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Abstract 

 

Macroautophagy (hereafter referred to as autophagy) plays a critical role in neuronal function 

related to development and degeneration. Here, we investigated whether autophagy is developmentally 

regulated in the striatum, a brain region implicated in neurodevelopmental disease. We demonstrate that 

autophagic flux is suppressed during striatal postnatal development, reaching adult levels around postnatal 

day 28 (P28). We also find that mTOR signaling, a key regulator of autophagy, increases during the same 

developmental period. We further show that mTOR signaling is responsible for suppressing autophagy, via 

regulation of Beclin-1 and VPS34 activity. These results demonstrate that neurons coopt metabolic 

signaling cascades to developmentally regulate autophagy and establish mTOR as a central node in the 

regulation of neuronal autophagy.  
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Introduction 

Originally characterized in studies of brewer’s yeast, macroautophagy (hereafter referred to as 

autophagy) is a degradative process for long-lived proteins and damaged organelles (Ohsumi, 2014). In 

neurons, autophagy is considered to play both protective and pathogenic roles, as it contributes to 

proteostasis and cell survival (Komatsu et al., 2006; Hara et al., 2006; Yamamoto et al., 2006; Yamamoto 

and Simonsen, 2011), while some neurons are thought to undergo autophagic cell death in 

neurodegenerative diseases (Yang et al., 2011; Yamamoto and Yue, 2014; González-Polo et al., 2005; 

Chakrabarti et al., 2009; Wang et al., 2006). Recently, autophagy has been recognized as an important 

cellular process during neuronal development (Ebrahimi-Fakhari et al., 2016a; Lieberman et al., 2018b; 

Dragich et al., 2016; Tang et al., 2014; Kim et al., 2017). Autophagic dysfunction is observed in 

neurodevelopmental disorders (Poultney et al., 2013; Hor and Tang, 2018; Byrne et al., 2016; Lee et al., 

2013), and mouse models with reduced autophagy display phenotypes implicated in autism spectrum 

disorders (ASD) (Tang et al., 2014; Kim et al., 2017; Yan et al., 2018). Yet, little is known about the 

developmental regulation of neuronal autophagy.  

The striatum is the main input nucleus of the basal ganglia, a brain circuit controlling action 

selection and reward processing, and is implicated in the pathophysiology of multiple neurodevelopmental 

diseases (Gerfen and Surmeier, 2011; Fuccillo, 2016). Although the principal neurons of the striatum, the 

spiny projection neurons (SPNs), migrate to the striatum during the embryonic period (Song and Harlan, 

1994), significant further maturation occurs during the first four postnatal weeks. SPNs receive excitatory 

inputs from the cortex and thalamus during the second and third postnatal weeks (Tepper et al., 1998). 

Dopaminergic axons innervate the striatum at birth but their ability to release neurotransmitter increases 

during the first two weeks (Voorn et al., 1988; Lieberman et al., 2018a). Finally, the intrinsic excitability 

of SPNs matures from weeks two through four (Tepper et al., 1998). Autophagy has been proposed to 

contribute to synaptic maturation and plasticity and dopamine release (Hernandez et al., 2012; Tang et al., 

2014; Nikoletopoulou et al., 2017). Thus, establishing whether autophagy is differentially regulated during 

postnatal development of the striatum would provide an insight into its role in neurodevelopment.  

Autophagy is a tightly regulated multi-step process (Bento et al., 2016) that, in dividing cells is 

controlled by energy balance (i.e., nutrient status) and metabolic kinases, including the mammalian target 

of rapamycin (mTOR). mTOR regulates autophagy via several mechanisms (He and Klionsky, 2009), 

including by phosphorylating and negatively regulating Unc-51-like autophagy-activating kinase 1 (ULK1) 

at Ser757 (Kim et al., 2011; Jung et al., 2009). This step prevents ULK1-mediated phosphorylation of 

Beclin-1 at Ser14, and the subsequent increase of PI3K activity of Vps34 (Russell et al., 2013). These 

molecular events initiate the formation of preautophagic structures that are subsequently expanded by a 

molecular cascade resulting in the modification of LC3, one of the mammalian homologs of the yeast Atg8 

(Shpilka et al., 2011). Processing of LC3, leads to phagophore expansion and sealing and is used as a 

biochemical readout of autophagosome formation (Kabeya et al., 2000; Klionsky et al., 2016). The 

enclosed, mature autophagosome then traffics to the lysosome where the autophagic cargo and cargo 

adaptors, such as p62, are degraded (Tanida et al., 2005).   

Whether similar signaling regulates autophagy in neurons remains controversial. It has been 

proposed that autophagy may act as a constitutive process for cellular homeostasis, thus circumventing the 

control of metabolic kinases such as mTOR (Yamamoto and Yue, 2014). The links between nutrient status 

and autophagy in neurons moreover remain elusive, with reports suggesting a regional and age-specific 

autophagic response to nutrient deprivation in neurons (Kaushik et al., 2011; Nikoletopoulou et al., 2017) 

and studies indicating the contrary (Mizushima et al., 2004). Moreover, direct regulation of autophagy by 
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mTOR, independent of nutrient status, has been reported by some (Hernandez et al., 2012; Tang et al., 

2014) but not others not (Maday and Holzbaur, 2016; Tsvetkov et al., 2010).  

These contrasting results raise the important question of whether autophagic activity is dynamically 

controlled in brain regions implicated in neurodevelopmental disease, and if so, whether autophagy in 

neurons is regulated by the same pathways that control nutrient deprivation-induced autophagy in non-

neuronal cells. 

