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ABSTRACT

Mesencephalic-diencephalic Dopaminergic neurons control locomotor activity and emotion
and are affected in neurodegenerative and psychiatric diseases. The homeoprotein Otx2 is
restricted to ventral tegmental area (VTA) neurons prevalently complementary to those
expressing Girk2 and glycosylated active form of Dopamine transporter (Dat). High level of
glycosylated-Dat identifies neurons with efficient Dopamine uptake and pronounced
vulnerability to Parkinsonian degeneration. We found that Otx2 controls neuron subtype
identity by antagonizing molecular and functional features of dorsal-lateral VTA such as
Girk2 and Dat expression. Through this control, Otx2 limits the number of VTA neurons with
efficient Dopamine uptake and confers resistance to the MPTP neurotoxin. Ectopic Otx2
expression also provides neurons of the Substantia Nigra with efficient neuroprotection to
MPTP. These findings show that Otx2 is required to specify neuron subtype identity in VTA

and may antagonize vulnerability to the Parkinsonian toxin MPTP.
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INTRODUCTION

Mesencephalic and diencephalic dopaminergic (mdDA) progenitors give rise to two major
subgroups corresponding to the A9 neurons of the substantia nigra pars compacta (SNpc) and
the A10 neurons of the ventral tegmental area (VTA)'™. SNpc neurons originate from both
anterior prosomeres and mesencephalon while VTA neurons from mesencephalic
dopaminergic (mesDA) progenitors™®’. MdDA neurons play a crucial role in the control of
motor, sensorimotor and motivated behaviours®. Degeneration of SNpc neurons is associated
to the characteristic symptoms of Parkinson’s disease (PD) while abnormal functioning of
VTA neurons is involved in psychiatric disorders. Relevant advances have been made in the
comprehension of the molecular mechanism controlling neurogenesis and survival of mdDA
neurons®*?’, Nevertheless, little is known about the molecular basis determining phenotypic
and functional diversity between and within SNpc and VTA neurons. For example, Dopamine
(DA) uptake may be differentially regulated in SNpc and VTA neurons by the cellular level
of the glycosylated active form of the Dopamine transporter (glyco-Dat), whose distribution is
not uniform, but preferentially restricted to SNpc and dorsal-lateral VTA neurons’’, which are
also more sensitive to neurodegeneration caused by PD or 1-methyl-4-phenil-1,2,3,6-
tetrahydropyridine-HC1 (MPTP) toxin®®>’. Furthermore, the fact that several gene markers
are expressed in specific subsets of VTA and SNpc neurons reinforces the idea that these two
groups of neurons may include multiple subtypes, potentially determining a complex source
of functional diversity®**°. In this context, Calbindin D28K (Calb) is prevalently expressed in
a relevant fraction of VTA neurons, while the G-protein-gated inwardly rectifying K™ channel
(Girk2) and the aldehyde dehydrogenase family 1, subfamily A1l gene also known as Ahd2 or
Aldh1ATl are both expressed in a relevant proportion of SNpc neurons and in a subset of VTA

neurons ™%’ Very little is known about genetic function(s) controlling specification and/or
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maintenance of these neuronal subpopulations. We have previously concentrated our efforts

on the role exerted by the transcription factor Otx2 in mdDA neurogenesis®" >

. Recently, we
and others discovered that in adult mice Otx2 is expressed in a relevant subset of VTA
neurons and excluded from those of the SNpc34’38. In VTA neurons Otx2 is prevalently co-
expressed with Calb and Ahd2 and only marginally with Girk2 which, in turn is confined to
dorsal-lateral VTA neurons co-expressing high level of glyco-Dat’™*®. Here, through the
study of loss and gain of function mouse models, we investigated whether Otx2 is required for
providing VTA neurons with specific identity and functional features. We show that Otx2 is
required in the VTA to specify neuronal subtype identity, and may be involved in the

regulation of DA metabolism by restricting efficient DA uptake to the Otx2™ neurons of SNpc

and dorsal-lateral VTA.
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RESULTS

Mouse modelsto study Otx2 in adult mdDA neurons

The role of Otx2 in adult mdDA neurons was investigated by analyzing the phenotype of
mice lacking Otx2 in the VTA and that of mice activating increasing dosages of Otx2 in the
SNpc and VTA. To this aim we employed a Cre mouse model in which the Ires-Cre
recombinase (ICre) was inserted into the 3’ untranslated region of the Dopamine transporter

IcreP')‘” without affecting Dat synthesis. To investigate selectively Otx2" neurons in

gene (Dat
the VTA even in the absence of the Otx2 protein, the Otx2"™ allele was coupled with the
Otx2®™ allele®™** by generating Dat'“"®* ;0tx2°™* control and Dat'“®*;0tx2% 1 mutant

mice. The Cre efficiency was analyzed in Dat'“®" ;0021 R26R-LacZz and
Dat’“"®*;0tx2°""*:R26R-LacZ triple mutants at postnatal day 10 (P10) (Fig. laf) by
monitoring the combined expression of Otx2, GFP, TH and fGal. We found that, as revealed
by the BGal activation in all mdDA TH neurons of control and mutant mice (Fig. 1) and
the lack of Otx2 immunoreactivity in TH™ neurons of mutant brains (Fig. 1a,b), the efficiency
of the Cre activity was high and specific. Indeed, the residual Otx2"-GFP" neurons were TH
(compare Fig. 1a,c to b,d), confirming that about 20% of the Otx2" neurons were not DA

ICre/+

neurons™. In parallel, the Dat model was also used to generate an allelic series of

conditional mutants over-expressing Otx2 with an increasing dosage. To this aim we

