retentates (- 100 kDa) of AD or NCl brain extracts {1 g of soluble extracts/dot) using rpASD1 {Schieffé posthoc test; =,
2 0.0011;%, p = 0.0288).Fr, frontal coriex; Oc, occipital cortex. D and £, TEMimages (D) and particle analysis of 100-kDavetentates {7 = 3; 10 randomly selected
fields) {£). F and G, method for immuneprecipitation () (F) and dot bletting {using 1pASD1) of IP supamatants (sup), wash, and eluate fractions. IPs waie
serformed using haASDT, mASD3, or mouse lgG (G H and [ TEM images {insef, bar, 10 wm) (H) and particle analysis of IP eluates (n - 3; 15 randomly selecied
fields, hackground (a small amount of spheres - 10 nim contained in eluate with buffers)-subtracted data are shown) (1). J, representative MALDI- TOF/MS data.
Ap-(1-40) and Ap-(1-42) were detected only in native ASPDs at theoretical monoisctopic mass values ({[A;3-(1-40) ¢+ H] ', 4228 Da; [Ag-(1-42) - H] ', 4512
Da) as chserved in synthetic Ap peptides. K, toxicity of isolated native ASPDs toward primary rat septal neuvons (mean © S.D,; Scheffé post hoe test, %, p 7
0.0001, compared with buffer, n >> 8) corvelated with the 10-15-nm sphere number determined as in /. Neurons treated with NCHP eluates showed only
hackground levels of apoptosis similar to those of neurons treated with huffers. fiset, synthetic or native ASFD amounts in A moniomer concenfrations.

with inzoluble {ractions of ALY brains extracted with 515 or
formic acid (supplemental Fig, 55.4). Furthermore, this insolu-
ble fraction produced broad smears in Western blots of A, asis
usually observed with fibrils (42) (supplerental Fig. 5575). In
contrast, the ASD antibodies reacted only with soluble fractions
of AD brains (supplemenial Fiz, 534) in which the human
ASPD counterpart was actually present, as described below (see
under “Isolation of Native ASPD from Brains of AD Patients”).

brains (n = 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
physiologic ionic 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

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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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 resuits 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~*? M) and for their
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FIGURE 2. Native ASPDs exist in DLB brains. A, immunostaining using mASD2 (2.5 pg/ml) and anti-Apg =17 (pretieated with formic acid; 1:100; DAKO). B, 1P
was performed with haASD1 or mouse lgG asin Fig. 2F using 100-kDa retentates (4 g of solulle brain extracts/IP). Dot blotting (0.04 1 g/mlipASD 1) o 100-kDa

retentates (2 1+g of soluble brain extracts/doty, IP supernatants (sup), wash, and eluate is shown. C representative MALDI-TOF/MS data.

recognition of different epitapes (Table 1), Judging from the
results of quantification of dot blots using rpASDI (Fig. 26, we
oblained about 43 pmol of native ASPDs (expressed as Af
moenomer concentration) from 1 g of AT brain tissues (77 = 6).
Lhe rpASIIL reactivily in the IP eluales was considered Lo be

moestly due o the 10-15-nm spheres, hecause the number of

spheres counted by TEM (Fig. 2H) (1.0 % 10'® 10-15-num
gphere/plestimated from the number of spheres in Fig, 2K, 1 =
&) was very similar to the amount of 1pASEH-reactive ASPL
abtained from dot blots (1.1 2 10" mative ASPD/pl based on
the ASPDY concenlration in Fig, 2K, 17 = ). This nweans that
rpASDL-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 smull-sized
spheres (<710 nn) that had been present in large amounts in
100-k1a retentates of A1 and NCT were laigely eliminated by
the 1P procedure (compare Fig. 2, I with £). Accordingly, we
successfully isolated native ASPDs, consisting of 10-15-iim
spheres (52 95%; Fig. 2, H and J), from 100-kDa retentates of AD.
In contrast, native ASPD-like assemblies were scarcely detected
in 1P chuales from 100-kDa retentates of NCT (Fig. 2, G and K).
We pext exantined whether native ASPDs consisted of Af.
Mass spectromelric analysis shoawed that singly charged jons
correspending to AB-{1-12) and AB-(1-40) were detected in
native ASPDs (Fig. 27). These resulls collectively demonstrate
that 10-15-nm spherical AB assemiblies isolated from AD
hiains are native ASPLs Notably, anti-pan AB 6F10 could nol
inmuneisolale native ASPDs (data not shown), probably
becanse of its weak affinily for ASPDs (K, ~ 10 a1) conipared
with ASL antibodies (K, = 10 ' a1) (Table 1), We ulso con-
Jirmed that anti-pan oligomer ALl antibody failed 1o detect
native ASPDs (upplemental Fig. 54).

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.
NOVEMEBER 20, 2009« LR
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Native ASPD Amount Correlates with the Pathologic Severity
of AD—We 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, # = 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 (stipplenieninl Fig. 55.4), dem-
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onelraling that ihe ohserved neuronal cell death was caused
by native ASPI2s,

We then examined whether native ASPDs hind mature i
hippocanpal neurens, as is obgerved in the cage of svothelic
ASPDx (Fig, Torand supplemenial Fig, 552). Binding of AD-de-
rived native ASPDsto 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 4A4), 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 AB 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 MAP?2 staining of dendrites. Essentially
the same results were obtained with the binding of synthetic
ASPDs (supplemienial Fig. 857 (fnset}). 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 A assemblies.

NLIN
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DISCUSSION

AP 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
A assemblies in terms of their immunoreactivity to antibodies
that recognize particular surface tertiary structure. Because the
surface tertiary structure mediates the binding of Af assem-
blies to their target(s) and is therefore responsible for exerting
the toxic effects, AB 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
AB dimers and other reported assemblies such as 12-mers
(53~60 kDa; ADDLs, globulomer, AB*56) or ABOs (~90 kDa)
(supplerental Table 51). 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
ADDLSs (supplemental Fig. 81.4) (16) in dot blots. Additionally,
anti-pan oligomer A11 antibody (22) recognized ABOs but not
synthetic ASPDs (Fig. 1B) or native ASPDs (suppleniental Fig.
51). 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
(snpplenental Fig, $54). 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 idea that A dimers, ADDLs, and ABOs perturb
postsynaptic transmission (19, 23, 30).

We found that, unlike the above A 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 synihetic ASFD-induced neursioxicity appeared (o he con-
fined 1o neurons, being expecially active toward mature neu-
rons, but sparing non-neuronal cells and imuature neurons
pplemental Figo s6, 4-). 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
(upplomental Takle 21). 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
Ap-induced neurodegeneration in AD.