Using biochemical, pharmacological and histological approaches, we demonstrate that autophagy 

is dynamically downregulated during postnatal development, following the upregulation of mTOR activity. 

Our results suggest that autophagy may play temporally-specific roles in brain development.  

Results 

Markers of autophagic activity decrease during postnatal development. 

To identify changes in autophagic activity during postnatal striatal development, we collected 

striata from mice at postnatal days 8, 14, 18, 28 and in adults (postnatal day 120; (Tepper et al., 1998; 

Lieberman et al., 2018b; Peixoto et al., 2016). These postnatal ages represent critical timepoints for striatal 

development. Briefly, synaptic dopamine release has begun and interneurons have migrated in the striatum 

at postnatal day 8 (Plotkin et al., 2005; Lieberman et al., 2018b; Ferrari et al., 2012). By postnatal day 14, 

excitatory inputs from the cortex and thalamus arrive and eye opening has occurred (Tepper et al., 1998), 

providing higher levels of sensory input. P18 represents the end of synaptogenesis and an age immediately 

before weaning (Tepper et al., 1998). At age P28, the period of postnatal refinement has ended (Tepper et 

al., 1998). We compared tissue from these ages to mice in early adulthood at postnatal day 120.  

We first measured the levels of DARPP32, a classic SPN marker, and actin as a loading control 

across postnatal development and found no differences (Figure 1A; (Tanida et al., 2005; Klionsky et al., 

2016). We then measured the level of total and processed form of the Atg8 family member, LC3B. We 

found a significant effect of age on the levels of processed LC3B (LC3B-ii) relative to actin and 

unprocessed LC3B (LC3B-i) (Figure 1A-C). The level of the autophagic adapter protein, p62, whose 

steady-state levels are determined by its own autophagic degradation, increased over the postnatal period 

(Figure 1D). These data suggest that overall autophagic activity decreases during the first four postnatal 

weeks. 

LC3+ puncta decrease in striatal spiny projection neurons during postnatal development.  

Western blot analysis of total striatal lysates includes proteins from all cell types present in the 

striatum, including neurons, glia, and vascular cells. To define the cell type in which the developmental 

changes in autophagy occur, we utilized a transgenic mouse ubiquitously expressing LC3 fused to both 

green (GFP) and red fluorescent proteins (RFP) (Figure S1A; tandem fluorescent-tagged LC3 or tfLC3) (Li 

et al., 2014). After processing, LC3 transitions from the cytosol to become membrane-bound on the 

autophagosome (LC3B-ii). Visualizing the distribution of fluorophore-tagged LC3 (LC3 puncta) provides 

a well-established assay for monitoring autophagic activity within a cell (Klionsky et al., 2016). 

Furthermore, as the fluorescence of the GFP component is quenched by the low pH of the lysosome, tfLC3 

permits analysis of the total number of autophagosomes and autolysosomes (RFP+ puncta) and non-

acidified autophagosomes (GFP+RFP+ puncta).  

We first used 2-photon microscopy to simultaneously image GFP and RFP signals in acute brain 

slices tfLC3 mice at age P10 and P28 (Figure S1B-C). At both ages, GFP fluorescence was diffuse in the 

cytosol and processes of striatal cells and RFP+ puncta were present in the soma. The density of the striatal 
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GFP fluorescence was too strong in the soma to discern individual puncta, we used the number of RFP 

puncta as a proxy for autophagosomes, with the caveat that we were unable to determine whether these 

puncta were also fused with lysosomes.  

To identify the number of RFP+ puncta in specific cell types, we perfused mice at age P10 and P28 

and co-labelled with cell-type specific markers of striatal neurons.  Spiny projection neurons can be 

identified by immunostaining with antibodies against DARPP-32. We observed a significant decrease in 

RFP+ puncta in DARPP32+ cells between P10 and P28 (Figure 1E-G), indicating that the reduction in 

autophagic activity we measured using biochemical assays of bulk striatal lysates occurs specifically in 

SPNs. 

Autophagosome biosynthesis is suppressed during postnatal development. 

Changes in the level of LC3B-ii, or the number of LC3 puncta, can arise from increases in 

autophagosome biosynthesis or decreases in the efficiency of autophagosome maturation and lysosomal 

degradation. To dissect the changes in autophagy during the postnatal period, we developed an ex vivo 

system to test the effects of drugs that do not cross the blood-brain barrier (Figure 2A). We generated acute 

brain slices from P10 or P28 mice and removed non-striatal tissue. We found that neither the slice procedure 

nor the incubation affected the age-dependent reduction in autophagy markers observed in vivo (Figure 2A-

B compared to Figure 1). This confirms that the mechanisms underlying changes in autophagic markers 

during postnatal development can be defined using this ex vivo system. 

Figure 1. Autophagy decreases during striatal development. (A) Representative Western blot images for LC3B, p62, 

DARPP32, and actin. (B-D) Quantification of (B) LC3B-ii relative to actin, (C) LC3B-ii relative to LC3B-i, (D) p62 relative 

to actin normalized to P120 values. Data analyzed with one-way ANOVA; (B) Age: F(4,21) = 6.526, p=0.0014; (C)  Age: 

F(4,22)=3.797, p=0.0171; (D) Age: F(4,15)=3.762, p=0.0260.  * P<0.05, ** p< 0.01, **** p<0.0001, n=4-6 mice/ age. (E-F) 

Representative images of DARPP32 stained striatal neurons and RFP fluorescence from mice aged P10 and P28. Dashed lines 

indicate cell body outlines. (G) Quantification of number of LC3 puncta/cell. Unpaired, two-tailed t test, t4 = 4.392, p=0.0118. 