20 transgenic mouse model® and a new mutant carrying an Otx2

employed the tOtx
conditionally activable allele in the Rosa26 (R26) locus (R26°°?*) (Supplementary Fig. 1
and Methods). To assess the functionality of the R26°°? allele and the relative level of Otx2
protein, we targeted the CreER-recombinase in the second R26 allele of the R26°"* ES cell

clone. The level of the Otx2 protein was assayed by western blot 24 hours after 4-

hydroxytamoxifen (tamoxifen) administration and compared to untreated R26°P2CTER Eg
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cells and to tamoxifen-treated R26°" =R :tOtx2™" ES cells®. As deduced by densitometric
analysis, the Otx2 level in R26°"CeER ES cells was about 1.5 and 3 fold higher than that
detected in tamoxifen treated R26°EY*:tOtx2®* and untreated R26%PZCER ES cells,
respectively (Supplementary Fig. 1c). The activation of Otx2 in mdDA neurons was
analyzed in E18.5 and adult Dat'“®";tOotx2™*, Dat'“®*";R26°?*, Dat'“?*;tOtx2*,
Dat'“?*;R26°"¥9%2 and Dat'“®*;tOt™® ;R26°°?°*? mutants (Fig. 1g-! and data not
shown). In all these mutants, Otx2 activation was ubiquitously detected in mdDA neurons
with an increasing intensity paralleling the number of activated Otx2 extra-copies (Fig. 1g-|

and data not shown). In particular, the Otx2 staining detected in Dat
Dat'“®*;R262"¥92:t0tx2°"" mutants mirrored quite well the staining of the endogenous
Otx2 in VTA (compare Fig. 1j to h,i). All these mutants were healthy, fertile and apparently

normal.

Otx2 in adult mdDA neurons

We previously reported that in the VTA the majority of the Otx2"-TH" neurons co-expressed
Calb and/or Ahd2 and only a small fraction of them Girk2*®. Therefore, we first analyzed in
Dat'“®*:0tx2°™* control and Dat'“"®*;0tx2°™" mutant brains (n = 10/genotype) whether
the lack of Otx2 affected the survival of TH'-Otx2" VTA neurons by determining the
percentage of GFP" neurons co-expressing or not TH. No relevant difference between control
and mutant mice was detected in the number of GFP-TH", GFP"-TH" and GFP'-TH neurons
(Fig. 2aand Supplementary Table 1). Then, we investigated whether in the absence of Otx2,
the identity of GFP" neurons was altered by determining the percentage of GFP" neurons co-
expressing Calb, Ahd2 or Girk2. A similar percentage of GFP'-Calb” and GFP'-Ahd2"
neuronal subsets was detected in control and mutant mice (Fig. 2b,g-j), while the percentage

of GFP'-Girk2" neurons resulted remarkably increased in mice lacking Otx2 (***P <<0.001)
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(Fig. 2b,k—n and Supplementary Table 1). This increase was particularly evident in the
central VTA (arrows in Fig. 2m,n). Then, we analyzed in mutants lacking Otx2, the
expression of Pitx3, Foxa2 and Nurrl, which play crucial roles in the establishment and

. 425,43
survival of mdDA neurons

, and no evident abnormalities were detected in the expression
of these genes (Supplementary Fig. 2a—f). These findings indicate that Otx2 is not required
for survival of VTA neurons and expression of Calb, Ahd2, Pitx3, Nurrl or Foxa2 while it is
required to antagonize prevalently in neurons of the central VTA the expression of Girk2, a
marker of the dorsal-lateral VTA. Then, we investigated whether ectopic expression of Otx2
in TH™-Otx2 neurons of SNpc and VTA and over-expression in TH'-Otx2" VTA neurons
may affect survival and/or identity of these neurons. In all the genetic combinations analyzed

N
ICre* ontrol

(n = 10), the number of SNpc and VTA neurons was very similar to that of Dat
mice (P >0.22 for SNpc; P >0.24 in VTA) (Supplementary Fig. 3 and Supplementary
Table 1). Analysis of TH" subpopulations expressing Calb or Ahd2 or Girk2 revealed no
significant ~ difference in the SNpc of Dat'“®*;R26"¥"2  (n = 7) and
Dat'“¥*;R26°"¥9"2:t0tx2*'® (n = 7) mice (P >0.1 for Calb; P >0.18 for Ahd2; P >0.12 for
Girk2) (Supplementary Fig. 4), while in the VTA of these mutants a significant reduction in
the percentage of Girk2"-TH" neurons was observed (‘P <<0.001; P <<0.001) (Fig. 3a,h-j
and Supplementary Table 1). Noteworthy, in the lateral-dorsal corner of the VTA, where
Girk2" neurons were normally confined, few of them were detected in Otx2 mutant mice
(arrows in Fig. 3h—j). Finally, we monitored the expression of Pitx3, Foxa2 and Nurrl and, as
previously shown for mutants lacking Otx2, none of these genes exhibited an altered
expression (Supplementary Fig. 2g-t). These findings support previous results on mice
lacking Otx2 and indicate that even at high dosage, Otx2 is apparently unable to affect

ICre, Otx2/+
;R26

identity and/or survival of SNpc neurons. Moreover, the fact that in Dat and

Dat'“"®*:tOtx2°"® mice, which activated a lower level of Otx2, no substantial abnormalities
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were observed (data not shown), suggests that in the VTA Otx2 may alter the expression of

Girk2 only at a level similar to that of the endogenous gene.

