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Macroautophagy is a conserved mechanism for the bulk degradation of proteins and organelles. Pathological studies have
implicated defective macroautophagy in neurodegeneration, but physiological functions of macroautophagy in adult
neurons remain unclear. Here we show that Atg7, an essential macroautophagy component, regulates dopaminergic axon
terminal morphology. Mature Atg7-deficient midbrain dopamine (DA) neurons harbored selectively enlarged axonal
terminals. This contrasted with the phenotype of DA neurons deficient in Pten - a key negative regulator of the mTOR
kinase signaling pathway and neuron size — that displayed enlarged soma but unaltered axon terminals. Surprisingly,
concomitant deficiency of both Atg7 and Pten led to a dramatic enhancement of axon terminal enlargement relative to
Atg7 deletion alone. Similar genetic interactions between Atg7 and Pten were observed in the context of DA turnover and
DA-dependent locomotor behaviors. These data suggest a model for morphological regulation of mature dopaminergic
axon terminals whereby the impact of mTOR pathway is suppressed by macroautophagy.

Citation: Inoue K, Rispoli J, Yang L, MacLeod D, Beal MF, et al. (2013) Coordinate Regulation of Mature Dopaminergic Axon Morphology by Macroautophagy and
the PTEN Signaling Pathway. PLoS Genet 9(10): e1003845. doi:10.1371/journal.pgen.1003845

Editor: Gregory S. Barsh, Stanford University School of Medicine, United States of America
Received February 23, 2013; Accepted August 14, 2013; Published October 3, 2013

Copyright: © 2013 Inoue et al. This is an open-access article distributed under the terms of the Creative Commons Attribution License, which permits
unrestricted use, distribution, and reproduction in any medium, provided the original author and source are credited.

Funding: This work was supported by NIH grants NS064433-01, NS060876, and NS082068-01 to AA; Michael J. Fox Foundation to AA; and the Kanae Foundation
for the Promotion of Medical Science and Research Foundation ITSUU Laboratory to KI. The funders had no role in study design, data collection and analysis,

Competing Interests: The authors have declared that no competing interests exist.

Introduction

Macroautophagy is an intracellular protein degradation mech-
anism that engulfs cytoplasmic constituents and entire organelles
within double-membrane vesicles and delivers these to lysosomes
[1,2]. Genetic deletion of the essential macroautophagy compo-
nents Aigh or Alg7, during mouse central nervous system (CNS)
development, leads to neuronal loss and inclusion formation [3,4].
Furthermore, Atg7 deficiency confined to cerebellar Purkinje cells
leads to dystrophic axons and subsequent cell death within several
weeks [5,6]. In addition to pathological roles, protein degradation
pathways may also play important physiological functions in
neurons. Several studies have underscored the role of cytoplasmic
protein degradation through the ubiquitin-proteosome system
(UPS) in the regulation of neuronal morphology and function [7].
However, the role of macroautophagy in this context is unclear.

A key regulator of neuronal morphology and size is PTEN
(phosphatase and tensin homolog) [8,9], an intracellular lipid
phosphatase that opposes phosphatidylinositide 3-kinase (PI3K)
activity. Deletion of Pten in mouse hippocampus neurons
disinhibits the mTOR (mammalian target of rapamycin) signaling
pathway, leading to morphological enlargement as well as altered
synaptic plasticity and plasticity-related behaviors [10-13].
mTOR is a major activator of protein translation as well as a
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key inhibitor of macroautophagy, but the relative contribution of
these different downstream mechanisms on neuronal size remain
unclear. Thus, we hypothesized that altered macroautophagy may
play a role in the regulation of neuronal morphology and function
in the mammalian CNS, either downstream of or in conjunction
with the PTEN/PISK/mTOR pathway.

Cell size regulation in the mammalian CNS appears to be
highly dependent on developmental stage, cell type, and subcel-
lular region. The deletion of Pten at embryonic stages leads to a
profound enlargement of neurons and glia [10,11], whereas the
deletion at later developmental stages — such as postnatally or in
young adult animals — appears to have a lesser impact [12,13].
Postnatal deletion of Pten in certain neuronal subtypes fails to alter
the size of neurite processes [13-15], suggesting selective
subcellular and developmental regulatory mechanisms. For
mstance, deletion of Pten in post-mitotic midbrain dopamine
(DA) neurons leads to soma hypertrophy, but axonal terminal
morphology appears unaltered [14,15].

Here we investigated the role of Atg7 and macroautophagy in
the regulation of mature midbrain DA neuron morphology, and
contrasted this with the impact of the PI3SK/mTOR pathway.
Atg7 deficiency in mature DA neurons led to enlargement of axon
terminals, whereas DA neuron soma size was only modestly
altered. This phenotype was distinct from that of Pten-deficient
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Author Summary

Macroautophagy is a major recycling pathway in cells, and
its dysfunction is associated with neurological disorders
including Alzheimer’s disease, Parkinson’s disease, and
frontotemporal dementia. Here we show that Atg7, an
essential component of macroautophagy, regulates ma-
ture dopaminergic axon terminal morphology in coordi-
nation with the well-described role of the PI3K pathway.
Deficiency of Pten, a negative regulator of the PI3K/mTOR
pathway, leads primarily to enlarged dopaminergic cell
soma but normal-appearing axonal terminals, whereas
Atg7 deficiency primarily induces enlarged axonal termi-
nals. Atg7 and Pten double deficiency leads to further axon
terminal enlargement, suggesting that Atg7 deficiency
unmasks the impact of PI3K/mTOR pathway on mature
dopaminergic axon terminals. In addition, we show that
Atg7 and Pten coordinately regulate striatal dopamine
turnover and dopamine-dependent motor behaviors.
Taken together, these data support a novel role for
Atg7-dependent macroautophagy in the regulation of
dopaminergic axon terminal morphology, in coordination
with the PI3K/mTOR pathway.

mature midbrain DA neurons, which showed robust soma
hypertrophy but no significant alteration at axon terminals.
Mature midbrain DA neurons deficient in both Pten and Atg7
showed a dramatic enhancement of the axon terminal enlarge-
ment phenotype seen with Atg7 deficiency alone. A similar
synergistic genetic interaction was similarly observed between Plen
and Afg7 in the context of DA metabolism (turnover) in the
striatum, and with respect to DA-associated locomotor behaviors.
Taken together, these data support a model whereby macro-
autophagy activity normally limits the impact of the PTEN/
PIBK/mTOR pathway, such that mature dopaminergic axon
terminals are unaffected by Pten loss. However in the absence of
macroautophagy activity, the impact of the PI3K/mTOR
pathway is unmasked and leads to a profound further enlarge-
ment.