N=3 mice/ age. 
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We incubated slices from mice 

at age P10 and P28 with bafilomycin A1 

(BafA1, 100 nM), a specific inhibitor of 

the vacuolar proton pump, or vehicle 

(DMSO, 0.1%) for three hours, an 

incubation time similar to that used in 

cultured cells (Klionsky et al., 2016), to 

prevent lysosomal acidification and 

block autophagosome-lysosome fusion. 

As treatment with BafA1 prevents 

LC3B-ii degradation, changes in LC3B-

ii levels following BafA1 treatment are 

interpreted as the rate of 

autophagosome biosynthesis. BafA1 

treatment increased LC3B-ii in slices 

from P10 mice, but had no significant 

effect in slices from P28 mice (Figure 

2C-D). BafA1 treatment had no effect 

on DARPP32 levels at either age 

(Figure 2C). Slices from either age 

treated with BafA1 for one hour 

showed no change in LC3B-ii levels 

(data not shown). This suggests that 

the higher baseline level of LC3B-ii at 

P10 arises from increased 

autophagosome biosynthesis.  

mTOR signaling is upregulated during the postnatal development.  

mTOR signaling is a key negative regulator of autophagic activity. We therefore hypothesized that 

mTOR activity in the striatum increases during postnatal development and suppresses autophagy. 

mTOR kinase activity can be monitored by measuring the state of phosphorylation of its 

downstream targets. The level of phosphorylation at serine 757 of ULK1, which is phosphorylated by 

mTOR and inhibits ULK1 kinase activity (Kim et al., 2011), increased during the postnatal period in the 

striatum (Figure 3A-C). We then confirmed that ULK1 kinase activity is inhibited by monitoring the 

phosphorylation state of Beclin-1, a ULK1 target.  Phosphorylation of Beclin-1 at serine 14 decreased 

during postnatal development (Figure 3A-C). mTOR activity also leads to the phosphorylation of the 

ribosomal protein S6 (rpS6) on serine 240 and serine 244 (Magnuson et al., 2012). We observed a sharp 

increase in rpS6 Ser240/244 at P18 before decreasing into adulthood (Figure 3B and 3D). Overall these 

data indicate an increase in mTOR activity during striatal postnatal development. Interestingly, we did not 

observe a significant effect of age on phosphorylation of ERK1/2 (Figure 3B and 3D) suggesting that 

Figure 2. Striatal autophagosome biosynthesis decreases from P10-P28. 

(A) Schematic of coronal brain section showing dissection boundaries for ex 

vivo experiments. (B) Quantification of LC3B-ii relative to actin for every 

vehicle-only slice showed in Figures 2, 4, and 5. Unpaired, two-tailed t test, 

t52 = 5.824, ****p<0.0001. (C) Representative Western blot images of actin, 

DARPP32 and LC3B in slices obtained from P10 or P28 mice, incubated 

with BafA1 (100 nM, 3 hours) or vehicle (Veh; DMSO, 0.1%). (D) LC3B-ii 

relative to actin, normalized to vehicle condition at each age. P10: Unpaired, 

two-tailed t test, t25 = 5.113, ****p<0.0001; P28: Unpaired, two-tailed t test, 

t10 = 0.6228, p=0.5473. P10: Veh: n= 16 slices, BafA1 n = 11 slices from 4-

6 mice. P28: Veh: n=6 slices, BafA1 n=6 slices from 3 mice. 
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increased mTOR activity during the postnatal period is not associated with a 

global change in molecular signaling.  

Inhibition of Vps34 reduces LC3B-ii levels during early postnatal 

development. 

mTOR negatively regulates autophagosome biosynthesis by inhibiting 

ULK1 activity (Jung et al., 2009; Kim et al., 2011). When ULK1 is active, it 

promotes autophagosome formation by phosphorylating Beclin-1, which 

increases the PI3K activity of its partner, Vps34 (Russell et al., 2013). To 

address whether elevated autophagy at P10 was a result of enhanced Vps34 

activity, we incubated acute striatal slices with the Vps34 inhibitor, SAR405 

(1 µM) or vehicle (DMSO, 0.1%) for three hours (Ronan et al., 2014). 

SAR405 significantly reduced the level of LC3B-ii in slices from mice at age 

P10 but had no effect on slices from P28 mice (Figure 4A-B). This 

demonstrates that elevated autophagic activity in the striatum of early 

postnatal mice is Vps34-dependent. The lack of effect of SAR405 on 

autophagic activity at P28 indicates that reduced Vps34 activity, possibly via 

increased mTOR signaling (Figure 3), is responsible for the lower levels of 

autophagosome biosynthesis at P28.  

Figure 3. mTOR signaling increases during striatal development. (A) Schematic representation of mTOR targets. mTOR 

inhibits ULK1 activity by phosphorylating Ser757. P-ULK1 activates Vps34 activity (not shown) by phosphorylating 

Beclin-1 on Ser14. mTOR promotes protein synthesis by phosphorylating rpS6 on Ser240/244. (B) Representative Western 

blot images quantified in C-D. (C) Quantification of pULK1 S757 relative to actin (grey squares) and p-Beclin S14 relative 

to total Beclin-1 (black dots). Data analyzed with one-way ANOVA; p-ULK1 S757/ actin: Age: F(4,13) = 6.093, p=0.0055; p-

Beclin-1S14/ total Beclin-1: Age: F(4,14) = 4.945, p=0.0107. (D) Quantification of p-rpS6 S240/244 and p-Erk1/2 relative to 

total rpS6 and total Erk1/2, respectively. Data analyzed with one-way ANOVA; p-rpS6 240/244: Age: F(4,20) = 12.69, 

p<0.0001. p-Erk1: Age: F(4,17) = 2.625, p=0.0712. p-Erk2: Age: F(4,17) = 0.3561, p=0.8362.  N=3-6 mice/ age. * P<0.05, ** 

P<0.01, **** p<0.0001. 