Otx2 confines high glyco-Dat to dorsal-lateral VTA neurons

Proper DA uptake represents a crucial step for DA signalling. This event is controlled by the
distribution and membrane concentration of the glycosylated form of Dat’’, whose expression
at high level is detected in the somata of nigrostriatal SNpc neurons and excluded from the

L L 30,44,45
majority of mesolimbic VTA neurons™ ™"

. Based on this, we first investigated Otx2 and
glyco-Dat expression in wild-type mice by using a glyco-Dat antibody’. We found that in the
VTA the expression of Otx2 and glyco-Dat was largely complementary (Fig. 4a,b), thus
indicating that Otx2 is prevalently expressed in neurons with a reduced DA uptake. In
addition, glyco-Dat co-localized with Girk2 expression (Fig. 4c,d). Therefore, we analyzed
whether loss or ectopic expression of Otx2 may influence level and distribution of glyco-Dat.
We found that the percentage of GFP'-glyco-Dat’ neurons was significantly higher in
Dat'“®* 0t mutants (24% vs 15% of control mice P <<0.001) (Fig. 4e-i and
Supplementary Table 1) and, as for Girk2, the number of GFP'-glyco-Dat™ neurons was
increased prevalently in the central VTA (arrows in Fig. 4h). Consistent with this, the striatal
amount of glyco-Dat and the percentage of SNpc and VTA TH' neurons expressing high level

of glyco-Dat was remarkably diminished in Dat'“"¥*; Rog"¥02

(data not shown) and
Dat'“¥*;R26°"¥9"2:t0tx2™'® mutants (16% vs 49.4% of control mice P <<0.001 for the
SNpc, and 9% vs 24.6 of control mice P <<0.001 for the VTA) (Fig. 4j—s and
Supplementary Table 1). The same analysis performed with a second antibody against
glyco-Dat showed very similar results (Supplementary Fig. 5 and Supplementary Table 2).

These data suggest that Otx2 is required to confine VTA neurons expressing high level of

glyco-Dat to the dorsal-lateral VTA, and, through this antagonism, by limiting the number of
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VTA neurons with efficient DA uptake, Otx2 may modulate DA signalling in neurons of the

central VTA.

Otx2 negatively controls Dat mMRNA expression

To investigate the mechanism by which Otx2 controls the level of glyco-Dat, we analyzed
Dat level in cell-extracts of ventral pretectum and mesencephalon with a third antibody
recognizing also the non-glycosylated form of Dat (non-glyco-Dat). In
Dat'“®*;:R26%"¥9"2,tOtx2°"" mutants, glyco-Dat and non-glyco-Dat protein levels appeared
both proportionally decreased (Fig. 5a), suggesting that the diminished level of glyco-Dat
should not reflect an impairment in the glycosylation process. Then, we analyzed by semi-
quantitative RT-PCR the Dat mRNA level. A significant reduction was detected for Dat
mRNA in Dat'“®*;R26°"?°":tOtx2™® mutants (about 65% by densitometric scanning),
while virtually no difference between mutants and control mice was observed for TH and
Nurrl (compare in Fig. 5b lanes 1 and 2 to 3 and 4, respectively). To strengthen these
findings, we performed in situ hybridization experiments and compared the distribution and
amount of Dat mRNA to those of glyco-Dat. We found that, compared to control brain, the
number of neurons expressing high level of Dat mRNA and glyco-Dat was increased in the
central VTA of Dat'“"®*;0tx2° "% mice (Fig. 5¢-f), while, in Dat'“"®";R26°"?"%,tOtx2°"*
mutants the number of this neurons was heavily diminished in both SNpc and VTA (Fig. 50—
n). Together these findings suggest that reduced synthesis of glyco-Dat is primarily caused by
an Otx2-mediated negative control of Dat mRNA level. This control however maybe direct or

indirect.

Otx2 controls SNpc and VTA differential MPTP sensitivity
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Glyco-Dat efficiently binds the DA analogue neurotoxin MPTP***'***7  Therefore, we
studied whether Otx2 depletion in the VTA or its ectopic expression in SNpc and in all the
VTA neurons may alter the vulnerability of these neurons to MPTP-induced
neurodegeneration. To this aim, we compared cell numbers and ratio between MPTP-treated
(n = 10/genotype) and untreated (n = 10/genotype) neurons in 14-16 week old control and
mutant brains (Fig. 6 and Supplementary Table 3). First we determined the number of TH",
GFP'-TH" and GFP-TH" neurons in the VTA of MPTP-treated (100 mg/Kg) and untreated
Dat'“®*:0tx2%™* control and Dat'®®*;0tx2°m™1* mutant mice. In this context, GFP-TH"
neurons represented a sort of internal control, since, in principle, they should not be
additionally affected by the lack of Otx2. We found that, while in MPTP-untreated mice the
number of TH', GFP'-TH" and GFP -TH" neurons was very similar in controls and mutants
(Fig. 2a and Supplementary Table 3), in MPTP-treated mice a significant reduction in the
number of total TH" neurons (*P <0.001) and GFP"-TH" neurons (**P 0.005) was detected in
Dat'“?*;0tx2® ™1 mutant mice (Fig. 6a and Supplementary Table 3). Importantly, the
GFP-TH" neuronal subset was not significantly affected by the MPTP treatment (P 0.4)
(Fig. 6a and Supplementary Table 3). Then, we determined the ratio (in %) between MPTP-
treated and untreated neuronal subpopulations in control and mutant mice. In control mice,
MPTP treatment resulted in a 15% reduction of total TH" neurons (Fig. 6C); sorting of TH"
neurons in those expressing Otx2 (GFP'-TH") or not (GFP -TH') revealed that the
vulnerability to MPTP was much higher for the GFP"-TH" neuronal subset (24% reduction of
GFP -TH" subset vs 8% reduction of the GFP'-TH" subset) (Fig. 6C), and similar to that

ICre/+

observed for SNpc neurons in wild-type (data not shown) or Dat control mice (Fig. 6f).