Recent in vivo aswell as in vitro studies support the toxicity of
nonfibrillar A B 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, AB assemblies other than
fibrils have been considered to be the preferred therapeutic
targets for AD (54). However, the nature of the Af species and
the oligomer state responsible for the pathogenesis remain
controversial because of the heterogeneity of A assemblies in
terms of A 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 Af
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 AB
assembly state causing the pathogenesis. We have isolated
native ASPDs that cause degeneration of mature human neu-
ronal cells in vitro (Fig. 44) 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 A B 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 A 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 Af stages,
although the nondemented cases with AD-related pathology
show early Ap 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 A pathology. Quantitative
studies, with the assistance of clinicians, on the brains of people
in different AB stages, including nondemented people with
AD-related AB 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 7¢2576 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 (suipplenienial Fig, 57, 4 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 A B*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-Géran Larsson,®” Lars Olson,” Anders Bjorklund,” Hiroshi Ichinose,’ and Thomas Perlmann’*
L udwig Tnstitute for Canver Research, Steckholm Branch, SE-171 77 Stockholm, Sweden, “Graduate School of Bioscence and Biotedhnology, Tokye
Institute of Technology, Yokohana 226-8501, Japan, *Wallenberg Neuroscience Centter, Lund Universily, SE-221 84 Lund, Sweden. Departient of
etirology, Jichi Medical University, Tochigi 329-0498, Jupan, - Depariment of Plarmacelogy, Fujita Tlealih University School of Medicine, Toyoake, Aichi
470-1192, I;np;m, “Departiment of Functional Genomics Tnstitut de Génétique et Biologie Moléculaire of Cellulaive, 07404 THKirch, France, Departiients of
Neuroscience, *Laboratory Medicine, and “Cell and Molecular Biology, Rarolinska Institutet, SE-171 77 Stockholn, Sweden, and "Max Plinck Institute for
Fiology of Ageing, D-50931 Colozne, Gernrmy

Transcription factors invelved 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) newrons but continues to be expressed into adulthoed. In Parkinson’s disease, Nurrl 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 Nurrl 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, Nurr] deficiency in maturing mDA neurons resulted in rapidloss
of striatal DA, loss of mDA neuron markers, and neuron degeneration. In contrast, a more slowly progressing loss of striatal DAand mDA
neuren markers was observed after ablation in the adult brain. As in 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 reles for the maintenance of terminally differentiated neurons and suggest that disrupted function of Nurrl
and other developmental transcription factors may contiibute to neurodegenerative disease.

Introduction

Adaptation to a changing enviromment requires phisticity in the
adult CHS. Towever, Lo ensure that neurens are properly main-
tained. such plasticity must be balanced against mechanisms that

tors identified for their critical roles during neuronal develop-
ment continue o be expressed in the postnatal nervous system,
raising the possibility that they contribute 1o the integrity of al-
ready differentiated neurens (Hendreicks et al., 1999; Vult von

counteract phenotypic instability. Studies of how neurons de-
velop may help to unravel functions important for the stability of
nerve cells as factors promoting (heir differentintion may also
contribute to their maintenance, Indeed. many transcription -
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Steyern el al., 19995 Kang el al, 2007; Alavian et al., 2008}, Tow-
ever, the consequences of adult gene ablation of any of these
factors have net yel been reported, and very little is known of
their functions in differentinted newrons.

From a dinical perspective, itis ol particular interest (o iden-
Gy factors that maintain stability of neurons il are alfecied in
neurodegenerative disorders as loss of phenotype would fikely
cause or contribute to disease. Parkinson’s disease (P is char-
acterized by progressive pathology of midbrain dopamine
MDA neurons of substantia nigra pars compacta tSNe ) and e
ventral tegmental area (VTA ), typiaally involving dqmsi\inn of
c-synucdein-rich ovtoplasmic protein aggregs

es termed Lewy
5 Dhiring deve !n}rm.nl early sionaling evend<induce trun-
woripieon bl crsihat control ihe ¢ pecitication and differentiatinn
<f mlA nearons (Simidl and llim‘l\.u‘h, 20071, Several ol these
including Hurel, Limxtas Lo b Piicd, ToxA2, and
Entfz, continue to be expressed in the postnatal and adult brain
{(Zellerstrom el al, 1996; Smiidt et all, 1997, 20005 Albéri ¢f al.,
2004; Simon et al., 20043 Kittappa et al., 2007 . Nurrl, belonging
o a family of figand- independent nuclear receptors { Wang et al.,

fictors,
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2003 Perlmann and Wallén-Mackensgie,

20604 ), becomes ex-
o in developing mDA nenrons that have just exited the cell
cvcle and s essential for mbA neuren development because
miDA neurons of both the "'Nu and VTA fail to cxpress dopami-
nergic markers and newborn Negrf-null imice lack mDA newren
coll bodies and their strintal projections {Zetiersirim etal., 1997;
Castillo ot al, 1998; Saucedo-Cardenas et al, 1998), Tlow Nuirl
regulates largel genes in mI2A neuren developiment remains es-
sentially unknown but may invelve a funciinnal inleraction with
the homeobox transcription factor Fitwd (Jacobs et al., 2009},
Determining the role of Murrt alse in the adult brain is of
particular importance because previous studics suggested an as-
sociation of this protein with PD pathology, Nurrl expression is
diminished in neurons with a-synudein indusions in postmor-
fem PD brain Gssue, and Nugrrl mutations and polymorphisms
have been identified in rare cazes of I'D (Xu et al., 20023 Le et al,,
2003; Zheng et al., 2003 Grimes et al.. 20061 However, the =ig-
nificance of genetic lestons remain unclear tWellenbroak ¢t ll.\
20003 Hering ef al., 20045 Tan et al., 20045 These observations
emphasize the fmportance of elucidating the role of Nurrl in

mare nrature MDA neurons by analyzing the consequences of

conditional NegyT gene ablation in mice.

Materials and Methods

Comditional Nurrl gene-targeied mice. Mouse 1298V genomic libravy
constricted in bacterial artificial chromoseme 1 BAUY was screened by
PCR. A BAC clone containing the entive Nurrl gene was selected, and a
BamHI Munl fragiment containing exon 1 to exon 5 was redoned into a
pRluescript 1 vector, A floxed neomycin cassette was inserted into an
internal FcoRI sitelocated inintron 3, and a synthetic JoxP sequence was
inserted at Sall site tocated in intron 2. Mouse embryoniv stem (ES) cells
were electroporated with the targeting vector, and {he homologously
recombinated Clones were screened by POR and Southern blotanalysis.
LS clones with three loxP sites were selected, and a plasinid expressing
Cre DNA recombinase was transiently transfected into the cells, ES cells
with two loxP sites without a necinydn eassetic wore selected by PCR and
used for produdtion of chimeric mice,

Animals. Mice were kept in rooins with controfled 12 b fight/dark
cycdes, temperature, and humidity, with food wnd water provided ad
Ibigan. All smimal experiments were performed with perinission
from the local apimal ethics commitice, The generation of dopamine
transporter (DAT) Cre mutant mice has been desaribed previously
tEksetrod et al, 20077 Mice were mted Juring the night, wnd the fe
nles were checked forvaginal plugs in the merning [day of vaginal plug
censidered as eimbryonic day 0.5 (0.5,

-3 1-Dilydroxypheindelanine trearnent. Methyl 304 dihydroxypheny-
lakanine 1 DOPA) hydrochloride and the peripheral DOPA decirboxylase
inhilitor benserazide FICT (Sigma Aldrichy were dissolved in Ringer's so
lutien immediately before use. 1 DOPA was intraperitoneally given every
second day atihe doge of 2.5 mg/kg conibined with 0,625 imgfkg bensarazide,
Chronic treatment with 1 DOPA/benserazide was administered for
30 . starting at postnatal day 13 (P151 Duwing this pericd, the mice
were carelully observed and weight was measured regularly. Reported
hyperactivity was observed in eNuwrr 1770 inice when given a single
ligher dose of 1 DOPA (25 mgfke 1 DOPA, 625 mu/ke benserazide).