Figure 4. Vps34 activity is 

required for maintaining 

LC3B-ii levels at P10. Legend 

on next page.  
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mTOR inhibition increases LC3B processing during the late 

postnatal period. 

Having shown that Vps34 drives elevated autophagy at 

P10, we explored whether enhanced mTOR activity inhibits 

autophagy at P28. mTOR activity can be pharmacologically 

inhibited by direct active site inhibitors, such as Torin-1 (Thoreen 

et al., 2009). We incubated striatal slices from mice at P28 with 

Torin-1 (5 µM) or vehicle (DMSO, 0.1%) for three hours and 

measured LC3B-ii levels. Torin-1 treatment increased LC3B-ii 

levels and the phosphorylation of Beclin-1 at the ULK1 site 

(Ser14), suggesting that mTOR inhibition activates autophagy in a 

ULK1/Beclin-1 dependent manner (Figure 5A-C).  

Discussion 

Neuronal autophagy has been proposed to play a key role 

in neurodevelopment and autophagic dysfunction may lead to 

neurodevelopmental disorders (Lieberman et al., 2018b; Tang et 

al., 2014; Yan et al., 2018; Kim et al., 2017; Dragich et al., 2016). 

In this study we address whether autophagic activity is 

developmentally controlled in the principal neurons of the striatum, 

a brain region implicated in neurodevelopmental disorders 

(Fuccillo, 2016). We found that autophagy is dynamically regulated 

in SPNs during postnatal development, reaching adult levels around 

P28. These findings provide mechanistic insight into the regulation 

of autophagy during striatal postnatal development and establish the 

basis for a further evaluation of its role in physiological and 

pathological conditions.  

By analyzing key endogenous biochemical markers (such 

as LC3B-ii, p62, p-Ser757-ULK1 and p-Ser14-Beclin-1), we 

discovered that autophagy decreases progressively during the 

postnatal development of SPNs. The autophagy markers were 

measured in bulk lysates containing neurons, glia and endothelial cells (among others). To identify the cell 

types that feature changes during postnatal development, we utilized tfLC3 mice (Li et al., 2014). Given 

the challenges in assaying endogenous autophagic proteins using immunofluorescence, tfLC3 mice provide 

a unique resource, as overexpressed LC3 is fused to fluorescent proteins that permit morphological 

characterization of autophagic structure. While the high levels of expression prevented the identification of 

individual autophagic puncta in both live imaging (Figure S1) and fixed tissue (not shown), the level of 

autophagolysosomes represented by RFP-LC3+ puncta was higher in SPN somata at P10 than at P28, in 

agreement with our biochemical analysis (Figure 1).  

Figure 4. Vps34 activity is required for maintaining LC3B-ii levels at P10. Figure on previous page. (A) Representative 

Western blot images for actin, DARPP32 and LC3B-i and -ii in striatal slices obtained from P10 or P28 mice, treated with 

SAR405 (1 µM) or vehicle (Veh; DMSO, 0.1%). (B) Quantification of LC3B-ii relative to actin, normalized to vehicle 

condition at each age. P10: unpaired, two-tailed t test, t11 = 2.985, p=0.0124; P28: Unpaired, two-tailed t test, t24 = 1.807, 

p=0.0922. P10: Veh: n=6 slices, SAR405 n=7 slices from 3-4 mice/ age. P28: Veh: n=9 slices, Baf n=7 slices from 3-4 mice/ 

age.* p<0.05. 

Figure 5. mTOR inhibition increases p-

Beclin-1 and LC3B-ii levels at P28. (A) 

Representative Western blot images for 

actin, DARPP32, p-Beclin-1 Ser14 and 

LC3B-i and -ii in striatal slices from P28 

mice, treated with Torin-1 (5 µM) or vehicle 

(Veh; DMSO, 0.1%). (B-C) Quantification 

of (B) LC3B-ii and (C) p-Beclin S14 relative 

to actin, normalized to vehicle. Data 

analyzed with unpaired, two-tailed t test; (B) 

LC3B-ii/ actin, t34 = 2.312, p=0.0270. Veh: 

n=24 slices, Baf n=12 slices from 5-7 mice.* 

p<0.05. (C) p-Beclin S14/ actin, t22 = 3.337, 

p=0.0030. ** P<0.01, Veh: n=18 slices, 

Torin-1 n=6 slices from 3-5 mice. 
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Autophagic flux is determined by the kinetics of autophagosome biosynthesis, autophagosome 

maturation and autophagic cargo degradation by lysosomal proteases. Steady-state measurement of LC3B-

ii levels provide a useful proxy for the measurement of autophagic activity. An elevated level of LC3B-ii 

could indicate either increased or decreased autophagic flux, as both increased autophagosome biosynthesis 

and decreased lysosomal degradation of autophagic proteins can increase LC3B-ii (Kabeya et al., 2000; 

Klionsky et al., 2016). To functionally measure autophagic flux in striatal tissue, we developed an ex vivo 

acute brain slice system and found that steady state increases in LC3B-ii levels at P10 were further elevated 

by acute blockade of lysosomal degradation with BafA1 compared to LC3B-ii levels at P28. This suggests 

that increased autophagosome biosynthesis is responsible for the higher steady-state LC3B-ii levels, as 

inhibition of lysosomal degradation would not have an effect on LC3B-ii levels if lysosomal degradation 

were already compromised. These results indicate that the postnatal suppression of autophagy results from 

changes in autophagosome biosynthesis. Determining whether autophagosome formation is critical for the 

degradation of specific cargo during the early postnatal period or whether this represents a key switch in 

modes of membrane trafficking will be important to understanding the role of autophagy in 

neurodevelopment. 