ICrel*. Otx2CFPMX mutants, the ratio between MPTP-treated

Compared to control mice, in Dat
and untreated total TH" neurons was diminished by about 8% (P 0.001) (Fig. 6¢c and

Supplementary Table 3), but this reduction was almost completely due to loss of GFP'-TH"
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neurons (78% vs 92% of control mice; “p <<0.001) (Fig. 6c). No significant difference was
observed for the GFP-TH" subpopulation in control and mutant mice (73% vs 76% of control
mice; P 0.1) (Fig. 6¢). Then, we studied whether the neuroprotection was effective also at a
higher amount of MPTP (125 mg/Kg) (Fig. 6b,d). Compared to control mice (n = 8),
Dat'“?*;0tx2% ™1 (n = 8) mutants exhibited a 12% and 17% reduction of total TH™ (70% vs
82% of control mice, P <<0.001) and GFP* -TH" (73% vs 90% of control mice = P <<0.001)
neurons. No significant difference was observed for the GFP-TH" subset (66% vs 63% of
control embryos P 0.15) (Fig. 6b,d and Supplementary Table 3). Noteworthy, also in this
experiment the vulnerability of VTA neurons lacking Otx2 was similar to that of SNpc

neurons Dat'“"¥*;0tx2 ™"

mice (Fig. 6d and Supplementary Table 3). These findings
indicate that i) Otx2 may selectively provide Otx2" (GFP") -TH" VTA neurons with reduced
vulnerability to MPTP; ii) the Otx2™ (GFP") -TH'" VTA subpopulation, which is prevalently
composed by Girk2" neurons expressing high level of glyco-Dat, exhibits a sensitivity to
MPTP similar to that of SNpc neurons; and iii) in the absence of Otx2 the vulnerability of
VTA neurons is similar to that of the SNpc. Then, we investigated whether ubiquitous
activation of Otx2 was able to provide SNpc and VTA neurons with resistance to MPTP. To
this purpose, untreated and MPTP-treated (100 mg/Kg) 14-16 week old Dat'™® (n = 10)
control mice were compared to Dat'“"®;R26°"?%" (n = 10), Dat'“"®R26°"?°*%:t0tx2**" (n =
10) and Dat'“"®*;R26°*?* (n = 10) mutants. We found that, compared to Dat'“"®* control

mice, the number of total TH' neurons detected in Dat
Dat'“¥*;R26°"¥9"2:tOtx2°'* mutants after MPTP treatment was remarkably higher in both
SNpc (‘P and “P <<0.001) and VTA (‘P <0.001 and ~P <<0.001 ) (Fig. 6e and
Supplementary Table 3). The ratio (in %) between MPTP-treated and untreated neurons in
SNpc and VTA confirmed that Otx2 activation in Dat'“®*;R26°°?*%t0Otx2™® and

Dat'“*;R262"¥9%2 mice efficiently protected SNpe (‘P and ~"P <0.001) and VTA (‘P 0.0018
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and P <<0.001) neurons from MPTP neurotoxicity (Fig. 6f). In particular
Dat'“®*;R26%"2%2tOtx2™'™  mice appeared almost completely insensitive to MPTP.

Conversely, in Dat'“"®*;R26°%%*

mice a quite modest neuroprotection was detected (data not
shown), thus suggesting that the Otx2 neuroprotective effect is dose-dependent and may be
conferred to SNpc neurons and to the Otx2™ VTA neuronal fraction. On the whole, this

analysis suggests that Otx2 may remarkably contribute to the SNpc and VTA differential

vulnerability to MPTP.
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DISCUSSION

Previous studies have indicated that Otx2 plays a crucial role in mesDA neurogenesis while it
is apparently not required for differentiation of mdDA neurons of more anterior pretectal
origin®’%’. Recently, we have shown that in adult brains Otx2 expression is excluded from
SNpc and restricted to neurons of the central and medial-ventral VTA, where it is co-
expressed with Calb and/or Ahd2 and complementary to the majority of those expressing
Girk2®®. This restricted expression has led us to investigate whether Otx2 is required to
control molecular identity and functional features of adult VTA neurons. Lack of Otx2
induces in neurons of the central VTA the expression of Girk2, which is prevalently confined
to neurons of the dorsal-lateral VTA (Supplementary Fig. 7). Consistent with this, robust
activation of Otx2 also in the Otx2™ fraction of VTA neurons generates a relevant reduction in
the number of Girk2" neurons (Supplementary Fig. 7). This suggests that Otx2 is cell-
autonomously required in neurons of the central VTA to antagonize identity features of the
dorsal-lateral VTA. Noteworthy, a major role for Otx2 in embryogenesis is to define the
border between adjacent territories or compartments as in the case of the midbrain-hindbrain
border or between progenitors of the mesDA and red nucleus compartmentsz7’28. In these
processes, Otx2 operates as a repressing factor by interacting with co-repressing molecules