Histological anelyses. AUembryo stages, enibyos were fixed for 224 h
in 4% phosphate baffered paraformaldehyde (TFA aryspreserved in
0% g rose befere being eimbedded i QT Rakura Tinetelo ond cryo.
thickne.s of 16220 g ento <lides rsuperProsiPlus, Aen
wrle For the isolation of brains for inminelabeding at P15 ad
supward, ardinals were anesthetized with .
stigfey and perbried through the ot sonivicle sl bedy tanporature
FES, fellowed T joe cold 4% PEAL The Faadies were dissected sl post
fied vvernight in 4% paraformuldehyde med cubsequentdy ayopro
lected o1 2448 hin 20% soevese at 170, The baains were serially
sectioned an g aryosind or shiding nricectoine ot 10030 gni Litlerinates
were tsed i an all congparative experinants.

seciioned ul 2
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For finmunehistochemistry. secions were preincubated for 1 hin
blocking selution containing either 10% normal goat ser )
Bovine serumalbaimin, 0.25% Triton X 100, and 0.01% Na azide in PR,
Prinary antibodies Jiluted in blocking selution were applicad overnizin
al 4°CL Alter vinses with PBS, bictimylaied  or flusrophore conjugiled
secotidary antibedies diluted in PES were applied for 1 hoal rosan tem
perature, Biotinylated secondary antibodies were followed by fncubation
with alupmulm horsersdish peroxidase complex tABC dlite kit Ve
tastain for 1hand subsequent exposure to Jiaminobenzidine (tDAB Kit
Vector Laborateriest. Primary amibodies and dilution Lxtors were as
foflows: rabbit anti Nurrl (1:100; M196 Sanda Uruz Biotechnologyy,
anti- Nurrl { 125303 £20; Santa Cruz Bivtechnology), rabbit anii-tyrosine
hydrosylase CTHD 11:500; Pel Freezel, rat anti-DAT t1:2000: Millipore
Bivscience Rescarch Reagents), mouse anti TH 1:200: 3 thpnne Bin
science Rescarch Reagentst, vabbit anti vesicular monoamine trans.
porter IVMAT) !.500? Millipere Bioscience Research Reagentsi, pabbi(
it 1. DOPA decarboxylise TAATIC) 1 1:5005 Millipore Bioscience Researdh
Reagents). rabhit anti-Cre (1:10,000; Covance Research Proaducisi puinea
Pl anti Lanx b (1:1000) (Anderseon et al, 20060 mind rabbit and Ditd
(Smidt et al.. 2000) In soane cases Ganti AADC, ant- VMAT, aod anii
Nurr Ty, heblocking steps were perforined after antigen reirieval (Dako,
Finally, expression was detected by secomdary aitibodies frem Jacksen
hamuneResenrn Section images were collected by confocal micros
copy (Ledca DMIREZ2) and bright - field microscopy (Edlipse F10001; Ni
ken. Cell counting was performed by counting all SN¢ DA neurons
duetected by immunohistochemistry t DAB) inatotal of three sections per
animial (every 12th fissue section) within the ventral midbrain of ani
mals taken at 4 months after vedtor injection in both wild type we!
e and NIV antinals. The mean of counted cells per
animal was established from botl the iijected and non injected side
in each animal, and the relaiive decrense was calculated as a percent
age as described in Results.

AAV- Cre injections. Two and a half o 5 month old aninls received
one unilateral stereotaxic hijection in the right striatian using a 10 ul
[Tanilton microsyringe fitted with a ghiss pipette tip. The aninals were
anesthetized with fsoflurane, 1 gl was mjected during 5 min, wind the
canpl was left in place for an additional 2 min before being slowly
retracted, The mteroposterior and  medichiteral coordinates from
bregima were —2.8 and — 1.1 nun, respectively, and the duersoventral
coordinuies from the dura were —14.3 mnm. Animals were killed 0.5, 1.5
and 1 moniths slter injection, amd the brains were isolated.

Measurement of tissic content for dopamune, scrotoning and shoiy smiciab-
olites, T supplemental Tables T3 (avaikible it www jnetrosci.org as
supplemental material), tssues were collected from P1OP7Z, P4, and
adult (248 ) w3 qnd eNar 154 T mice. One o 14 d old mice were
kifled by decapitation. and P43 mice were Killed by cervical dislocation,
Brains were rapidly yemoved. chilled in saline (47C), dissected, frozen on
dry ice, and stored at = 80°C until use. To process tissues for HPLC and
clectrochemical detection of monoamines and wetabolites, saniples were
lomegenized by senication in 5 vol or in 30 gl of 0.1 a1 perchleric acid,
followed by centrifugation. Endogencus levels of noradrenaline, DA,
34 dihydroxyphenylacetic acid, hormovanillic nddd (VA 1L serotonin (3
HTY, and 5 hydroxyindeleacetic acid were determined in the superna
tuils. A reverse cohwmm (BAS, C 18, 1000 X0 3.2 mim, 3 pm partice
diarmetery was wsed for sepuration, The mobile plase consisicd ol 0,05 11
sodfuny phosphate/0.03 11 Ciric adid butfer comtuining 0.1 not EDTA and
was adjusted with various smeunts of methanol and sodimn v ociane
sulforde acid, The 1low rate was 0.3 mb/min. Monsaiaines and etato
lites were detocted us l])s{ﬂ ;:x«hm

rhon elecirode detecior, whichias
at 0.7V versus a Ag/AgClrdderance elearonde, Restltaist peaks weie
memaired and comparad with vepeated conwel smnples containdng fixed
prved wineints ol compounds of icrest.