In line with changes in autophagosome biosynthesis during striatal maturation, we found that 

mTOR-dependent signaling increases over the course of postnatal development, thereby suppressing 

autophagosome synthesis via inhibition of ULK1 and Beclin-1 activity. We also determined that the 

phosphorylation of mTOR targets increases during the third postnatal week. These include downstream 

targets involved in protein synthesis, such as rpS6, and autophagy, such as ULK1. mTOR specifically 

phosphorylates ULK1 at Ser757 and inhibits its kinase activity (Kim et al., 2011). Consistently, we also 

observed a decrease in the level of phosphorylation on the ULK1 site in Beclin-1, a key component of the 

class III-PI3K complex required for autophagosome biosynthesis (Russell et al., 2013; Itakura et al., 2008). 

These results provide a functional readout for increased mTOR activity on autophagy-specific downstream 

targets and demonstrate a direct link between mTOR signaling and a regulation of autophagy activity 

observed during the postnatal development. Inhibition of mTOR activity at P28, when mTOR activity is 

elevated, induces autophagy and increases the phosphorylation of Beclin-1 at Ser14 and LC3B-ii levels. 

Further work will also focus on whether additional kinases which integrate metabolic status in the 

periphery, such as AMPK (He and Klionsky, 2009), control developmental changes in neuronal autophagy. 

These findings may help to resolve conflicting results present in the literature. Several groups have 

found that mTOR inhibition fails to increase autophagic activity in primary neuronal culture (Maday and 

Holzbaur, 2016; Tsvetkov et al., 2010) or in vivo (Fox et al., 2010). In contrast, others report that 

pharmacological (Hernandez et al., 2012; Tang et al., 2014) or genetic inhibition of mTOR drives autophagy 

(Yan et al., 2018) as well as hyperactivation of mTOR signaling inhibits autophagy in the CNS (McMahon 

et al., 2012; Tang et al., 2014; Ebrahimi-Fakhari et al., 2016b). This discrepancy may arise from model 

system used (i.e., cell culture vs in vivo), developmental stage, or treatment paradigm. Further complicating 

the link between mTOR and autophagy is that standard activators of autophagy such as starvation in vivo 

and nutrient or serum deprivation ex vivo may not have effects in the brain (Maday and Holzbaur, 2016; 

Young et al., 2009; Mizushima et al., 2004; Nikoletopoulou et al., 2017). Our findings suggest that mTOR 

signaling is important for the regulation of autophagy during critical developmental windows in neurons in 

a manner unrelated to nutrient status. mTOR signaling is under the control of several neural-specific signals 

such as patterned neuronal activity and specific neurotransmitters or neuromodulators (Sutton and Caron, 

2015; Santini et al., 2009; Auerbach et al., 2011; Yin et al., 2006; Bockaert and Marin, 2015), suggesting 

possible mechanisms through which mTOR activity is regulated within developing neural circuits. 
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In summary, we find that the postnatal development of SPNs is correlated with a change in 

autophagy and this is determined by mTOR signaling status. Intriguingly, this signaling cascade is also 

critical for nutrient-deprivation induced autophagy in dividing cells (He and Klionsky, 2009), suggesting 

that the same signaling cascade may be triggered by different cues depending on the tissue type. There is a 

broad range of significant changes in neurotransmitter content, neuronal firing patterns and synaptic 

plasticity that occurs during this period, providing a plethora of candidates that could dynamically regulate 

mTOR signaling and autophagy during the course of postnatal development. Autophagy is also known to 

regulate surface levels of neurotransmitter receptors, axon pathfinding, synaptic maturation and plasticity, 

suggesting that autophagy acts dynamically during early postnatal developmental to entrain adult-like 

neuronal activity that subsequently suppresses autophagy by activating mTOR signaling (Rowland et al., 

2006; Shehata et al., 2012; Dragich et al., 2016; Nikoletopoulou et al., 2017; Tang et al., 2014; Hernandez 

et al., 2012). Such a feedback process may provide a temporal and mechanistic framework for future studies 

that address the role of autophagy, and its regulation by mTOR, in neuronal development. 

Methods 

Animals 

Breeder pairs of C57/BL6J were obtained from Jackson Laboratories (Bar Harbor, ME). Mice were 

checked every day or every other day for pregnancy and new litters. TfLC3 mice were obtained from 

Jackson Laboratories (C57BL/6-Tg(CAG-RFP/EGFP/Map1lc3b)1Hill/J; Strain No. 027139). Breeder pairs 

were housed on a 12-hour light/dark cycle with water and food available ad libitum. Offspring were weaned 

between postnatal day 18 and 20 and split into same sex groups of 2-5. All experimental procedures were 

approved by the Columbia University Institutional Animal Care and Use Committee. Mice of both sexes 

were utilized for experiments and data were combined as no effect of gender was observed.  

In vivo sample preparation 

Striatal sample preparation was performed as previously described (Santini et al., 2007). Mice at 

specified ages were rapidly decapitated and their head was briefly placed in liquid nitrogen. The brain was 

subsequently removed and a single striatum was dissected and flash frozen in liquid nitrogen. Samples were 

stored at -80 ºC until the full cohort was collected. Samples were then homogenized in 1% SDS by a brief 

sonication. Protein content was determined by the BCA assay (Thermo Fisher). No significant effect of age 

was found on total protein (data not shown). Samples were then boiled in sample buffer and frozen until 

western blot analysis.  