27,2848
such as Grg4™"™

. Based on this, our data are not in contrast with the possibility that VTA
neurons are distributed in compartment-like subregions whose identity is maintained by a
molecular code of transcription factors together with positive and negative interacting co-
factors. In this context, Otx2 may represent one of these factors whose competence appeared
limited to define the identity of central VTA and/or presumptive border between central and
dorsal-lateral VTA. Then, we investigated whether Otx2 may also be involved in controlling

relevant aspects determining the functioning of VTA neurons. To this aim we analyzed the

distribution of glyco-Dat, which is required for the uptake of both DA and DA analogue toxin
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MPTP**?! Interestingly, as for Girk2, Otx2 showed an extensive complementary expression
also with glyco-Dat, and in mutants, lack of Otx2 resulted in an increase of GFP"-glyco-Dat"
neurons, while activation of Otx2 generated a reduction of glyco-Dat" neurons
(Supplementary Fig. 7). This suggests that Otx2 may have a relevant role on DA signalling
by suppressing excessive DA uptake in Otx2" neurons of the central VTA and confining those
with efficient DA uptake to the dorsal-lateral VTA (Supplementary Fig. 7). Through this
control, Otx2 might likely contribute to define the VT A map of DA uptake. At the molecular
level, our data indicate that Otx2 modulates glyco-Dat levels by controlling negatively
(directly or indirectly) the level of Dat mRNA rather than the glycosylation process. In this
context, an attracting possibility is that in the central VTA Otx2 might control Dat expression

12,25,49' A

in antagonism with Nurrl, which is required for Dat expression relevant

consequence of Otx2 ablation in the VTA is an increased vulnerability to the MPTP toxin
likely due to a higher level of glyco-Dat and consequent increase of MPTP internalization®™".
Consistent with this, mice lacking Otx2 and exposed to MPTP treatment show a significant
and specific loss of GFP'-TH' neurons, which in control mice exhibit high resistance to
MPTP toxicity. In contrast, the Otx2™ population of VTA neurons shows in control and
mutant mice a similar and more pronounced sensitivity to MPTP. These findings suggest that
also the vulnerability to MPTP converges towards the existence of at least two major
functionally distinct subpopulations of VTA neurons. The molecular basis controlling SNpc
and VTA differential vulnerability to MPTP and Parkinsonian neurodegeneration represents a
yet unsolved key issue. Interestingly, the MPTP vulnerability exhibited by VTA neurons of
mice lacking Otx2 is comparable to that of normal SNpc neurons, and robust ectopic
expression of Otx2 in SNpc generates high resistance of these neurons to MPTP. These

findings suggest that Otx2 is responsible, at least in part, for SNpc and VTA differential

vulnerability to MPTP-induced neurodegeneration. Noteworthy, except for Dat expression, no
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abnormality was detected for Girk2, Ahd2, Calb, Pitx3, Foxa2 and Nurrl expression in the
SNpc of mutants activating Otx2, suggesting that factors other than Otx2 may be required for
SNpc neuronal identity. This is similar to findings previously reported for mdDA progenitors
in pretectum and mesencephalon, both expressing Otx2 but with only those belonging to the

mesencephalon responding to gain or loss of Otx2°.
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FIGURE LEGENDS

Fig. 1. Otx2 post-mitotic inactivation and over-expression. (a&-f) Immunohistochemistry
experiments on P10 Dat'“"%0tx2®™™*:R26R-LacZ and Dat'“"%0tx2° " R26R-LacZ mice
with Otx2-TH (a,b), Otx2-GFP (c,d) and BGal-TH (e,f) show that Otx2 is inactivated in TH"
neurons (&,b), the residual Otx2"-GFP" neurons are TH (b,d), and BGal from the R26 locus is
ubiquitously activated in TH™ neurons by Dat-driven ICre recombinase (ef). (g-1) Otx2-TH
immunostaining  of  E18.5  Dat'“?*(gj), Dat'“®*;R26°°?°*2  (hk) and
Dat'“®*;R26%"¥O%* tOtx2°® (i,]) mutants shows that at late gestation robust Otx2
expression is activated by Dat-driven ICre recombinase in virtually all the TH" neurons of
SNpc and VTA and that the staining due to the activation of Otx2 extra-copies in the SNpc of
mutants is comparable in intensity to that of the endogenous Otx2 in the VTA of Dat'“"¥*

control mice (compare h,i to j). Scale bars in (a,g) correpond to 100pum (a) and 200um (Q);

scale bar in (@) refers to sections in (a—f) and scale bar in (@) to sections in (g-).

Fig. 2. Otx2 inactivation does not affect the survival of Otx2” VTA neurons but induces an
increase in the number of GFP'-Girk2" neurons. (&) Graphic representation showing that,
compared to 14-16 week old Dat'“"®* ;062%™ mice, in Dat'“®*;0tx2% 1 mutants of the
same age the post-mitotic inactivation of Otx2 does not affect the internal percentage of GFP~
-TH', GFP'-TH" and GFP"-TH neurons (P 0.1, "P 0.18, ""P 0.1; Sudent t test). (b)
Graphic representation showing that in the absence of Otx2, the GFP" subpopulation exhibits
a selective increase in the percentage of GFP'-Girk2" neurons (*P 0.16; "P 0.25; 7P
<<0.001; Student t test). (c—N) Representative immunohistochemistry experiments on adjacent
sections of 14-16 week old Dat'“®*;0tx2°"™"* and Dat'“®*;:0tx2% ™1 mice with Otx2-TH
(cd), GFP-TH (ef), GFP-Calb (g,h), GFP-Ahd2 (i,j), and Girk2-GFP (k,n) shows that,

ICre/+ : OtXZGFP/ﬂ ox

compared to control mice, in Dat mutants Girk2 expression is detected in a
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higher number of GFP"™ neurons located in the central VTA (arrows in m,n). The dotted lines
in (k—n) demarcate the central VTA. (m,n) Are magnifications of the area boxed in (k,l). (D,
C and V) in (K) stand for presumptive dorsal, central and ventral VTA, respectively. Scale
bars in (c,m) correspond to 100um (C) and 200 um (M); scale bar in (C) refers to sections in

(c-1) and scale bar in (M) to sections in (M,n).