I supplonentol Tuble 1 available ot wwwinonrosadorg ws stipgle
pscinal nedoriali all siinals wers Filled, und steduig and wor
papidly dissectad st frosen oncdiy e and stered st =800 Te deter
srfite pioncanines, dssne was homogetized 0.1y perdileric acid and
centlyifged ut 10,0600 rpnt for 10 juin betore fillering though mivispin
filters for an additionad 3 minat 10000 ypo. The tissue extract were then
avalyzed by TTPLC us described previousty e Carta ot ., 2007 pwith iminer

U AW
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- - - fine crossing was counded when e e
Ventral Midbrain “ Striatum moved itz whele hody from one squeue o

Ctrl cNurrDATCre Ctil cNuyr{DPATCre anuther.
A E K P Sicppang tes Fordlimb akinesia was imoni

tored ina podifiad version ol the stepping test,

100 Kirt
termed ihree fifmes Jaily over 3 con
duys, Inihis tests the monse was held firmuly by

E15.5

E18.5

P15

P60

Figure 1,

NAc. Scale hars, 250 pom.

midifictions. Brietly, 25 pf of ench sunple were injected by a cooled
autosaispler (Midasy into an ESA Coulochem T conpled withmn elec
trochemical detector, The moebile phiuse (5 /1 sodium acetate, 30 myfl

Na2 EIDTA, 100 mg/L octime sulfonic acid, and 10% methanol, pH 1.2y

weas delivered ata flow rate of 500 planin toa reverse phase CI18 colunm
CLa nun dinmeter, 150 nim.

uorogold icllu"ir}:’t aciing. dved cne unilateral stereo
taxic injection in the rieht striatuim wsing a 3 gl Hhanilton microsyringe
122 gauge steel cannula) filled with the retrograde tracer Fluorogokd chy
droxystilbamidine. 4%, Biotium. The anninals were anesthetizad with
jseflurane, 0.5 pd was injected during 1 niin, and the canmiula was Ieftin
place for an additional 2 min betore dewly being retracted. The antero
puosterior and mediokiersl coordimtes frony bregma were 0.27 and
=23 i, re pestively, amd the dors oVt Al conpdinates ivom the durs
were — 260 mnn Aninuds were killed 44 afien inicction, and the braine
ore arkded, Fresh frozen sections t 14 gy wers cotwitha ervostat el
exandued under o epilliorescence ircroscope 1B ipse LI000K: Nkens
eorttprbedd fean R ke st cunpra.

i M, !!u~ i ulh seniler s et actis
ity bobuvdor, The open field Candaed el a x\hm Phastic hoy s s g
A0 with lines isquaresof 7 50 23 anpainied vir its thoor, The aninls
were puil in the cenber of the box, Tsddtuated for 10 gain, and filined 15
nain fhercad ter while rearing was wcored. Thevideo recordings were tsed

atvd reur

o prenstre e ntmiber of Tines crossed diring the inondtoring perivad. A

TH is progressively fost i hoth the ventral midbrain and striatum of a7
showing THimmunehistochemistiy in control {clil) and c¥urr?” Y™ mice as indicated A~J, Sections were analyzed at the levels of
ventral midbrain (as indicated in A and F) and in the striatum (as indicated in £ and P). TH immunefluerescence was analyzed at
hoth embryonal and postiatal stages as indicated, Results demonstrate a progiessive loss of TH immunoreactivity in the ventyal
inidbrain. Note that TH immunoreactivity was more drastically downregulated at more lateral regions compared with the pro-
spective medial VIA. K—T, THimmunoreactivity in the striatum. In Ve 7717 mice, TH was losUin the CPu and diminished in the

mice. A-T, Confocal microscopy

the experimenter with bethy hindfisnbs and one
forclin: innmohilized. amd e mouse was pas
sy moved with ihe free b contacting o
table supiace. The number of adjusting steps.
perforned by the free forelimh when moval
in the forchand and backhand directions,
a distanee of 20 ang was recarded, Re
sults are preseiited as duta collectad o ihe
thind testing -y,

over

Results

Selective Nesir] ablation in late
developing mDA neurons

A miese strain containing a Nurrl allele
for conditional gene ablation was generated
by insertion of two loxP sequences in the
second and tiird ntrens so that the coding
sequence, incuding the first coding exen
3, is exvised by Cre-mediated reconibina-
tien Gsupplemental Fig. 1oavailable at www,
ineuroscl.org as supplemental iaterial . To
analyze the consequences of Nurrl ablation
al late stages of MDA neuron develop-
ment, we crossed loxed Norr? miice with
mice carrying Cre inserted in the Jecus of
the DAT gene (Fkstrand et al, 2007)
Crosses generated Nurrl mice thal were
homezygous Tor the conditional targeted

Nurrl allele and heterozygous Tor the
DAT=Cre allele (Napr= 15 DAT Y
hierealter referred 1o as oNwvl' 70

mive). Littermates ol genotype Nusri™=" =
DAT™™ wy Nurrl"™DAT "M we
used as controls

>

Although we cannot ex-
clude thatasmall number of cells escape Nurrl gene deletion,
immunohistochemistry using an antibody against Nurri
showed that DAT=Cre-mediated Nigv ] ablation resulted in the
expected delayed foss of Nurrl expression in mDA neurens begio-
ning fromapproximately 145 and becomes e
FI55 tsupplemental Fig, 2, available at www jneurosciery as
supplemental materiali. At his slage of norpmal developinent,
u;”h express [an-neurenal properties as well as many mDA neu-
ron markers, and axons are growing loaward the developing siri-
atum (Smidt and Burbach, 2007,

Narr 1" ice w

ety of ~25% (ol a tolal o =

sentially complete at

s born al the expected Mendddian fre-

i
{5395 how

- P
ey, t.;\;”,,.?,r. VR

and did net sepvive bovopd 3

e were fess active than conire

o after bivibh. 1 Hitters were

allowed 1o remain with their
moibiers aftor weaning, perinaial death was -;'s.midu,i i - 500 o
Ny pups suiviving
saller Hhan contrels si the ape of 2 munihm~
availabde ar www.ineurosiorg as
though no significant ang
motoy

e wote, hnzx«\cr, - »?U‘:"n

et Fig.
SITHE lumnhl material g, \l
in spentanecus Hzhi-phase loco-
activity could be observed in adult eirpt s
ing was dranatically decreased uppleniental Fig,

mice,
3, anail-
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able al www.jneuroscl.org as supplemen-
il material). -DDOPA dreatment of

E15.5 | P1

mulant mice did net improve viability
aind Jid net mduw any weight gain. In-
stead, eNwrr

~mice display a pro-
pounced and severe hiypersensitivity to
1-DOPA treatment characierized by an
acule phase of hyperactivity and repetitive
belaviers tincduding repetitive gnawing,
sssive grooming, and self-injuryyin all
tested mutant {# = 9) but notin any wild-
iype vontrols (i1 = 77 tsee Materials and
Meihods), These behaviers resemble
ihose thathave been observed in necnatal
o-hydoxydopadmine lesioned rats treated
with 1-DOPA ( Breese etal,, 20055, In con-
usion, Lite embrvenic mDA neuron-
selective Narrl ablation is associated with
decreased weight, rearing, and viability,
and mice show an altered response to
1-1XOPA,

DAT

R

AADC

VMAT

Reduced levels of TH and DA in brains
of eNusrPAT mice

The observed abnormalities are consistent
with a dopaminergic deficiency. To ana-
lyze the possible cellular basis for the phe-
notype, brain sections from controls and
Narr]T VY mice were analyzed by im-
munohistochemistry using an antibody
against TH { l‘ig. ). A progressive loss of
TH immunostaining in SN¢ was obscrved
in e cNarr ™77 mice (Fig. 1A-7). TH
levels were significantly decreased already
at E15.5, seon after Nurrl is lost, and de-
creased further until adultheod  when
only scattered TH- positive neurons could
be detected. T was diminished also
within the VTA at laler stages, bul a sig-
nificant number of cells remained cven in
adult animals (Fig. 1A= ). These cells were counted in four non-
consecilive sections lbr each analyzed brain. In adult control
VTA, a mean of 745 £ 7.1 cells per setion were counted in
eNar "™ miice (= 4 .md 1992 = 5.2 cells incontrols (s =
JriStudents rest, 44 10 770 TH imnwnesiaining within the
caudatus putamen {CPuj was completely lost tFig, 1 K=T7. How-
ever, weak Immunoreactivity remained in nucleus accumbens
iNAC) innervated preferentially by VTA neurons (Fig. 1RK=17

Pitx3

Lmx1b

Figure 2.