Results

Generation of Atg7 deficient mice specifically within
mature midbrain DA neurons

Mice deficient in Atg7 specifically within mature midbrain DA
neurons (Dat“™* Aig7™*"* [Atg7 ¢KO]) were generated [16] by
interbreeding mice that express Cre recombinase (CRE) under the
dopamine transporter promoter (Da“™*’*, Figure 1B) [17] with
mice that harbor Ag7 allele flanked by loxP sites (A7
Figure 1A) [18]. Mutant animals appeared grossly normal and
survival was not significantly altered (data not shown). To confirm
alteration in macroautophagy activity, we initially quantified the
lipidated conversion of LC3 (LC3-II), a marker for autophago-
some formation that is dependent on Atg7, in crude extracts from
2-month-old midbrain tissues including substantia
(Figure 1C). LC3 conversion was significantly reduced in Afg7
cKO mouse midbrains (Figure S1A). Reduction in LC3-II was
only partial, likely due to ATG7 activity in non-dopaminergic
midbrain cells. 4g7 cKO mice displayed a normal number [16]
and gross appearance of tyrosine hydroxylase (TH)-positive DA
neurons in the substantia nigra at 1-month of age (Figure 1D). As
shown in our prior paper, the number of TH-positive DA neurons,
however, declined progressively from 2 month of age, and
approximately 50% of TH-positive cells were lost by 1 year of

nigra
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age [16]. Furthermore, ubiquitin (Ub)- and p62-positive inclusions
were apparent in A¢g7 cKO DA neuron cell bodies and dendrites
from 1-month of age (Figure 1D) [16].

Midbrain DA neurons lacking Atg7 display enlarged axon
terminals

Grossly enlarged TH-positive dopaminergic axon terminal
structures were observed at their striatal target in Atg7 cKO mice
(Figure 1C, E). The axon terminal enlargement was apparent from
2 weeks of age, thus preceding other phenotypes observed in Atg7
cKO mice, and did not progress with age (Figure 1E). With aging,
striatal fiber density of dopaminergic axon terminals declined
slowly in A#g7 cKO mice (Figure 1F), which correlated with the
slowly progressive loss of midbrain DA neuron as we have
previously reported [16]. The enlarged axon terminals within the
striatum were stained positively with an antibody to dopaminergic
presynaptic component vesicular monoamine transporter 2
(VMAT?2) (Figure 2A). In contrast to the soma inclusions
(Figure 1D), the enlarged axon terminals were not stained with
antibodies to Ub and p62 (Figure 2B, C).

Biochemical analysis of striatal synaptosomal preparations from
2-month-old A#g7 cKO mice and their littermates revealed
predominantly unchanged levels of pre- and post-synaptic proteins
including Synapsin I, Synaptophysin, Synaptotagmin, Synaptic
vesicle protein 2A (SV2A), a-Synuclein, Synaptosomal-associated
protein 25 kDa (SNAP25), Syntaxin 1A, Growth associated
protein 43 (GAP43), Postsynaptic density protein 95 (PSD95),
and Gephrin (Figure 3C). Levels of early endosomal compartment
markers present at presynaptic terminals, including early endo-
some antigen-1 (EEAI) and Rab3, were reduced, whereas late
endosomal/lysosomal markers including Rab7 and Cathepsin B
appeared unchanged (Figure 3B). An additional presynaptic
marker protein, Synaptobrevin II, appeared increased in accu-
mulation in A#g7 cKO synaptosomal preparations (Figure 3C).
Thus, macroautophagy deficiency in midbrain DA neurons leads
to axonal terminal enlargement associated with modest alterna-
tions in the accumulation of presynaptic regulatory proteins.

Consistent with these findings, immunoelectron microscopy for
DA neuron marker, TH, showed significant enlargement of Atg7
deficient dopaminergic axon terminals but otherwise normal
appearing morphology, including presynaptic terminals, synaptic
vesicles, and mitochondria (Figure 2D). Furthermore, no inclu-
sions or membrane swirls were apparent, in contrast to those
described within dystrophic neuronal terminals in Atg7 deficient
Purkinje neurons [5]. Thus, the morphology phenotype does not
appear to be a consequence of the accumulation of unfolded
protein in the context of aberrant degradation, nor represent
dystrophic changes as described in other neuronal populations
deficient in Atg7 [5].

We sought to further address whether the axon terminal
morphological change in the context of Atg7 deficiency is a
consequence of altered development or altered maintenance of
mature axon terminals. Thus, adult 2-month-old A{g7ﬂ x/f% mice,
which remain intact for Atg7 expression, were stereotaxically
injected with adeno-associated virus-2 (AAV?2) that harbors Cre/
green fluorescence protein (GFP) or GFP control into the ventral
midbrain unilaterally (Figure 4A), effectively transducing a large
fraction of TH-positive DA neurons (Figure 4B). Analysis of these
mice 8 weeks after viral transduction revealed the dramatic
enlargement of dopaminergic axon terminals within the striatum
only of the AAV2-Cre/GFP virus transduced Atg7™*"* mice
(Figure 4C), consistent with the phenotype in A#g7 cKO mice.
Thus, these studies confirm a role for Atg7 in the morphological
plasticity of mature dopaminergic axon terminals.

October 2013 | Volume 9 | Issue 10 | e1003845



Axon Morphology Regulated by Macroautophagy

P: DatCre/+ X Atg7ﬂox/ﬂox CRE /
F1: DatCre*Atg7fiors X Atg7iox/fiox g
/ :
®©
Q
DatCre/Atg7iox' (Atg7 cWT)
F2:4 DatCre/+Atg7ioxtiox (Atg7 cKO)
Atg7hiex* [Striatum|  [Substantia Nigra |
D Atg7 cWT Atg7 cKO E Atg7 cWT

Atg7 cKO

Enlarged Terminals

= 2-week 6-month
N 80
B 3 o~ *% **
) = 1S |
z £ 60
2 40 -
0]
Ke)
£ 20 {
£
0 -

850 & &
gé\ P\Q Pi‘g P\Q

6-month-old

1-month-old 6-month-old

1-m 2-m 6-m 12-m

150

100 1 *%
** **
50 1
0

Atg7 cCWT
TH

Atg7 cKO Atg7 cWT

TH

Atg7 cKO

Fiber density (/ pixel)