Acute brain slice 

Acute brain slices were prepared essentially as described (Lieberman et al., 2018a). Briefly, mice 

underwent cervical dislocation and the brain was removed and placed in ice-cold high sucrose cutting 

solution (in mM): 10 NaCl, 2.5 KCl, 25 NaHCO3, 0.5 CaCl2, 7 MgCl2, 1.25 NaH2PO4, 180 sucrose, 10 

glucose bubbled with 95% O2/5% CO2 to pH 7.4. Brains were mounted on a VT1200 vibratome (Leica 

Biosystems) and coronal sections (250 µm) including the striatum were collected. Slices were then 

transferred to a basin contained ice-cold cutting solution and the striatum was manually dissected. Slices 

were moved to scintillation vials containing 7 mL of ACSF (in mM): 125 NaCl, 2.5 KCl, 25 NaHCO3, 2 

CaCl2, 1 MgCl2, 1.25 NaH2PO4, and 10 glucose bubbled with 95% O2/5% CO2 to pH 7.4 at 34 ºC. Slices 

from two mice at the same age were combined in individual experiments and split into 4 conditions. Slices 

were allowed to rest for one hour followed by addition of vehicle or drug. Following incubation with drug 

at 34 ºC for the specified time, slices were removed and flash frozen in liquid nitrogen. After slices were 
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collected from a complete experiment (i.e. slices from 4-6 mice per age, at P10 and P28), slices were 

homogenized by sonication in 1% SDS and prepared as described above for Western blot analysis.  

Western blot 

Equivalent amount of protein per sample (5-25 µg/well) were loaded into 10% or 12% 

polyacrylamide gels as described (Santini et al., 2007). Protein was transferred from the gel to an Immobilon 

FL PVDF membrane (pore size 0.2 µm). Blots were blocked in TBS with 0.1% Tween-20 (TBST) and 5% 

bovine serum albumin (BSA) for one hour at room temperature. Blots were then incubated with primary 

antibody (see Table 1 for detailed information regarding antibodies) diluted in TBST with 5% BSA as 

specified (see table 1 for dilution and antibody sources) overnight at 4 ºC. Blots were then washed with 

TBST and incubated in secondary antibody for one hour at room temperature. Blots were developed using 

either the Odyssey imaging system (LICOR) or an enhanced chemiluminescence (ECL) system 

(Amersham) and imaged using an Azure Biosystems C600 system. Western blots developed using the 

Odyssey system were analyzed in Image Studio Lite (LICOR). Western blots developed with the ECL 

system were analyzed using standard routines in ImageJ. All samples were probed for beta-actin and 

DARPP32 as loading and dissection controls, respectively.  

Drugs and chemicals 

BafA1 (0.1 µM) and Torin-1 (5 µM) were purchased from Tocris. SAR 405 (1 µM) was purchased 

from Cayman Chemicals. All drugs were dissolved in DMSO and slices were incubated in ACSF containing 

the drugs or equivalent volume of vehicles for three hours at 34ºC. DMSO did not exceed a final 

concentration of 0.1%. All other chemicals were purchased from Fisher Scientific. 

2p-microscopy 

Two-photon images were acquired on a Prairie Ultima microscope system (Middleton, WI) using 

PrairieView 4.3 software.  Acute brain slices were transferred into a chamber and perfused with oxygenated 

ACSF at room temperature.  Samples were excited with a Coherent (Santa Clara, CA) Chameleon Ultra 

two-photon laser at 980 nm, and images were simultaneously collected through two photomultiplier tube 

channels with corresponding 585-630 nm and 490-560 nm emission windows.  The objective used was a 

60X, 0.9 NA water immersion lens, and images were 1024x1024 pixels in size.   

Immunohistochemistry 

Mice were deeply anesthestized and transcardially perfused with 0.9% Nacl followed by 4% 

paraformaldehyde (PFA) in 0.1M phosphate buffer (PB). Brains were removed and post-fixed overnight in 

4% PFA in 0.1M PB. Brains were then washed three times in 1X phosphate buffered saline and cut into 40 

µm sections using a VT1200 vibratome (Leica Biosystems) and stored in cryoprotectant (0.1M PB, 30% 

glycerol, 30% ethylene glycol) at -20 ºC. For immunofluorescence analysis, sections were washed in TBS 

three times and then blocked and permeabilized for one hour at room temperature with 10% normal donkey 

serum (Jackson Immunoresearch) and 0.1% Triton-X in TBS. Sections were then incubated overnight at 4 

ºC with primary antibodies in 2% normal donkey serum, 0.1% Triton-X in TBS. Primary antibodies 

included: Rabbit anti-DARPP32 (Cell Signaling), and Chicken anti Green Fluorescent Protein (Abcam). 

Secondary antibodies with the appropriate conjugated fluorphores were purchased from Invitrogen. The 

endogenous fluorescence of RFP was imaged. Sections were then washed in TBS and mounted. Images 

were obtained using a Leica SP5 confocal system with argon, DPSS He/Ne lasers. Images were obtained 

with a 63X oil immersion objective with a 2x digital zoom at 2048x2048 resolution (~120 nm resolution). 
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All images were taken with the same laser intensity and detector settings with non-saturating pixel 

intensities. 

Image analysis was conducted in ImageJ. Cell bodies were segmented using DARPP32 staining. 