We also noted the appenrance of eclopic TH-positive cell bodies
within the striatal parendiyma in eNerr 1”9 mice {supple-
mental Fig, 4, available at www.jneurosci.org as suppdemental
nuterial

These cells were more frequent in regions in whidh

striatal TH had been most severely deplated as a consequence of

Muprl ublation and resemble H,l-;.n,-su]\fc neurois appearing in
rodent and primate DA-depletion models (Huot and Parent,
20075 Decreased levels of TH immunostainiog were paralieled
by x.iccmwcd DA Jevelss as mensured by HPLOC
Tabdes 1 3 availabde ol www jneurosciorg as supplemeniad n-
terialn i:!m al DAY ray Geally red fuced 6 149 ol ot st
P1in eNar 77 mice and was almost completely fost by Poo.
An increased matio of HVA 1o DA at PL1 indicated incrensed
turnover ol DA in renaining cells at this stage tsupplemental

Table 2, available at www.ineurosc.org as supy

-

Canpplomental

plemental sale-

Ctrl “ cNurr1PATCre l

Ctrl i cNurr1DATCre

All analyzed mDA newron markers are lost or diminished in cNur 7' mice. AT, Confocal microscopy showing
immunshistochemistry of several different mDA neuron markers in control {cul) and in Narr 777 mice at F15.5 or at P1, as
indicated. The follovsing markers were analyzed: DAT, AADC, VMAT, Pitx3, and Linx1h. Results show a progressive luss of markers
that is more substantialin the lateral SN¢, whereas more medial VTA cells are lost more slowly. DATis completely absent alieady at
F15.5 in curr 1 mice, whereas all other markers are decreased morte slowly in this area {compare 4, B). Scale hars, 260 pm.

il DA was miere se ‘v:rcly decreased in CPu compared with
NAc Gzupplemental Table 3, available at www.jneuroscorg as
supplemental material). In contrast, 5-ITT was significanily in-
creased in both CPu and NA¢, consistent with previous findings
showing increased scrotonergic innervation afler striatal DA de-
pletion (Snyder et al, 19865 Thus, a severe neurotrnsmitler
deficiency <>I~ the mesostriatal DA system s Apparent in
NI e, Together, measurements of TT immunere-
aclivity and DA levds demonsirate that Nurrl is crit jcally re-
quired for maintining TH expression and DA synihiesis from late
slages of mDA neuron differentiation.

Cellular deficiency within the ventval midbrain of

Ny P47 mice

Tojnvestigate wheiber the phenowrpe is a consequence of 4 mete
findted disruption of DA svpthesis or a moere severe ceilnfar de-
folonoy, a number of wdditional mDA newron markers
1Al analvzed

[R5 te Urc s were diming
feent within SMC i eNer T mice already 11 B15.5 1
DAT was completely Jost at E15.5 and therefore, consisient v Hh
previeus daia (Sacchetii e al., 19997, stands out as being a likely
divect trget of Murrl (Fig. 2A-Dj. Additienal contrel experi-
mends showed that DAT and cther markers, including 111 and
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Ctri

Ctrl

cNurr{PATCre

Figure3.  Celtbodies and striatal innervation are lost in e 7™ mice as determined by Fluorogold (FG) retrograde tracing
of fibers extending from cell bodies in SHe to the stiiatum. A-C, After Fluorogold injection, injected into the left striatum in either
adult (1.5 months old) control {Ctrl) or cNurr 747 mice as indicated in €, mice were kifled afier 4 d and analyzed for TH immu-
nofluorescence in the striatum (4) orveniral midbyain (8). -1, Analysis for Fluorogeld (FG) or by Hissl staining. Strong Fluorogold
staining in hoth striatum () and in the ventral midbrain (£) was consistently seen in all control {Curl) animals (2 = 7). In contrast,
Fluoregold fluorescence was only detected in the stiiatum {G) in cowr V"¢ mice (n = 57, Tndicating that fibess from the SHc (#)
had heen lost in these animals. Moreover, large, densely packed cell hodies ave only visualized by Hissh staining in the vential
wiidbrain of control animals (F) but are completely absent from curr 7747 mice {1). Striatal site of Fluorogeld injection is marked
by asteriskin A4, D, and 6 Scale bars: 4, B, D, E, 6, 6,1 pn; F,1,1200 pom.

wiAAVCre

cNurrAAVCre cNurr]ARVCre

MTamo |[1.5mo |[05mo |

Figure 4. THexp““zmnmlmhihevwhalmlf ‘mm 1.vcrmaiumr l)quo wcl\; i tmu.
o it BV mice. A-H, Secti

ey 7 wice were wsed foy analy
weithin the vential widivain s sch in B-Dand F-# vizs
o i all animals by high-po ¢ ion-induced neciosis,
Resulis show that TH immmestaining is not dvastically alvered at 0. rmbmhﬂbut n,pn rrmw(lvdm% dat 1.5 and A months in
the injected SHe and YTA. F-£, DAB TH staining 2t the k } ted in . TH g
progressively deceased at 1.5 and 4 months inthe side that ilateraltothesideef M‘«’—i’.i‘ein}ectim‘nindﬂ’i;.i‘r?““"’"”mtce(l—l).
0T, Olfactory tubzrcle. Scale bavs: A-#. 600 g, -4, 1.

i pot non-inje
ded controls (i
. The analyzed

1 Hevrcscl,, December 16, 2006 « 26

—15232 « 15927

Hurrl, were not visibly decreased in mice
freteroavgous for ihe LA T=Cre allele {sup-
plemental Fig. 5. available  al wwaw,
ineurcschorz as supplemental paterinhy
fdata et shownn In contmst o AT,
AADC, VAT, P2, o Do dh were not
reduced within the most miedial ventral
midbrain a1 this ewrly slage and, wiih the
exception of DAT, markers were not cone
Pletely dowiregulaied at PU g, 25T
The progressive loss of markers indicates a
severe loss of phenolype within the Sy,
whereas cells within the VTA appear mone
vesifient, hmportantdy, mest TH-positive
cells within the VIA havelostany deiectable
expression of DAT, indicating that these
cells Trave not escaped Wurrl gene targeting
tsupplemental Fig. 6. available at www,
ineurosci.orz as supplemental material .
To further assess the extent ofa cellular
deficiency, striatal tirget innervation was
,unl),zadlz}1lm»]nguldicllnglada racing
aller injecGon into the striatum of live 8-
i0 9-week-old controls and (Nupl 7
mice. Fluerogold was transpotted into SMNe
el boddies of control mice; however, Muo-
rescence was entirely undetected within the
SNe of Fluerogold-iniected ¢Nasr 17
mice (Fig. 3, compare 1), Ewith 5, 5. In
addition, characteristic large and densely
packed T-immunoreactive mDA new-
rons within the SNe¢ were virtually absent
in N 77 mice iFig. 3. In conclu-
sion, Nurrl ablation in eNosefP 77 mice
results in rapid loss of SNe cell bodies
however, saattered VIA peurons
matned even in adult (Nur e

re-
nice.