Figure 1. Enlarged axon terminals in TH-positive DA neurons of Atg7 cKO mice. (A) Schema of mouse mating to obtain Atg7-deficient
mice. Atg7 cKO mice and the littermate Dat“"®* (Atg7 cWT) animals were used for the analyses. Animals lacking Cre (Atg7"®’*) were not used in this
study. Asterisk indicates ‘+' or ‘flox’. (B) CRE immunohistochemistry in 4-week-old Dat“"®* midbrain. Nuclear CRE-positive staining (red) was seen in
TH-positive (green) DA neurons, but not other cell types in the substantia nigra, not elsewhere in the CNS of cKO mice, and not in control Dat™* brain
[59]. Bar, 20 um. (C) TH-positive DA neurons in the midbrain substantia nigra project their axons into the striatum region. A, anterior; P, posterior. (D)
Grossly normal appearance of Atg7 cKO midbrain DA neurons at the age of 1-month-old. Numerous Ub- and p62-positive [16] inclusions in Atg7 cKO
soma and dendrites. Bar, 10 um. (E) Enlarged TH-positive axon terminals (green) in the striatum of Atg7 cKO mice (arrows) at ages of 2-weeks and 6-
months. Bars, 20 um. (right) Quantification of the density of enlarged axon terminals. TH-positive axonal terminal enlargement in Atg7 cKO mouse
striatum was apparent from 2-week of age, and did not progress with age (6-month). White, Atg7 ¢WT; Black, Atg7 cKO. n=6 per group. **, p<<0.01.
(F) The fiber density of dopaminergic axon terminals in the striatum of Atg7 cKO mice at different ages. Dopaminergic axon terminals were visualized
by anti-TH antibody staining (red). Bars, 500 um. (right) Quantification of the density of TH-positive axonal shafts. The values were normalized by the
fiber density of 1-month-old cWT animals. White, Atg7 cWT; Black, Atg7 cKO. n=5~6 per group. **, p<<0.01.
doi:10.1371/journal.pgen.1003845.g001

In addition to the axon terminal enlargement, at time points as
early as 1-month of age, morphometric analysis of TH-positive cell
soma in Afg7 cKO mice (or 4ig7 ¢W'T mice) revealed a significant
albeit minor increase in soma size (15% increase, Figure 5A, B).
This phenotype appeared similar in older animals (and thus not
age-dependent; Figure 5A), and thus was not correlated with the
neurodegenerative phenotype seen with aging.
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As axon terminal enlargement appeared non-progressive and
was not associated with intracellular inclusions or other apparent
pathological changes, this was unlikely to be secondary to the late-
onset progressive degeneration seen in midbrain DA neurons of
Atg7 cKO mice [19,20]. We note that i vitro studies using primary
midbrain cultures prepared from A#g7 cKO or littermate ¢cWT
embryos further support this interpretation. TH-positive DA
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Figure 2. Characterization of enlarged TH-positive axon terminals of Atg7 cKO mice. (A) Enlarged axon terminals in the striatum of 2-
month-old Atg7 cKO mice were positive for the axon terminal proteins of midbrain DA neurons. Enlarged axon terminals (arrows in green) in Atg7 cKO
mice were stained with VMAT2 (arrows in red). Bars, 10 um. (B, C) Enlarged axon terminals in 2-month-old Atg7 cKO mice are Ub- and p62-negative.
Enlarged axon terminals (arrows in green) in the striatum of Atg7 cKO mice were not stained with the markers for protein inclusions such as Ub (red in
‘B’) and p62 (red in ‘C’), suggesting that they are distinct from the inclusions seen in the cell somas of Atg7 cKO mice (Figure 1D). Bars, 10 um. (D)
Ultrastructural analysis of dopaminergic axon terminals in the striatum of 3-month-old Atg7 cWT or Atg7 cKO mice by immunoelectron microscopy
with an antibody to TH. Red circles indicate the gold particle-conjugated anti-TH antibody. Bars, 200 nm. (right) Quantification of the size distribution

of axon terminals in striatal sections. Each dot (@) represents approximately 1.6% of the total axon terminal number. n=611 terminals for cWT and
592 terminals for cKO sections.

doi:10.1371/journal.pgen.1003845.g002

neurons in Atg7 cKO cultures at day 5 m vitro (5th DIV) displayed Atg7 may function in a common pathway with mTOR, or parallel

increased total neurite length (Figure S1B). Importantly, TH- to mTOR, in the context of dopaminergic axon terminal size
positive DA neuron number and appearance was otherwise not regulation. To this end, we evaluated mTOR pathway activation
altered in the Aig7 cKO primary cultures (Figure S1B), and thus within dopaminergic axon terminal projections in the striatum of
this early phenotype is not likely to reflect degeneration. Atg7 cKO or ¢WT mice. Crude striatal synaptosomal protein

fractions were prepared and analyzed by Western blotting. As
mTOR pathway modification in Atg7 deficient expected, Alg7 cKO synaptosomes displayed evidence of reduced
dopaminergic axon terminals macroautophagy, as the lipidation of LC3 (as well as of the related

The mTOR kinase signaling pathway is a key regulator of autophagosome marker protein  GABARAPLI) was reduced
mammalian cell size [8,9,21-23]. As mTOR is also a major (Figure 3A). However, the pattern of mTOR pathway component
negative regulator of macroautophagy [24], we hypothesized that modification was not consistent with canonical activation of the
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Figure 3. Biochemical analyses of the protein extracts from the striatal synaptosomes of Atg7 cKO mice. (A) Evidence for reduced
macroautophagy activity in axon terminals of Atg7 cKO mice. Conversions of LC3-1 and GABARAPL1-I into modified lipidated forms associated with
autophagosome formation - termed LC3-1l and GABARAPL1-Il, respectively — were significantly decreased in striatal synaptosomal preparations from
Atg7 cKO mice (relative to cWT mice); the incomplete reduction likely reflects the presence of non-dopaminergic axon terminals. White, Atg7 cWT;
Black, Atg7 cKO. n=5 per group. **, p<<0.01. (B) Moderately reduced accumulation of early endosome markers in striatal synaptosomal preparations
from Atg7 cKO mice. Both EEA1 and Rab5 are significantly decreased in striatal synaptosomal preparations from Atg7 cKO mice (relative to cWT mice),
whereas late endosomal and lysosomal markers, Rab7 and Cathepsin B, unchanged. pro, procathepsin B; act, active mature Cathepsin B. Internal
control Actin is same as Figure 3A. White, Atg7 c¢WT; Black, Atg7 cKO. n=5 per group. *, p<0.05. (C) Selectively increased accumulation of
Synaptobrevin Il in striatal synaptosomal preparations from Atg7 cKO mice. Other synaptic markers were not significantly altered. Internal control
Actin is same as Figure 3A. White, Atg7 cWT; Black, Atg7 cKO. n=5 per group. ¥, p<0.05. (D) Non-canonical alterations of PI3K/mTOR pathway
signaling in synaptosomal preparations from Atg7 cKO mice. Phosphorylation of AKT at Ser 473 (S473) was decreased in Atg7 cKO mice, whereas
phosphorylation at Thr 308 (T308) unchanged. Phosphorylations of mTOR at Ser 2448 (S2448) or Ser 2481 (5S2481) were unchanged in Atg7 cKO mice.
Phosphorylations of 4EBP1 at Ser 65 (S65) and Thr 70 (T70) were increased in the striatal synaptosomes of Atg7 cKO mice, whereas phosphorylations
of S6 (T389) and S6K (S235/236) were unchanged. Internal control Actin is same as Figure 3A. n=5 per group. **, p<<0.01.
doi:10.1371/journal.pgen.1003845.g003