RFP+ puncta within each segment was counted manually. 10-20 cells were counted per section, 2-4 sections 

were counted per animal. Average number of puncta per cell was determined from n=3 animals per age. 

All images were collected and all analyses were conducted blind to condition.  

Statistics 

All analysis was conducted blind to condition. For statistical analysis between two groups, 

unpaired, two-tailed t tests were used. For analysis between 3 or more groups, one-way ANOVA was used. 

Normality was not formally tested. Sample size was not based on a formal power analysis but was based 

on past work from our groups and similar experiments from the literature. Statistical analysis was conducted 

in GraphPad Prism 7 (La Jolla, Ca). All bar graphs show the mean ± SEM. 
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Figure Legends 

Figure 1. Autophagy decreases during striatal development. (A) Representative Western blot images 

for LC3B, p62, DARPP32, and actin. (B-D) Quantification of (B) LC3B-ii relative to actin, (C) LC3B-ii 

relative to LC3B-i, (D) p62 relative to actin normalized to P120 values. Data analyzed with one-way 

ANOVA; (B) Age: F(4,21) = 6.526, p=0.0014; (C)  Age: F(4,22)=3.797, p=0.0171; (D) Age: F(4,15)=3.762, 

p=0.0260.  * P<0.05, ** p< 0.01, **** p<0.0001, n=4-6 mice/ age. (E-F) Representative images of 

DARPP32 stained striatal neurons and RFP fluorescence from mice aged P10 and P28. Dashed lines 

indicate cell body outlines. (G) Quantification of number of LC3 puncta/cell. Unpaired, two-tailed t test, t4 

= 4.392, p=0.0118. N=3 mice/ age. 

Figure 2. Striatal autophagosome biosynthesis decreases from P10-P28. (A) Schematic of coronal brain 

section showing dissection boundaries for ex vivo experiments. (B) Quantification of LC3B-ii relative to 

actin for every vehicle-only slice showed in Figures 2, 4, and 5. Unpaired, two-tailed t test, t52 = 5.824, 

****p<0.0001. (C) Representative Western blot images of actin, DARPP32 and LC3B in slices obtained 

from P10 or P28 mice, incubated with BafA1 (100 nM, 3 hours) or vehicle (Veh; DMSO, 0.1%). (D) LC3B-

ii relative to actin, normalized to vehicle condition at each age. P10: Unpaired, two-tailed t test, t25 = 5.113, 
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****p<0.0001; P28: Unpaired, two-tailed t test, t10 = 0.6228, p=0.5473. P10: Veh: n= 16 slices, BafA1 n = 

11 slices from 4-6 mice. P28: Veh: n=6 slices, BafA1 n=6 slices from 3 mice. 

Figure 3. mTOR signaling increases during striatal development. (A) Schematic representation of 

mTOR targets. mTOR inhibits ULK1 activity by phosphorylating Ser757. P-ULK1 activates Vps34 activity 

(not shown) by phosphorylating Beclin-1 on Ser14. mTOR promotes protein synthesis by phosphorylating 

rpS6 on Ser240/244. (B) Representative Western blot images quantified in C-D. (C) Quantification of 

pULK1 S757 relative to actin (grey squares) and p-Beclin S14 relative to total Beclin-1 (black dots). Data 

analyzed with one-way ANOVA; p-ULK1 S757/ actin: Age: F(4,13) = 6.093, p=0.0055; p-Beclin-1S14/ total 

Beclin-1: Age: F(4,14) = 4.945, p=0.0107. (D) Quantification of p-rpS6 S240/244 and p-Erk1/2 relative to 

total rpS6 and total Erk1/2, respectively. Data analyzed with one-way ANOVA; p-rpS6 240/244: Age: F(4,20) 

= 12.69, p<0.0001. p-Erk1: Age: F(4,17) = 2.625, p=0.0712. p-Erk2: Age: F(4,17) = 0.3561, p=0.8362.  N=3-6 

mice/ age. * P<0.05, ** P<0.01, **** p<0.0001. 

Figure 4. Vps34 activity is required for maintaining LC3B-ii levels at P10. (A) Representative Western 

blot images for actin, DARPP32 and LC3B-i and -ii in striatal slices obtained from P10 or P28 mice, treated 

with SAR405 (1 µM) or vehicle (Veh; DMSO, 0.1%). (B) Quantification of LC3B-ii relative to actin, 

normalized to vehicle condition at each age. P10: unpaired, two-tailed t test, t11 = 2.985, p=0.0124; P28: 

Unpaired, two-tailed t test, t24 = 1.807, p=0.0922. P10: Veh: n=6 slices, SAR405 n=7 slices from 3-4 mice/ 

age. P28: Veh: n=9 slices, Baf n=7 slices from 3-4 mice/ age.* p<0.05. 

Figure 5. mTOR inhibition increases p-Beclin-1 and LC3B-ii levels at P28. (A) Representative Western 

blot images for actin, DARPP32, p-Beclin-1 Ser14 and LC3B-i and -ii in striatal slices from P28 mice, 

treated with Torin-1 (5 µM) or vehicle (Veh; DMSO, 0.1%). (B-C) Quantification of (B) LC3B-ii and (C) 

p-Beclin S14 relative to actin, normalized to vehicle. Data analyzed with unpaired, two-tailed t test; (B) 

LC3B-ii/ actin, t34 = 2.312, p=0.0270. Veh: n=24 slices, Baf n=12 slices from 5-7 mice.* p<0.05. (C) p-

Beclin S14/ actin, t22 = 3.337, p=0.0030. ** P<0.01, Veh: n=18 slices, Torin-1 n=6 slices from 3-5 mice. 