Adeno-associated virus—Cre-mediated
Nurr] ablation in adult mice
In cNarr ! 7 myice, Nurrl is ablated
well betore full mDA neuron maturity
and before targets in the striatum have
become innervateds thus, it remained
possible that the phenotype is a conse-
quence of a developmental dysfunciion.
Therclore, we proceeded to inactivate Nuv]
specitically in ventral miidbrain of aduli
mice, using an adeno-associated virus
{AAV - Cre vector driven by the neuren-
specificsynapsin promoter, AAV Urewa
administered by unilateral stereotaxic mi-
aroiniection above the right SNe. Cre im-
minnchistocii=niistey ;m B-ealactosidase
ssiem was apalyzed afier imranigral
AAY Cre iplection inis reportor mice in
which the ROSAT lous i3 tarzeted with o
Lac veporler pone | Serinno, 19w Reagts
ad Ureexpresadon syouid ihe
aie of injection, spreading into both Sk
and VTA, and robust reconthination of the
LacZ veporter construct ssupplernental Fig,
7, available af www.neurosclorg as supple-

how wides




15928 « | Nenrical., Decernber 16,

{5011 53— 1203

WtAAVCre ‘ | CN urri AAVCre J

|_1.5mo Il 0.5mo

4 mo

Figure 5.

Cre-expressing cells are lest at 4 monihs within the SHc afier Huirl ablation.
A, Higher magnification showing TH by DAB staining (brown) at the level of ihe injected Sticin
w7 and e 1 mice. The region that has heen magnified is hoxed in A. 86, Adjacent
sections were immunostained for Cre (black) and are superimposed on the DAB-stained TH
sections in all micrographs. Cre staining is widespread in ihe area in vhich mDA newons are
normally localized at 0 5 and 1.5 months (£, F) but almost completely ahsent in this area at 4
months (6) Scale bar, 5060 g,

miental material i Moreover, exvept or a small pecrotic area around
the site of injection, virus administration did notatfect tissue mor-
phelogy, expression of mIDA neuron markers, or microglia activa-
tion tdata notshown).

AAV Cre was unilaterally injecied above the SNe of adult
mice hamozyvgous for the Hoxed Neurrl alldle to generate adult
conditional gene-tirgeted mice (eNar 17 o into wild-type
control mice (e L Tnaddition, a vector encoding the green
uorescent protein (GFPy driven by the synapsin promoter
LAAY GEP) was injected in mice homazygous Tor the flosed
Nazrl allele (Nl Y 7T mice o ensure that the foxed ani-
mals are not more sensitive (o nonspedific oxicty induced by
AAV transduction. Histelegical analvees were performed from
animals killed at 0.5, 1.5, and 1 months alfer injection.

Reduction of TH and DA in adult Nurri-ablated mice
T immunchistochemistry at the level of the ventral midbrain
was analvzed (o assess the consequences of adult Nigr T ablation.
Witliin SHe, TH innmnunorenc Gyvity was upaiteaed at 8.5 months
butwas progressively rednced ot L and 4 menths in the injocted
M cNar YV miee (e A T=T T s contrast, TH immu-
perenclivity was uraifvoied i SN0 of contral s Y and
CNarel VY T e iFig, a0 pdaia not <hownn TIT was
Ao rednced o the YA a0 15 and 1 nsenibss howover, at
mionths, the reduciion in VA was less dramatic compared
with SHe i Fig, A =1 ).

Diecreased striatal TH immunorenc fivity parvalleled the reduc-
tien in the ventral mddbming Thus, alihough ne sdgis of deeen-

Kadkhodael i al. e Hur Requirerent fnt Dopamine Meuion Mainienance

craiing siriatal TH-stained fibers tswollen axons or dystrephic
neurites) were defected, striatal sections ipsilateral 1o the side of
AAY Cre injeciion showed dearly reduced TH in o Nagr] P17
mice but notin controls G M 7 op eNugrr 1Y T (P 11
isupplemental Tig, 8, availuble at waww.ineurascors as supple-
menial material ). Diminished TH immunoreactivity was ob-
served in regions innervated by both SMe and VTA (CPa and
NAC, respedively i, consistent with the reduced TH immunore-
1civity in both SNeand VTA mDA neuren cell bodies. Measure-
ment of DA and metabolites by IPLC from dissecied dissue at 4
mentlis conlirmed this picture as a significint reduction in DA
and DA metabolites noted both within the dorsolateral striatum
and in areas mosily innervated by the VTA (coriex and ventio-
medial stviatumy tsupplemental Table 4, available at www,
ineurosci.org as supplemental material) Thus, TH, DA, and DA
metabolites are dearly reduced asa result of adult Nagr1 ablation,

Loss of mDA neuron characteristics in adult

Nurri-ablated mice

To furiher analyze the fate of Nurrl-ablated neurons, cells were
counted within the SNe and VTA in ¢Nurr TPV and gtV
mice. Within SN¢, the number of T11-positive cells was signifi-
cantly decrensed at 4 months (381 = 83 and Y5.4 = 6.3% in the
injected vs non-injected sides of ¢Nare? Y and w7 mice,
respectivelys po= 0.0053), In contrast, the numbers of TH-
positive cells was not significantly reduced within the VTA
{1041 £ 4.7 and 101.6 £ 10.5% in the injected versus non-
injected sides of eNawr? Y7 and e YV mice, respectively).
Also, e numbers of TH-puositive cells were not signiticantly
changed in cNagr I mice at 1.5 months (data notshown .

To assess the integrity of neurons, cellular analysis was ex-
tended by analyzing Cre-immunolabeled sections thal were su-
perimpased on adjacent TT1-labeled secions (Fig. 51 Notaldy, in
cNar 1 MY mice, Ure expression was dearly detected within
the area of SN at both 0.5 and 1.5 monihs but was fosi at 4
moenthsin the region inwhich mbDA neurans should normally be
localized (Fig. 5, compare F=G with B=D). Cre expression is
driven by a general neuronal promoter (svnapsing, suggesting
that foss of Nurel may eventually aflect some pan-neuronal
properties al 4 months afler ablation.