PISK/mTOR pathway. Phosphorylation of eukaryotic translation the accumulation of phospho-mTOR (Ser 2448 and Ser 2481;
initiation factor 4E binding protein 1 (4EBP1), a downstream Figure 3D, 6C) — or of the upstream PI3K pathway component
target and effector of mTOR signaling [25], was significantly AKT kinase (Ser 473), were not evident in A#g7 cKO striatum
increased at Ser 65 and Thr 70 in Aig7 cKO mice (Figure 3D), but (Figure 3D). Taken together, these findings argue against a simple
phosphorylation of other typical downstream targets of mTOR — model whereby Atg7 deficiency may modify axonal process
ribosomal protein S6 kinase (S6K) (Thr 389) and S6 (Ser 235/236) morphology through the modification of PI3K/mTOR down-
— appeared unchanged (Figure 3D). Furthermore, canonical PI3K stream pathway (Figure S3A). A caveat to the interpretation of
pathway-associated modifications of mTOR kinase — in terms of mTOR pathway modification using striatal synaptosome extracts
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Figure 4. Atg7 regulates morphological plasticity of mature dopaminergic axon terminals. (A) Scheme of AAV2-Cre/GFP viral
transduction of adult Atg7™*"°* sybstantia nigra. Eight-week-old Atg7"* and Atg7"®/"°* mice were stereotactically injected with AAV2-Cre/GFP viral
solution, and sacrificed 4- or 8-weeks later. (B) AAV2-Cre/GFP viral transduction of substantia nigra led to prominent GFP fluorescence (green) in a
majority of TH-positive DA neurons (red) at 4- or 8-weeks after the injection; no GFP fluorescence was seen in untransduced animals (data not
shown). (€) Transduction of Cre/GFP virus into adult Atg7""* substantia nigra reproduced the enlarged axon terminal phenotype seen in Atg7 cKO
mice. At 8-weeks after injection, enlarged TH-positive axon terminals (arrows) were seen in the striatum of Atg7"" mice injected with AAV2-Cre/
GFP viral solution. No enlarged axon terminals were seen in the striatum of Atg7"* mice with AAV2-Cre/GFP virus or Atg7""** mice with control
AAV2-GFP virus lacking Cre. Bars, 20 um. (right) Quantification of the density of enlarged axon terminals in mice injected with AAV2-Cre/GFP virus.
TH-positive axon terminal enlargement in Atg7"" mouse striatum was seen at 8-weeks after the AAV2-Cre/GFP virus injection. White, Atg7"**;
Black, Atg7™"°% n=3 per group. **, p<0.01.

doi:10.1371/journal.pgen.1003845.g004

is that non- dopaminergic axon terminals are also present; Atg7 deficiency cannot simply reflect altered PI3K/mTOR
however, Atg7 deletion was restricted to midbrain DA neurons. pathway activation alone.
Pten deficient midbrain DA neurons display enlarged cell Synergistic enlargement of axon terminal size in Atg7
soma but unaltered axon terminals and Pten double deficient DA neurons

We next sought to more directly compare the roles of PI3K/ To further consider the genetic relationship of Afg7 and Pten in
mTOR pathway modification and macroautophagy in the context the context of axon morphology, we generated double mutant
of dopaminergic axon terminal size. To this end, we generated mice lacking both Aig7 and Pten specifically in midbrain DA
mice deficient in Pten specifically within midbrain DA neurons neurons (Atg7/Pten double cKO), and compared these to single

(Dat™""* Pen™""* [Pien cKOJ). As expected, Pien ¢KO midbrain cKO mice (either Aig7 cKO or Plen cKO alone) as well as to
sections displayed canonical activation of PI3K/mTOR pathway, control cWT mice (Figure 7A). PI3K/mTOR pathway activation
quantified in terms of accumulation of phospho-AKT at Ser 473, was apparent in the Atg7/ Pten double cKO mice, as expected, with
phospho-mTOR at Ser 2448 and phospho-S6 at Ser 235/236 accumulation of phospho-AKT at Ser 473, phospho-mTOR at
(Figure 6A, B) [14,15]. In contrast with 4tg7 cKO mice, Plen cKO Ser 2448, and phsopho-S6 at Ser 235/236 in midbrain DA

mice displayed no significant alteration in axon terminal size in the neurons (Figure 6D) comparable to that observed in the Pten single
striatum (Figure 7C) [14]. Nonetheless, Plen cKO mice displayed cKO mice (Figure 6B). Surprisingly, dopaminergic axon terminals
robustly increased soma size of DA neurons (30% increase, were dramatically larger in the double ¢cKO mice than those in
Figure 7D), consistent with two prior studies of Pten deficiency Atg7 cKO mice or control animals (Figure 7C, giant axon
[14,15], and which was much more profound than the modest terminals). These giant axon terminals in A{g7/Pten double cKO
soma alteration in the context of Atg7 deficiency (Figure 7D). mice were positive to VMAT?2, but negative to Ub and p62 (data

Thus, although both Pten deficiency and Atg7 deficiency modify not shown). Atg7/Plen double cKO mice also showed mildly
cell morphology, the phenotypes are distinct, and thus the effect of potentiated soma enlargement (79% increase, Figure 7D) relative
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Figure 5. Enlarged soma size in TH-positive DA neurons of Atg7 cKO mice. (A) Enlarged cell soma of TH-positive DA neurons in Atg7 cKO
mice. The soma area (brown in pictures) of nigral TH-positive DA neurons in Atg7 cKO mice (black in graph) was approximately 15% larger than that
in Atg7 c(WT mice (white in graph), as quantified using Image-J software (Image J, Bethesda, MD) and presented relative to the area of the Atg7 c(WT
group. Bars, 10 um. (Atg7 cWT mice = 1.0); n=194 to 377 TH-positive DA neurons per group. **, p<<0.01. (B) The distribution of cell soma size of TH-
positive DA neurons in Atg7 c(WT and Atg7 cKO mice. The soma size of TH-positive DA neurons in Atg7 cKO mice (black circle) was on average
approximately 15% larger than that in Atg7 c(WT mice (white circle).