Fig. 3. Otx2 activation in the VTA generates a reduction in the number of Girk2" neurons. (a)

ICre/+ .
'®* control mice,

Graphic representation showing that, compared to 14-16 week old Dat
Dat'“?*;R26°"¥9%2 and Dat'“¥*;R26°°?"%t0tx2™™ mutants of the same age exhibit a
selective reduction in the percentage of Girk2"-TH" neurons (‘P 0.11 and ~ P 0.25 for Calb'-
TH' neurons; "P0.2 and P 0.24 for Ahd2*-TH" neurons; and "Pand P <<0.001 for Girk2"-
TH™ neurons; Student t test). (b—j) Representative immunohistochemistry experiments on
adjacent sections of Dat'“"®", Dat'“¥*;R26°"?°* and Dat'“"®*;R26%"¥"2t0Otx2* mice
with Calb-TH (b-d), Ahd2-TH (e-g) and Girk2-TH (h-j) show that, while no obvious
abnormalities are detected for Calb and Ahd2, the number of Girk2" neurons and the intensity
of their staining is remarkably reduced in Otx2 over-expressing mutants (arrows in h-j).

Abbreviations as in previous Figure. Scale bar (b) refers to all panels and corresponds to

100pm.

Fig. 4. The level and the expression profile of glyco-Dat are altered in Otx2 mutants. (a—d)
Immunohistochemistry experiments on adult wild-type brain with Otx2-glyco-Dat (a,b) and
Girk2-glyco-Dat (c,d) show that the majority of Otx2" neurons are glyco-Dat (a,b) and that
glyco-Dat’ neurons co-express Girk2 (c,d). (e-h) Immunohistochemistry experiments on 14-
16 week old Dat'“®*:0tx2°™™* (e,g) and Dat'“®*;0tx2°F™1%¢ (f h) show that in mutants

lacking Otx2, the number of GFP" neurons co-expressing high level of glyco-Dat is increased
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in the central VTA (arrows in h). (i) Graphic representation showing that, compared to 14-16
week old Dat'“"®";0tx2° ™" control mice, in Dat'“®*;0tx2% 1% mutants of the same age,
the percentage of GFP"-glyco-Dat” neurons is significantly increased (‘P <<0.001; Sudent t
test). (j) Western blot assay showing that the striatal amount of glyco-Dat is diminished in
Dat'“®*:R26%"¥9"2,tOtx2°® mice. (K—r) Immunohistochemistry experiments on 14-16 week
old Dat'?* and Dat'“¥*;R26°"¥°"2:t0tx2°"*" mice with TH and glyco-Dat show that in the
SNpc (k—n) and VTA (0-r) of mice over-expressing Otx2 the level and the number of glyco-
Dat” neurons is reduced. (S) Graphic representation showing that, compared to
Dat'“?*control mice, the percentage of TH' neurons expressing high level of glyco-Dat is
significantly decreased in the SNpc and VTA of Dat'“"®*;R26°"?"2,t0tx2°® mutants ("P
and P <<0.001; Student t test). Arrows in (b,g,h) point to Otx2" (b) or GFP" (g,h) neurons
expressing high level of glyco-Dat; arrows in (d) point to Girk2"-glyco-Dat™ neurons in the
central VTA; and arrows in (q,r) point to TH'-glyco-Dat” neurons in the dorsal VTA.
Abbreviations as in previous Figures. (b,d,g,h,m,n,q,r) Are magnifications of the area boxed
in (a,c,ef,k,l,0,p). Scale bars in (a,b) and (k,m) correspond to 100um (a,b) and 200pum (k,m).
Scale bar in (@) refers to sections in (a,c,e,f,0,p); scale bar in (b) to sections in (b,d,g,h,q,r);
scale bar in (k) and (m) to sections in (k,|I) and (m,n), respectively. Full scans of the western

blots in (j) are presented in Supplementary Fig. 8.

Fig. 5. Otx2 negatively controls Dat mRNA expression. (a) Western blot analysis on extracts

+
ICre/ al’ld

from ventral pretectum and ventral mesencephalon of 13 week old Dat
Dat'“®*:R26%"¥92.t0tx2°" mice shows a similar reduction of both glyco-Dat and non-
glyco-Dat in mutant mice. (b) Semiquantitative RT-PCR assays of Dat, TH and Nurrl in

ventral pretectum and ventral mesencephalon show a selective reduction of Dat mRNA; RT-

PCR assays are performed at 22 (lanes 1 and 3) and 20 (lanes 2 and 4) cycles for Dat and
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Nurrl and at 20 (lanes 1 and 3) and 18 (lanes 2 and 4) cycles for TH. (c—n) Glyco-Dat
immunohistochemistry (c,d,g,h,k,l) and Dat mRNA in situ hybridization (&f,i,j,m,n) assays
on Dat'“?*;:002%*(ce), Dat'“"®" ;0% (df), Dat'“"®" (gikm) and
Dat'“¥*;R262"¥9"2:t0tx2°®" (h.j,I,n) mice show that the number of neurons expressing high
level of glyco-Dat and Dat mRNA is increased in the central VTA of Dat'®¥*;0tx2CF/flox

ICre™* control mice, the number of these

mice (compare c,e to d,f), while, compared to Dat
neurons is remarkably decreased in both SNpc (g§) and VTA (k,n) of
Dat'“®*;:R26%"¥9"2,tOtx2*"" mutants. The arrows in (h.j,l,n) point to the residual neurons
expressing high level of both glyco-Dat and Dat mRNA. Abbreviations as in previous
Figures. Scale bars in (C,g) correspond to 100pum () and 200um (g). Scale bar in (C) refers to

sections in (c—f, k—n); scale bar in (Q) to sections in (g—j). Full scans of the western blots in

(a) and RT-PCR assays in (b) are presented in Supplementary Fig. 8.