Conlecal micrescopy conlirmed the foss of TIT at 1.5 and 4
monthsafler Nurrl ablation and the loss of Creat 4 monihs (Fig,
A=D1 AULS months, DAT expression was wealk but cell bodies
were readily identified iTig. o E 7 and insetin I DAT staining
remained also at 1 menths, but, at this stage, high- power magni-
fication indicated that seme of the staining appeared confined 1o
fibers and/or dyvsirophic cells (Fig. 6 Gy H and insetin H i None-
theless, at 1 months, most cells with decreased T stained posi-
tive lor AADC, shiowing ihat not all mDA neuron characleristics
were affected (Fig, 7A=1 )0 Morcover, VAMAT2 is yet another
marker that was severdy decreased in eiNr 1Y miice, but
rermaining weakly stained cells were positive for the general neu-
ronal marker 1o 1P 7G-L50 The observed changes were not
correlated 1o increased number ol apoptotc cells because in-
creased activaled Caspase 2 coudd not b

chowni Also, we lound po evidence tor ¢

> detected {daia not

: iniligation or
-yt einepaihy Becise acivaied microclioand a-synudein-
rich incdusionsvoere netdetecied ot any stoge afier Musr ] alblaiion
prpite Vinalle, 111 and DAT
crpres=ien in VIA was also aflecied without any apparent loss of
the neuromal marker Hu or any signs of dysirophic eldls (supple-
mental Fig, 9, available at wwaeineurosd.org as supplemental
maderialy tdata not shownis Thus, Murel ablation results in oo

e fvice fdata ped sheowan
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| wikhvcre ( cNurrAAVCre

I[ cNurr1AAVCre

Ir Cre TH

DAT

Figure 6. Decreased expression of DATand signs of dystrophic cells in cliirr 7Y mice. A-H, Confocal analysis of SNcin wt " and cVarr 7" mice at 1.5 and 4 months, asindicated. Confocal
images show double siaining of Cre {red) and TH {green; A-D) and staining for DAT {green; E-H) Micrographs show that there s aloss of TH and DAT and a progressive loss of synapsin-driven Cre
at4 months. At4 moenths, DAT staining appears fragmented and stains scattered fibers, whereas very few intact cell profiles {marked with anvowheads in Fand #) can be idenified in Va7 ¢

mice {compare insets in £, # . Scale bar, 200 gam.

progressive dystunction characterized by a partial loss of the
mDA neuren phenotype. Although we see few signs of neuronal
degeneration, we ainnol exclude a limited cell loss,

To assess whether the observed dysfundction was paralleled by
analtered motor behavior, e Nasr I 7 mice were subjected 1o a
stepping testat 3 and 4 months (Schallert et al, 19925 Kirik et al,,
1998}, Perlormance of the left forelimb (i.e., the limb contralat-
eral to the vector injection ) was impaired at both time points (Fig.
8. Additienal  behavioral testing, induding amphetamine-
induced rotations and a corridor test, indicated that individual
mutant animals appeared atlected; however, the Nurrl-ablated
aroup did net show alterations that were statistically significant
tsupplemental Fig, 10, available at wawvw.jneurosciorg as supple-
mental material) Our results demonstrate progressive mliA
neuron dvsfunction, leading to o moere severe deficiency at 3 1
monihs after Narrel ablation.

Discussion

This study provides detinitive evidence that Murrl is not only

critical Tor carly differentiniion but also Tor the maintenanee of

functional mA neurens. Conditional zene targeting at late om-
b

alverdy apparent, reselis inoa rapid and close o complete miA

ogcnesis, when characteristic fentiures of mIDA neurons are

acuron loss Galy feve TT-positive cels vepmin within the VTA
aloorin the absence of Purerl. Removad of Murel lends (o a severe
desfupction also in adult i1y nevrons, I soald Le noted that
poduction of striatd 1304 and ihe Bohoviem] ciledis atter aduli
abbation mest likely upedor

i the mipeei tanee of BRurel i the
aduli brain becise AAV injeciion only transduced a proportion of
all DA neurons in the injected side of frented animals Thus, these
data cmphasize the mportance of studving developimental mecha-

s for ducidating reuron meinicnanes mechanisims, An analo-

gous example is provided by the glial cell line-derived neurotrophic
facter {GDNFL GDNE §s known o promete neuronal survival un-
der devdlopment, but enly recently has conditional gene targeting
enabled studies that interrogate the role of GDNEF and other -
tors signaling via Ret for mainfeninee of midbrain dopamine
neurens in the adult brain (Oo e al., 20033 Jain ¢t al, 2006
Kramer ¢t al, 2007; Pascual et al., 2008,
Data presented here have implications for our understanding
ol how mature differentiated cell types are maintained. Previous
studies have indicated that the differentinted state is not irrevers-
ible because even mature specialized cells, incuding for example,
alfactory neurons and mature T- and B-cells, can be repro-
erammed into undifferentiated pluripotent cells by either so-
matic cell nudlear transfer or using the recently developed
mcthodelogy for the generation of induced pluripotent stew cells
iTakahashi and Yamanaka, 2006; Gurden and Melion, 26085,
Nevertheless, under nermal nonmanipulited conditions i vive,
differentinted colls are remarkably <tible, indicating the impor-
tance of mechanismes dat maintain cells in thedr appropriate Jil-
ferentinted state. Gene fargeting in nen-neural coll types has
revenled how trmsoripiion fadors funciioning in develepment
cain be mmporiant Ter e maintenance of terminally dificrenti-
ated cell wwpes, ez B i B-hvmphoovtes and Proxl in lyme
pliatic endothelial cddis tCobalota ao ol 20075 Tohimson el al,
20065 1y CNS, fray cripiion faciors jdentified fer their kev
redes b carly mouren developmoent often continn 1o be ex-
preessed i the adult bratnand mav thorctore suard azainsi loss
af phenotype or deiftUinto aliermtive states (Smidi et als, 1997, 2000
Zettersteim ot al 1997 Hendricks ceal, 19

al, 19995 Afhéri et al, 20005 Simon eUal, 20045 Rang et al., 2607;
Rty ot ol 2007 Sidt cond Barbach, 20067 Alvidan of al,

sVl von Stevern ¢l
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20085 Hewever, vemmarkably lile s |
known of how these Tnclors function at