doi:10.1371/journal.pgen.1003845.9g005

to either single cKO mice. Thus, PISK/mTOR pathway  Synergistic impact of Atg7 and Pten deficiency on DA

activation alone is not sufficient to modify dopaminergic axon metabolism and DA-associated locomotion
terminal size, but its impact is unmasked in the context of Atg7

deficiency (Figure 8E). A further consequence of Pten deficiency in
the context of Atg7 1‘?55 is that su.bsequent progressive midbrz'lin the synergistic effects to functional changes in Afg7 ¢cKO mice.
DA neuron dege.neratlon, as seen m 2-month-old 4fg7 cKO mice Striatal DA accumulation and its metabolites, 3,4-dihydroxyphe-
and thereafter, is suppressed (Figure 7B). As such ‘rescue’ of  pylacetic acid (DOPAC) and homovanillic acid (HVA), were

The studies above detail a synergistic role for Afg7 and Pten in
the regulation of DA neuron morphology. We sought to expand

neurodegeneration in Afg7/ Plen double cKO mice failed to prevent quantified in 3-month-old single and double mutant mice (Figure
the enlarged axon terminal phenotype (but instead actually S2A-C). DA turnover (DOPAC/DA and HVA/DA) in the
enhanced the enlargement; Figure 7C), this further validates the striatum, which is a reflection of dopaminergic axon terminal
notion that axon terminal enlargement in A4¢g7 cKO mice is not a activity, was increased in Aig7 cKO mice (relative to control cWT
consequence of neurodegeneration. mice; Figure 8A, B). This phenotype was further enhanced in

A B C D

Control cWT Pten cKO Atg7 cKO Double cKO
TH _ TH

p-S6(s235236) P-TOR(s2448) P-AKT(s473)

Figure 6. Characterization of PI3K/mTOR pathways in TH-positive DA neurons of Atg7 and/or Pten cKO mice. PI3K/mTOR pathway
signaling, in terms of accumulation of phospho-AKT (S473), phospho-TOR (S2448), and phospho-S6 (5235/236) as indicated (in red) were unchanged
in the TH-positive (green) midbrain DA neurons of Atg7 cKO mice (C), whereas these markers were increased in TH-positive DA neurons of Pten cKO
and Atg7/Pten double cKO mice (arrows in B and D). (A) Control cWT mice, (B) Pten cKO mice, (C) Atg7 cKO mice, and (D) Atg7/Pten double cKO mice.
Scale bars, 10 um.

doi:10.1371/journal.pgen.1003845.9g006
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Figure 7. Atg7 and Pten double deficiency synergistically increases axon terminal size in midbrain DA neurons. (A) Schema of mouse
mating to obtain Atg7 and Pten double deficient mice. Dat“"®* background animals were used for the analyses. Animals lacking Cre
(Pten™*Atg7"°"%) were not used in this study. Asterisk indicates '+ or ‘flox’. (B) Neurodegeneration in Atg7 cKO mice was rescued by secondary
deletion of Pten. Secondary Pten deletion (Atg7/Pten double cKO) suppressed the loss of TH-positive DA neurons in the substantia nigra of 2-month-
old Atg7 cKO mice. Representative TH-stained midbrain sections are presented. Bar, 250 um. (right) Quantification of TH-positive DA neuron number
in the substantia nigra of Atg7/Pten double cKO mice. n=4 per genotype. **, p<<0.01. (C) The enlarged axon terminal phenotype of Atg7 cKO mice
was greatly enhanced in Atg7/Pten double cKO mice, whereas Pten deficiency alone (Pten cKO) did not significantly change the axon terminal size.
(left) Giant (arrowheads, >9.8 umz) and moderately enlarged (arrows, 4.4~9.8 umz) axon terminals were seen in the striatum of Atg7/Pten double
cKO mice, whereas only moderately enlarged axon terminals (arrows) were seen in Atg7 cKO mice and no enlarged axon terminals were seen in Pten
cKO mice. Bars, 20 um. (right) Quantification of enlarged axon terminal distribution. Black bar, giant terminals (>9.8 umz); white bar, moderately
enlarged terminals (4.4~9.8 um?. n=6 per genotype. **, p<0.01. (D) The soma of TH-positive DA neurons in Atg7/Pten double cKO mice were
dramatically enlarged (79% increase versus control cWT) relative to Atg7 cKO mice (15% increase versus control cWT) and Pten cKO mice (32%
increase versus control cWT). (left) Representative sections stained with anti-TH antibody. Bars, 10 um. (right) Quantification of the average cell size,
presented as a fraction of DA neuron soma size in control c(WT mice. n=290~417 TH-positive DA neurons per genotype. **, p<<0.01.
doi:10.1371/journal.pgen.1003845.9g007

Atg7/Pten double cKO mice, whereas Pten cKO alone appeared (Figure S2D). Thus, Atg7 single cKO and Atg7/Pten double cKO
normal (Figure 8A, B), mirroring the morphological findings. The mice displayed alterations in motor behavior that correlated with
absolute level of DA accumulation, in contrast to DA turnover, their cellular changes and alterations in DA turnover.

was significantly reduced in A#g7 cKO mice (Figure S2A), which

may reflect cell loss at this age. However, this reduction in DA Discussion

levels was not ‘rescued’ by PTEN loss (Figure S2A).

Given the altered DA accumulation in 47 cKO mice, as well Th? PTEN/ PI?’K./ mTOR signaling pathway plays a c.entr.al
as prior studies demonstrating physiological changes in these role m the regulation Of. neuronal morphology and size in
animals [26], we sought to identify possible behavioral correlates. developing vertebrate and invertebrate species [8,9,21,22]. How-
To this end, basal locomotor activity was quantified in an open ever, a number of studies have provided evidence that in the
field chamber that was novel to the animals over a 30-min period. context of the mature mammalian CNS, as well as within certain
Ambulatory distance travelled was increased in Afg7 ¢cKO mice subcellular compartments of neurons such as at axonal processes,