Fig. 6. Otx2 is a neuroprotective factor for the Otx2" VTA neurons and this property may be
conferred to SNpc neurons. (a,b) Graphic representation showing the number of TH™ neurons
and TH' subsets expressing GFP (GFP'-TH") or silent for GFP (GFP-TH") counted in
Dat'“®*.:0tx2°"™* and Dat'“"®*;0tx2° ™" mice treated with MPTP at 100 mg/Kg (a) and
125 mg/Kg (b), reveals that, compared to control mice, mutants lacking Otx2 exhibit a
significant reduction in the number of total TH" and GFP'-TH" neurons (at 100 mg/Kg of
MPTP "P <0.001; P 0.005; ""P 0.4 and at 125 mg/Kg ‘P and = P <0.001; P 0.3; Sudent t
test). (c,d) Graphic representation of the ratio (in %) between MPTP-treated and untreated
mice of the same genotype shows that in Dat'“™*;0tx2°™* and Dat'“"®";0tx2°™"% mice the
GFP-TH"™ VTA neuronal subpopulation exhibits a sensitivity to MPTP similar to that
detected in the SNpc of Dat'“®* (f) or Dat'“*;0tx2% (d) control mice; while, compared

to Dat'“?*;0tx2% ™ mice, in Dat'“®*;0tx2°"1% mutants the VTA subpopulation of GFP'-
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TH' neurons is more severely affected by MPTP both at 100 mg/Kg (P 0.001; P <<0.001;
P 0.1; Sudent t test) (c) and 125 mg/Kg (P and "P <<0.001; "P 0.4; Sudent t test) (d).
(e) Graphic representation showing the number of TH' neurons counted in 14-16 week old
MPTP-treated Dat'“?*, Dat'"?*;R26°"2°%2 and Dat'“"¥*;R26°"Z*2:tOtx2™® mice reveals

lcre/+ . . . . +
“®* mice, mutant mice show a relevant increase in the number of TH

that, compared to Dat
neurons in both SNpc and VTA (*F’ and P <<0.001 for the SNpc; and P <0.001 and P
<<0.001 for the VTA; Student t test). (f) Graphic representation of the ratio (in %) between
MPTP-treated and untreated mice of the same genotype shows that, compared to Dat'®*
control mice, SNpc and VTA TH' neurons exhibit higher resistance to MPTP in

Dat'“®*:R26%"¥%"2 mice, and are almost insensitive to the neurotoxin in triple mutants (P

and P <0.001 for the SNpc; ‘P 0.0018 and ~ P <<0.001 for the VTA; Student t test).
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METHODS

Mouse models

The R26°?* mouse line was generated by targeting in the Rosa26 locus a plasmid (kindly
provided by S. Casola) containing a removable |0xP-Neo triple polyA-loxP transcriptional
stop cassette upstream of a full coding Otx2 cDNA-Ires GFP sequence (Supplementary Fig.
la). The linearized construct was electroporated in the E14Tg4a2 ES cell line, and
homologous recombination was ascertained by Southern Blot of EcoRI digested genomic
DNA (Supplementary Fig. 1b) and hybridized with the EcoRI /Pacl genomic probe (probe A
in Supplementary Fig. 1a). To test in vitro the functionality of the transgene and the relative
abundance of the inducible R26°*? allele, one positive clone was re-transfected to target the
CreER recombinase in the second Rosa26 allele as previously described for the tOtx2%
allele®. One R26%"2“"*R ¢lone was selected and tested to quantify the Otx2 and GFP proteins
upon removal of the transcriptional block by western blot of crude extracts of ES cells
untreated or treated with tamoxifen (Supplementary Fig. 1c). The original R26°°?* ES cell
clone was injected into C57 blastocysts and chimeras were mated with B6D2 females for
germline transmission. Litters were genotyped by PCR with the following primers: forward
5’AAAGTCGCTCTGAGTTGTTATCAG3’ and reverse
5’CACACACCAGGTTAGCCTTTAAGC3’ for the wild-type allele (254bp long fragment);
forward S’TGATGTATAGTGCCTTGACTAGAGY’ and reverse 5
AGGTTGTTTGGAGGCGCGCCGAT3’ for the mutant allele (338bp long fragment)
(horizontal arrowheads in the first and second line of Supplementary Fig. 1a). The tOtx2°"",
the Dat' ™", and the R26R-LacZ mouse strains have been previously described®*"*".
Experiments on animals were performed in accordance with the European Commission

guidelines (86/609/CEE) upon approval of Italian Health Ministry, DLgs 116/92.
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Immunohistochemistry and in situ hybridization assays