AADC

AADC TH

late stages of developmentor in ihe ndult,
Aithough examples of adult mIDA nenren
loss lias been veported in mice haploinsuf-
fcient for transcription factor genes such
as Ergrailed and FexA2L iU remains possi-
Fle that defects originate during embry-
anic development (Albéri et al., 20045
Zhao et al, 20063 Kittappa o al., 2007
Sennier el al., 2007 1 Importantly, FoxA2
and Engrailed are critical Tor the estab-
lishment of the foor plate and for early
midbrain/hindbrain development, respec-
tively, and they are directly and indirecily
alfecting many el fates along the entire
neurasis. Thus, haploinsulficiency may
ause eimbryonal deficiencies that do not
become manifest until adult stages, a pos-
sibility that emphasizes the importance of
temporally controlled conditional gene
targeting to rigoreusly test how transcrip-

wtAAVCre

cNurr1AAVCre

fion factors function in terminally differ-

enliaied neurons. —

We do not yet understand why Nurr]
is required in already ditferentiated mIA
neurons. However, data presented here
provide compelling evidence for the exis-
tenee of “lerminal selector genes™ in
mammalian CNS  development. Such
genes, defined from studies of Cacnorhiab-
ditis eleeans neuronal development, are
comtinuously expressed throughout the
life «f neurons and are essential for boll
the establishiment and  nuintenance of
distinct neuronal phenotypes (Hobert,
2008). Thus, Nurrl, which probably reg-
ulates typical mDA neuren markers
such as THL DAT. AADC, and VAMAT2
iSakurada ¢t al., 19995 Sacchett et al,
20015 Hermanson ¢Cal., 2003 Kim ot al,
20035, is likely required for both carly
differentintion and maintenance by reg-
ulating senes that distinguish mA
neurons from other neuron types. Pre-
sumably, such regulation is critieal
throughout the life of DA neurons
and would depend on additional com-
ponents, such as Pitdd, ina core tran-
saription factor network (Jacobs ¢t al.,
20091,

[ow nay dyvsregulated Nurrl activity contribute to PD? Stud-
ies in D patients have shown thats in early <tages of the disease,
SHe cell bodies ave relatively spaved conspared with the loss of 1A
in the patamen Fearnley and Lees, 1991 rand that o <gnifoant
traetien of te wuviving plamented, DA semata in the STHe e
i reduced expression of the T enzvme (s ch cnal, Tuss;
Chnctal, 2oon CThis cozgests it dusing carlv =4
pizral 1R poiivens may survive in a

wtPAVCre

oNurr1AAVCre ||

Figwe7. Dede

SN l ¢ [I SNy

veiinclional siete dharae-
terized by a dewnregulated neurotransmitier machinery. A in-
teresting possibility supporied by onr dan 13 that reduead
exprossion ol Hurrl contributes o such symptonss, Tideed,
Hurrl is severcly reduced in neurons wiih sigins of patheogy in

levels of VIAATZ hut not AADC in cMurrr 7" wiice. Confocal analysis of SHcin we' ™ and chlurr 7+
mice at 4 menths, as indicated. A-F, Confocal images show staining of AADC fred; A, DY, TH {gieen; B, £), and double <taining of
hoth markers (€ F). Micrographs show ihat ARDCexpression appears expressed at normal levels in most cells with decreased levels
of TH 6-1, Confocal images show staining for VMATZ (redd; 6,00, HutH, K1, and double staining of hoth markes f £
<how that VIAT2 s severely decreased in i 717 mice, whereas Hu s maintained at normal levels in essentially all cells with
decreased VIMATZ Scale har, 200 pam.

crographs

I'D brain tissue, and reduced Nurrl expressicn in patients’ pe-
ripheral Blood lymphocytes indicates that diminished Murr] ac-
Livity may be a systemic feature of disense (Chu etal, 20063 Le et
al, 20035 Although such correlations do notdetermine whether
reduced Nurr ! expression isa cruse ora consequence of disenss,
progrsive ~ofl dyafunstion i NorrI-ablied mice provides o

a indicaticn il dimdisbed ] expression in FD-bould

sdeleterious consequen

for paticenis. This v
]'“i‘!m.i 1‘ the identitication o Newrl

Cin ot
e vttt e b
associafed witly rare vases of Damilial and spordic Ty (X0 cioall
Le ef al, 2063 Zheng ot al., 2003 Jankovic et al, 2005

Grimes et all, 2006; Jacobsen ot all, 2008 ). Alihough other stndies

have failed Wy identity such mutations and indicated thast Myl
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Figure8,  Forelimb akinesia in the stepping test. The performance of the lefi paw (contralat-

eral to the vector injection) was significantly impaired in the fl¢fl mice & = 16) but not the
wild-type mice {n = 13). Althoughthe impairment was significant at both time points, 3 and4
months after vector injection, their performance got significantly worse overtime ( p = 001,
Student’s pared { test): 15 of the 16 mice in the flffl group showed a decline in their stepping
scoies hetweenthetwo tests, and at4 months, 14 of the flffl mice had scores below 5 compared
with & in the 3 month test. Scores give the means of steps recorded in the forehand and hack-
hand direction for each paw {see Materials and Methods). *p < 0.001, Student’s paired { tast.

gene variants as a cause of PD must be very rare, the combined
data from genelics, postmortem P brain tssue anpalyses, and the
ablation experiments reported here strongly imply that, if and
when Nurrl function is reduced, it will exaggerate PD progres-
ston and severity tWellenbrock et al., 2003; Hering ot al., 20041
Tan et al, 2004,

The results indicate that therapies that can restore Nurrl ac-
tivity in diseased bul not yet degenerated mDA neurons could be
of dinical relevance. We envision several strategies whereby
Nurrl aclivity could be increased. (1) Nurrl belongs to the nu-
dear receptor family whose members are commonly regulated by

siall Tipophilic ligands. The putative igand binding domain of

Nurrl is unconventional and lacks a ligand-binding pocket, but
MNurrl forms heterodimers with retineid X rec elnlms(R\lxs}wmd
ligands activating these receptors can profect mPDA neurons in
culture (Wallen-Mackenzie et al., 2003; Wang et al,, 2003 1. Thus,
RXR miay be a relevant target for ligand medulation of Nurrl-
regulated processes. Tt will be important o investigale to what
extent Nurrl RXR heterodimers versus Nurrl alone are impor-
tant in pathways associated with e phenatype described in this
paper. {2 Murr] activity is peessible (o modulate, for example, by
the leukemia drug é-mercaptopurine (Ordentlich et al,, 2003,
Although such drugs sie pleiotropic and serieus dde effects arc
likely, otiier mn.;unmds with higher spet ity may be pos
o identify. 131 Theraydes directed at increasing Nurri ac tivily
weonld be eifective only as long as sufficient levels of Murrl are
expressed in diseased neuseonss This, treativeris aimed o1 resto-
pation of Murrl expaession by gene deivery iy prove advanta-
secus. Using similar AAV vedors as administered inihis study
may be ol pagticular inter e they have propertios that are
inically favorable and are xlmnd\ used in clinical trals in FD
paticnts (Check, 20071

1. Mewrosd., Deceriber 16, 2009 -

I conclusion, loss of Nurrl ai stages when chavacteristic fea-
tures of MDA neurons ave already apparent in the developing
eibrve or in tully difterentiaied adult neurons resulls in loss of
DA neuren-specific gene expression and neuron degeneration.
These indings highlight the importanee of developmental mech-
anisms also in e adult brain and early indicaie that they sy
be critical for the understanding of cell maintenance and nearo-
degeneration. How Nurrl and other transeription factors operate
in adult neurens to control and prevent loss or drift in phencivpe
remains a challenge lor fuiure studies
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