(relative to control cWT mice; Figure 8C, D). This phenotype was the impact of the PTEN/ /PI3K/mTOR pthway on size.can be
further enhanced in Alg7/Pten double cKO mice (Figure 8C, D), highly regulated. For instance, although deletion of PTEN in post-

whereas Plen single cKO mice behavior did not appear signifi- mitotic DA neurons leads to enlarged soma (Figure 7D) [14,15],
cantly altered (Figure 8C, D) [14]. Other activity parameters, dopaminergic axon terminals are not altered (Figure 7C) [14,15].
including jump counts and vertical activity, appeared similarly In contrast to these observations, PTEN deletion at earlier
altered in the Afg7 ¢cKO mice and Alg7/Plen double cKO mice developmental stages or in other neuronal types, such as in the
(Figure S2E, F). In contrast, velocity of ambulation was not altered progenitors of dentate gyrus granule neurons [10,11], leads to
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Figure 8. Atg7 and Pten double deficiency synergistically increases DA turnover and DA-associated behaviors. (A, B) DA turnover,
quantified as the ratio of the DA metabolites DOPAC or HVA to DA (DOPAC/DA [A] or HVA/DA [B]) was synergistically increased in Atg7/Pten double
cKO mice. The concentrations of DA, DOPAC, and HVA are shown in Figures S2A-C. n=10~12 per genotype. **, p<0.01. (C, D) Basal locomotor
activity was synergistically increased in Atg7/Pten double cKO mice. Traces (‘D) display total distance traveled over a 30-min period in an open field
environment. Walking velocity was unchanged (Figure S2D). n=10~12 per genotype. *, p<0.05; **, p<<0.01. (E) In midbrain DA neurons at baseline,
Atg7-mediated macroautophagy inhibits the enlargement of dopaminergic axon terminals, in part by masking the impact of the PTEN/PI3K/mTOR

pathway. Also see Figure S3.
doi:10.1371/journal.pgen.1003845.9008

prominent enlargement of axon terminals as well as soma. Thus,
mechanisms that regulate the impact of the PI3K/mTOR
pathway on neuronal morphology are of particular interest. Here
we show that deletion of the essential macroautophagy component
Atg7 unmasks the impact of Pten deletion on dopaminergic axon
terminal size. These data implicate macroautophagy as a negative
regulator of PTEN/PI3K/mTOR pathway regulation of neuronal
morphology (Figure 8E).

Although the precise mechanism by which Pten deletion or
PI3K pathway activation leads ultimately to cellular hypertrophy
remains unclear, multiple studies in Drosophila [27] and mice
[23,28,29] have implicated activation of the ribosomal protein S6

PLOS Genetics | www.plosgenetics.org

by a family of related kinases that include S6K1 and S6K2,
leading to increased protein translation [30]. As neither S6
phosphorylation nor activation of S6K appeared modified in the
context of Atg7 deficiency (Figure 3D), the axonal process
enlargement seen with macroautophagy deficiency is likely to be
through a distinct mechanism. Our genetic studies strongly
validate this notion, as PISK/mTOR pathway activation (by
means of PTEN deficiency) and Atg7 deficiency act cooperatively
and synergistically in modifying axon terminal morphology. We
favor an interpretation whereby at the axonal terminus, macro-
autophagy-mediated protein degradation is typically able to
overcome the increased protein production in the context of
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mTOR pathway activation, and thus macroautophagy typically
suppresses the impact of Pten deletion on dopaminergic axon
terminal size. However, in the context of defective macroauto-
phagy with Atg7 deficiency, the impact of Pten deletion is
unmasked (Figure 8E). In addition to suppressing PTEN/PISK/
mTOR  pathway-mediated regulation, macroautophagy likely
plays additional roles in determining dopaminergic axon terminal
size and function, as the impact of Atg7 deficiency was observed
regardless of Pten deficiency (Figure 7C).

Our data argue against an alternative model whereby mTOR
pathway activation dictates dopaminergic axon terminal morphol-
ogy through the downstream inhibition of macroautophagy (rather
than through downstream effects on the translation machinery)
(Figure S3A), as has been suggested based on the recent i vitro
analyses of acutely prepared striatal slice preparations treated with
the mTOR inhibitor rapamycin [26]. The impact of the PTEN/
PI3BK/mTOR pathway on mature dopaminergic axon terminal
morphology in our present study was apparent in the complete
absence of macroautophagy (when comparing Afg7 single mutant
mice with A#g7/Pten double mutant mice), and thus the mechanism
of action cannot be explained simply by alterations in macro-
autophagy activity. It remains possible that alterations in
macroautophagy activity play some role downstream of mTOR
pathway activation in the context of more acute physiological
changes at axon terminals [26]. Nonetheless, our findings support
a distinct model whereby macroautophagy plays a key role in
suppressing the impact of mTOR pathway activation in the
context of mature dopaminergic axon terminals (Figure 8E).

Previous studies have reported that midbrain DA neuron-
specific Atg7 loss [19], as well as loss of Atg7 in other neuronal
classes, leads to enlarged but dystrophic axons [5,6]. These
findings have generally been interpreted as secondary effects of the
accumulation of pathological inclusions (‘engorgement’). However,
in our analyses of Atg7 deficient midbrain DA neurons,
dopaminergic axon terminal enlargement preceded degeneration,
appeared non-progressive (Figure 1E), and was not associated with
protein aggregates (Figure 2B, C). Furthermore, this phenotype
was enhanced — rather than suppressed — in the context of
additional Pten deficiency (Aig7/Plen double deficient animals)
(Figure 7C), although such additional Pten deficiency effectively
suppressed the late-onset degeneration phenotype of the Atg7
deficient midbrain DA neurons (Figure 7B) [16].

Prior studies in invertebrate species have suggested a role for
macroautophagy in axon terminal morphology. For instance, at
the Drosophila neuromuscular junction (NMJ), macroautophagy has
been reported to promote synapse development through selective
degradation of the Highwire ubiquitin ligase [31]. Mutations in C.
elegans unc-51 —a macroautophagy regulator— lead to develop-
mental axonal defects [32]. There is also precedent of a role for
macroautophagy in cell size homeostasis: induction of macro-
autophagy by Atgl leads to the reduced Drosophila fat body cell size
in TOR signaling-dependent manner [33]. In mammalian models,
loss of macroautophagy-associated proteins other than Atg7 has
similarly been implicated in axonal morphology, although the
mechanism has remained unclear. Mammalian Ulkl/2, ortholo-
gues of Uncbl, have been reported to regulate axonal outgrowth
[34-36]. Taken together, we speculate that regulation of axon
terminal size by macroautophagy may play an important role in
structural plasticity at mature adult axon terminals. Extrinsic cues
such as glial derived neurotrophic factor (GDNF) impact
dopaminergic axon terminal structures and modify signaling
through the PI3K pathway [37,38]; it will be of interest to pursue
the role of macroautophagy in such changes, which have been
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implicated clinically in pathological movements associated with
experimental therapeutics for Parkinson’s disease [39-42].

Future studies will seek to identify specific molecular compo-
nents that may mediate dopaminergic axon terminal enlargement
in the context of defective macroautophagy. Our initial screen of
known axon terminal proteins revealed the increased accumula-
tion of Synaptobrevin II in the context of Atg7 deficient
dopaminergic axon terminal preparations (Figure 3C). In addition
to proteins, macroautophagy also plays a role in cell membrane
regulation [43], and this may also impact axon terminal
morphology. Finally, it is interesting to note that axon terminal
morphology, DA neurons, and the PI3K pathway [44—47] have all
been implicated in the etiology of autism spectrum disorders
(ASD), which are characterized by cognitive difficulties and can be
associated with hyperactivity [48,49]. Furthermore, recent studies
have suggested a role for alterations in the protein degradation
machinery in ASD [50-52]. We thus speculate a role for
macroautophagy regulation of axon terminal morphology in the
context of brain disorders.