Immunohistochemistry and in situ hybridization experiments were performed on PFA fixed,
wax-included embryos and brains. The rabbit antibodies were directed against Ahd2 (Abcam,
ab24343-200), GFP (Abcam, ab290), Girk2 (Alomone Labs, APC-006), Calb (Swant, CB38),
Cre (Novagen, 69050-3), Otx2 (gift of G. Corte), Pitx3 (Zymed Invitrogen, 382850), TH
(Chemicon, ab152) and Foxa2 (Abcam, ab40874); the goat antibodies against Ahd2 (Abcam,
ab9883), Calb (R&D System, AF3320), Otx2 (R&D System, AF1979), Nurrl (Santa Cruz
Biotechnology, sc900), GFP (Abcam, ab6673) and Pitx3 (N-20) (Santa Cruz Biotechnology,
sc19307); the BGal antibody was raised in chicken (Abcam, ab9361); a second TH antibody
was generated in mouse (Chemicon, MAB318); the antibodies against glyco-Dat were raised
in rat and corresponded to an IgG2ak (Chemicon, MAB369) and an IgG (Santa Cruz
Biotechnology, sc32258) monoclonal antibody, respectively. The in situ probe for Dat was a

391 base pairs long RT-PCR fragment.

RT-PCR and Western blot assays

Wild-type and mutant adult brains were dissected to isolate approximately the ventral
pretectal area and the ventral mesencephalon or the striatum. Tissues were processed to
isolate total RNA or protein extracts. Semiquantitative RT-PCR assays were performed in
non-saturating conditions for Dat, TH and Nurrl. Primers and detailed procedure are
available upon request. For Western blot assays, crude extracts (10 ug for striatum and 35 pg
for pretectum and mesencephalon) were processed under standard conditions and probed with
TH (Chemicon, MAB318) or Dat (Lifespan Biosciences, LS-C11197 or Chemicon, MAB369)
antibodies. The Dat antibody from Lifespan Biosciences is an IgG2a monoclonal antibody.

Films were processed for densitometric scanning.
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MPTP treatment

14-16 or 12-15 week old male mice received a total of 4 or 5 intraperitoneal injections of
MPTP (25mg/Kg/injection) at two hours intervals® and were sacrificed 7 days after the last
injection. Control mice of the same age were injected with saline solution only. The four
injections protocol was previously determined and adopted because in our experience, it
generates less variability and valuable neuronal loss in the genetic background (C57B6-
DBA?2) of the mouse strains analyzed. In the five injections protocol approximately 45% of

mice died after the last injection.

Céll-counting experiments

Cell-counting experiments were performed on a minimal number of 7 brains and a maximum
of 10 brains per genotype (Supplementary Table 1 and 2). For wild-type, Dat'“"®",
Dat'C®*: otx2% P Dat'Ce" : OtyaCFPox Dat'Ce"* RpgONON2 and
Dat'“¥*;R26°"¥9"2:tOtx2°'* mice, we studied male animals at 14-16 or 12-15 weeks of age.
For MPTP experiments a total of 20 brains for each genotype were analyzed (10 belong to
MPTP-treated and 10 to untreated mice). For TH' cell-counting, brains were systematically
sectioned in 8 adjacent series of slides and two series (the 3" and the 6th) immunostained for
TH. Based on the anatomical levels of the SNpc and VTA (Supplementary Fig. 6), levels 1
and 6 for both SNpc and VTA were excluded from our analysis and levels 2-5 selected on
both sides of the midline and photographed (Supplementary Fig. 6). Following this
procedure, usually between 8 and 10 images (4-5 sections/brain/emisphere) were selected for
the SNpc and VTA, respectively. Pictures were then printed at high magnification in A4
format and TH' neurons included in the demarcated areas, were counted (Supplementary
Fig. 6). For cell-counting of fluorescent immunohistochemistry the same procedure was

applied by selecting in this case adjacent series of slides immunostained with different pairs
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of antibodies. The total cell numbers, and the mean + the standard deviation (s.d.) were shown

(Supplementary Tables).

Statistical analysis

For experiments aimed at defining the numerical size of the different subsets of TH" neurons
co-expressing in the SNpc and VTA Calb, Ahd2 Girk2 and glyco-Dat, the number of TH'-
Calb’, TH'-Ahd2", TH'- Girk2" and TH'- glyco-Dat" neurons detected in each brain analyzed
were first normalized to the mean of total TH' neurons, then, the P value was calculated
between control and mutants for each marker by using the one tail Sudent t test. The same
procedure was applyed to Dat'“"®*;00x2°™* and Dat'“?*;00@° ™1 mutants to determine
both the percentage of TH™ neurons expressing or not GFP and the fraction of GFP" neurons
expressing Calb, Ahd2, Girk2 and glyco-Dat. In experiments comparing only the number of
TH™ neurons, the P value was determined by collectively comparing the number of TH"
neurons counted in each brain belonging to a specific genotype to the number of those
counted in each brain of the control group. For MPTP experiments aimed at determining TH"
neuronal loss and corresponding P value, TH" neurons counted in each of the MPTP-treated
brains were collectively compared to those detected in each of the MPTP-untreated brains of
the same genotype. A second type of analysis was obtained by collectively comparing TH"
neurons counted in each of the MPTP-treated mutant brains to those detected in each of the

ICref+ ;OtXZGFPH and

MPTP-treated control brains. For MPTP experiments in Dat
Da'[lcrepr;O'[XZGFP/'(IOX mice, the number of TH', GFP'-TH" and GFP-TH" neurons was
determined in MPTP-treated and untreated control and mutant mice. GFP*-TH" and GFP™-

TH™ neurons detected in each brain were normalized to the mean of the total number of TH"

neurons and then, collectively compared between MPTP-treated and untreated mice of the
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same genotype; or the same group of neurons (eg. GFP*-TH") collectively compared between

control and mutants both MPTP-treated.
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