Materials and Methods

Animal

Dat“* mice, Atg7"*"* mice, and Pred™™ mice were
generated previously [17,18,53]. All animals were maintained in
the animal facility of Columbia University Medical Center. All of
the experimental protocols were approved by the Institutional
Animal Care and Use Committees. All mice we used were Dat”"**
background, as Dat heterozygous KO mice show some defects in
their behavior and physiology [54].

Histology

Mice were perfused in 4% paraformaldehyde and 50 um
coronal sections were made by a vibratome. The antibodies used
here were listed in Text SI.

Electron microscopy

Electron microscopic analysis was according to the previous
paper [55] and Immunogold incubation protocol for general
application (Electron Microscopy Sciences, Hatfield, PA).

Cell size determination

After the TH staining of midbrain sections by DAB, pictures
were taken at 400 x magnification. The size of TH-neuron was
measured manually by Image-] (NIH) [56]. More than 200 TH-
neurons from 4 mice were analyzed per group.

Western blotting

Preparation of the striatal synaptosomal fractions was according
to the previous paper [57]. The antibodies used here were listed in
Text SI.

High performance liquid chromatography (HPLC)

The striatal tissues were used for HPLC analysis. Concentra-
tions of DA and its metabolites were measured according to the
previous paper [58].

Statistical analysis

All of the comparisons were made with Mann-Whitney U-test
(for 2 samples) or non-repeated measures ANOVA (for multiple
samples). The values are expressed as the means = SEM. A p
value less than 0.05 is considered significant.
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Supporting Information

Figure S1 Characterization of enlarged axon terminals of Alg7
cKO mice. (A) Decreased macroautophagy activity in midbrain
extracts from A¢g7 ¢cKO mice. The conversion of LC3-I to LC3-11
was reduced in 2-month-old A#g7 cKO mice. n =5 per genotype. ¥,
$<<0.05. (B) Increased neurite length of Azg7 cKO midbrain TH-
positive primary neurons. Total neurite length was significantly
increased in Afg7 cKO primary neurons (bottom right), whereas
the total number of TH-positive neurons per well unchanged.
Primary midbrain neuron cultures were prepared from 3 embryos
per genotype. **, p<<0.01.

(TTF)

Figure S2 Characterization of Alg7/Plen double cKO mice. (A—
C) Concentrations of DA, DOPAC, and HVA in the striatum
tissues of Atg7/Plen double cKO mice. (A) DA. (B) DOPAC. (C)
HVA. n=10~12 mice per genotype. **¥ p<<0.01. (D-F)
Quantifications of the parameters in open field test. (D) Walking
velocity. (E) Jump counts. (F) Vertical behavior counts. n=10~12
per genotype. *, p<<0.05.

(TIF)

Figure 83 Models for the role of macroautophagy in midbrain
DA neuron. Two distinct models for the role of macroautophagy
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in regulating DA axon terminal morphology and function. (A) In
the linear model proposed by the prior study [26], the primary
action of mTOR on DA axon morphology is directly through the
inhibition of macroautophagy. (B) In our sculptural model,
macroautophagy plays a key role in suppressing the action of
mTOR signaling at DA axon terminal morphology.

(TIF)

Text S1 Supporting materials and methods.
(DOC)

Acknowledgments

We would like to thank G. DiPaulo, and O. Hobert for comments on the
manuscript, T. Chiba, M. Komatsu and K. Tanaka for providing A/g7™’
mice, J. Dunning for some help in mouse analysis, T. Iwasato for advice
on immunostaining, T. Yamashita for valuable discussion, S. Itohara, M.
Noda, K. Yamanaka, A. Yamamoto and M. Sakurai for helpful
suggestions.

Author Contributions

Conceived and designed the experiments: KI AA. Performed the
experiments: KI JR LY. Analyzed the data: KI AA. Contributed
reagents/materials/analysis tools: KI LY DM MFB EK. Wrote the paper:
KI AA.

19. Friedman LG, Lachenmayer ML, Wang J, He L, Poulose SM, et al. (2012)
Disrupted autophagy leads to dopaminergic axon and dendrite degeneration
and promotes presynaptic accumulation of alpha-synuclein and LRRK2 in the
brain. J Neurosci 32: 7585-7593.

20. Ahmed I, Liang Y, Schools S, Dawson VL, Dawson TM, et al (2012)
Development and characterization of a new Parkinson’s disease model resulting
from impaired autophagy. J Neurosci 32: 16503-16509.

21. Lee CH, Inoki K, Guan KL (2007) mTOR pathway as a target in tissue
hypertrophy. Annu Rev Pharmacol Toxicol 47: 443-467.

22. Backman S, Stambolic V, Mak T (2002) PTEN function in mammalian cell size
regulation. Curr Opin Neurobiol 12: 516-522.

23. Kwon CH, Zhu X, Zhang J, Baker SJ (2003) mTor is required for hypertrophy
of Pten-deficient neuronal soma in vivo. Proc Natl Acad Sci U S A 100: 12923
12928.

24. Mizushima N, Komatsu M (2011) Autophagy: renovation of cells and tissues.
Cell 147: 728-741.

25. Hay N, Sonenberg N (2004) Upstream and downstream of mTOR. Genes Dev
18: 1926-1945.

26. Hernandez D, Torres CA, Setlik W, Cebrian C, Mosharov EV, et al. (2012)
Regulation of presynaptic neurotransmission by macroautophagy. Neuron 74:
277-284.

27. Montagne J, Stewart MJ, Stocker H, Hafen E, Kozma SC, et al. (1999)
Drosophila S6 kinase: a regulator of cell size. Science 285: 2126-2129.

28. Nguyen KT, Tajmir P, Lin CH, Liadis N, Zhu XD, et al. (2006) Essential role of
Pten in body size determination and pancreatic beta-cell homeostasis in vivo.
Mol Cell Biol 26: 4511-4518.

29. Stiles BL, Kuralwalla-Martinez C, Guo W, Gregorian C, Wang Y, et al. (2006)
Selective deletion of Pten in pancreatic beta cells leads to increased islet mass
and resistance to STZ-induced diabetes. Mol Cell Biol 26: 2772-2781.

30. Chalhoub N, Kozma SC, Baker SJ (2006) S6k1 is not required for Pten-deficient
neuronal hypertrophy. Brain Res 1100: 32-41.

31. Shen W, Ganetzky B (2009) Autophagy promotes synapse development in
Drosophila. J Cell Biol 187: 71-79.

32. Hedgecock EM, Culotti JG, Thomson JN, Perkins LA (1985) Axonal guidance
mutants of Caenorhabditis elegans identified by filling sensory neurons with
fluorescein dyes. Dev Biol 111: 158-170.

33. Scott RC, Juhasz G, Neufeld TP (2007) Direct induction of autophagy by Atgl
inhibits cell growth and induces apoptotic cell death. Curr Biol 17: 1-11.

34. Tomoda T, Kim JH, Zhan C, Hatten ME (2004) Role of Unc51.1 and its
binding partners in CNS axon outgrowth. Genes Dev 18: 541-558.

35. Toda H, Mochizuki H, Flores R, . (2008) UNC-51/ATG]1 kinase regulates
axonal transport by mediating motor-cargo assembly. Genes Dev 22: 3292—
3307.

36. Loh SH, Francescut L, Lingor P, Bahr M, Nicotera P (2008) Identification of
new kinase clusters required for neurite outgrowth and retraction by a loss-of-
function RNA interference screen. Cell Death Differ 15: 283-298.

37. Arevalo JC, Wu SH (2006) Neurotrophin signaling: many exciting surprises! Cell
Mol Life Sci 63: 1523-1537.

38. Reichardt LF (2006) Neurotrophin-regulated signalling pathways. Philos
Trans R Soc Lond B Biol Sci 361: 1545-1564.

October 2013 | Volume 9 | Issue 10 | e1003845



39.

40.

41.

42,

43.

44.

46.

47.

48.

49.

Tomac A, Lindgvist E, Lin LF, Ogren SO, Young D, et al. (1995) Protection
and repair of the nigrostriatal dopaminergic system by GDNF in vivo. Nature
373: 335-339.

Hudson J, Granholm AC, Gerhardt GA, Henry MA, Hoffman A, et al. (1995)
Glial cell line-derived neurotrophic factor augments midbrain dopaminergic
circuits in vivo. Brain Res Bull 36: 425-432.

Rosenblad C, Kirik D, Bjorklund A (2000) Sequential administration of GDNF
into the substantia nigra and striatum promotes dopamine neuron survival and
axonal sprouting but not striatal reinnervation or functional recovery in the
partial 6-OHDA lesion model. Exp Neurol 161: 503-516.

Rangasamy SB, Soderstrom K, Bakay RA, Kordower JH (2010) Neurotrophic
factor therapy for Parkinson’s disease. Prog Brain Res 184: 237-264.

Zhang M, Schekman R (2013) Cell biology. Unconventional secretion,
unconventional solutions. Science 340: 559-561.

Bourgeron T (2009) A synaptic trek to autism. Curr Opin Neurobiol 19: 231~
234.

. Delorme R, Ey E, Toro R, Leboyer M, Gillberg C, et al. (2013) Progress toward

treatments for synaptic defects in autism. Nat Med 19: 685-694.

Nakamura K, Sekine Y, Ouchi Y, Tsujii M, Yoshikawa E, et al. (2010) Brain
serotonin and dopamine transporter bindings in adults with high-functioning
autism. Arch Gen Psychiatry 67: 59-68.

Gadow KD, Devincent CJ, Olvet DM, Pisarevskaya V, Hatchwell E (2010)
Association of DRD4 polymorphism with severity of oppositional defiant
disorder, separation anxiety disorder and repetitive behaviors in children with
autism spectrum disorder. Eur J Neurosci 32: 1058-1065.

Taurines R, Schwenck C, Westerwald E, Sachse M, Siniatchkin M, et al. (2012)
ADHD and autism: differential diagnosis or overlapping traits? A selective
review. Atten Defic Hyperact Disord 4: 115-139.

Rommelse NN, Franke B, Geurts HM, Hartman CA, Buitelaar JK (2010)
Shared heritability of attention-deficit/hyperactivity disorder and autism
spectrum disorder. Eur Child Adolesc Psychiatry 19: 281-295.

PLOS Genetics | www.plosgenetics.org

12

50.

51.

54.

56.

57.

59.

Axon Morphology Regulated by Macroautophagy

Glessner JT, Wang K, Cai G, Korvatska O, Kim CE, et al. (2009) Autism
genome-wide copy number variation reveals ubiquitin and neuronal genes.
Nature 459: 569-573.

Bucan M, Abrahams BS, Wang K, Glessner JT, Herman EI, et al. (2009)
Genome-wide analyses of exonic copy number variants in a family-based study
point to novel autism susceptibility genes. PLoS Genet 5: ¢1000536.

Scheuerle A, Wilson K (2011) PARK2 copy number aberrations in two children
presenting with autism spectrum disorder: further support of an association and
possible evidence for a new microdeletion/microduplication syndrome.
Am ] Med Genet B Neuropsychiatr Genet 156B: 413-420.

Groszer M, Erickson R, Scripture-Adams DD, Lesche R, Trumpp A, et al.
(2001) Negative regulation of neural stem/progenitor cell proliferation by the
Pten tumor suppressor gene in vivo. Science 294: 2186-2189.

Spielewoy C, Biala G, Roubert C, Hamon M, Betancur C, et al. (2001)
Hypolocomotor effects of acute and daily d-amphetamine in mice lacking the
dopamine transporter. Psychopharmacology (Berl) 159: 2-9.

. Mengual E, Pickel VM (2004) Regional and subcellular compartmentation of

the dopamine transporter and tyrosine hydroxylase in the rat ventral pallidum.
J Comp Neurol 468: 395-409.

MacLeod D, Dowman J, Hammond R, Leete T, Inoue K, et al. (2006) The
familial Parkinsonism gene LRRK2 regulates neurite process morphology.
Neuron 52: 587-593.

Teng L, Crooks PA, Sonsalla PK, Dwoskin LP (1997) Lobeline and nicotine
evoke [3H]overflow from rat striatal slices preloaded with [3H]dopamine:
differential inhibition of synaptosomal and vesicular [3H]dopamine uptake.

J Pharmacol Exp Ther 280: 1432-1444.

. Yang L, Calingasan NY, Chen J, Ley ]JJ, Becker DA, et al. (2005) A novel

azulenyl nitrone antioxidant protects against MPTP and 3-nitropropionic acid
neurotoxicities. Exp Neurol 191: 86-93.

Iwasato T, Nomura R, Ando R, Ikeda T, Tanaka M, et al. (2004) Dorsal
telencephalon-specific expression of Cre recombinase in PAC transgenic mice.

Genesis 38: 130-138.

October 2013 | Volume 9 | Issue 10 | e1003845