Table 1. Antibodies  

Antibody Company 

(Catalog No.) 

Dilution  Detection Method Notes 

Rabbit anti LC3B Novus Biologicals 

(NB600-1384) 

1:1000 Odyssey 12% SDS-PAGE 

gel required 

Rabbit anti p62 MBL (PM045) 1:1000 Odyssey Atg7KO 

validated (data 

not shown) 

Rabbit anti 

Darpp32 

Cell Signaling 

Technology 

(2306) 

1:2500-5000 Odyssey  

Mouse anti β-

Actin 

Novus Biologicals 

(NB600-501) 

1:5000-10000 Odyssey  

Rabbit anti p-

ULK1 (Ser757) 

Cell Signaling 

Technology 

(6888) 

1:500 Odyssey  

Rabbit anti Beclin Cell Signaling 

Technology 

(3495) 

1:1000 ECL  
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Rabbit anti p-

Beclin-1 (Ser14) 

Cell Signaling 

Technology 

(84966) 

1:1000 ECL  

Rabbit anti S6 

ribosomal protein  

Cell Signaling 

Technology 

(2217) 

1:1000-2000 ECL  

Rabbit anti p-S6 

ribosomal protein 

(Ser240/244) 

Cell Signaling 

Technology 

(2215) 

1:1000-2000 ECL  

Rabbit anti p44/42 

MAPK (Erk1/2)  

Cell Signaling 

Technology 

(4695) 

1:1000 Odyssey  

Rabbit anti p-

p44/42 MAPK 

(Erk1/2; 

Thr202/Tyr204) 

Cell Signaling 

Technology 

(4370) 

1:1000 Odyssey  

 

  

certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which was notthis version posted January 31, 2019. ; https://doi.org/10.1101/536680doi: bioRxiv preprint 

https://doi.org/10.1101/536680


 

 

Bibliography 

Auerbach, B.D., E.K. Osterweil, and M.F. Bear. 2011. Mutations causing syndromic autism define an 

axis of synaptic pathophysiology. Nature. 480:63–68. doi:10.1038/nature10658. 

Bento, C.F., M. Renna, G. Ghislat, C. Puri, A. Ashkenazi, M. Vicinanza, F.M. Menzies, and D.C. 

Rubinsztein. 2016. Mammalian autophagy: how does it work? Annu. Rev. Biochem. 85:685–713. 

doi:10.1146/annurev-biochem-060815-014556. 

Bockaert, J., and P. Marin. 2015. mTOR in Brain Physiology and Pathologies. Physiol. Rev. 95:1157–

1187. doi:10.1152/physrev.00038.2014. 

Byrne, S., L. Jansen, J.-M. U-King-Im, A. Siddiqui, H.G.W. Lidov, I. Bodi, L. Smith, R. Mein, T. Cullup, 

C. Dionisi-Vici, L. Al-Gazali, M. Al-Owain, Z. Bruwer, K. Al Thihli, R. El-Garhy, K.M. Flanigan, 

K. Manickam, E. Zmuda, W. Banks, R. Gershoni-Baruch, H. Mandel, E. Dagan, A. Raas-

Rothschild, H. Barash, F. Filloux, D. Creel, M. Harris, A. Hamosh, S. Kölker, D. Ebrahimi-

Fakhari, G.F. Hoffmann, D. Manchester, P.J. Boyer, A.Y. Manzur, C.M. Lourenco, D.T. Pilz, A. 

Kamath, P. Prabhakar, V.K. Rao, R.C. Rogers, M.M. Ryan, N.J. Brown, C.A. McLean, E. Said, 

U. Schara, A. Stein, C. Sewry, L. Travan, F.A. Wijburg, M. Zenker, S. Mohammed, M. Fanto, M. 

Gautel, and H. Jungbluth. 2016. EPG5-related Vici syndrome: a paradigm of 

neurodevelopmental disorders with defective autophagy. Brain. 139:765–781. 

doi:10.1093/brain/awv393. 

Chakrabarti, L., J. Eng, N. Ivanov, G.A. Garden, and A.R. La Spada. 2009. Autophagy activation and 

enhanced mitophagy characterize the Purkinje cells of pcd mice prior to neuronal death. Mol. 

Brain. 2:24. doi:10.1186/1756-6606-2-24. 

Dragich, J.M., T. Kuwajima, M. Hirose-Ikeda, M.S. Yoon, E. Eenjes, J.R. Bosco, L.M. Fox, A.H. Lystad, 

T.F. Oo, O. Yarygina, T. Mita, S. Waguri, Y. Ichimura, M. Komatsu, A. Simonsen, R.E. Burke, 

C.A. Mason, and A. Yamamoto. 2016. Autophagy linked FYVE (Alfy/WDFY3) is required for 

establishing neuronal connectivity in the mammalian brain. Elife. 5. doi:10.7554/eLife.14810. 

Ebrahimi-Fakhari, D., A. Saffari, L. Wahlster, J. Lu, S. Byrne, G.F. Hoffmann, H. Jungbluth, and M. 

Sahin. 2016a. Congenital disorders of autophagy: an emerging novel class of inborn errors of 

neuro-metabolism. Brain. 139:317–337. doi:10.1093/brain/awv371. 

Ebrahimi-Fakhari, D., A. Saffari, L. Wahlster, A. Di Nardo, D. Turner, T.L. Lewis, C. Conrad, J.M. 

Rothberg, J.O. Lipton, S. Kölker, G.F. Hoffmann, M.-J. Han, F. Polleux, and M. Sahin. 2016b. 

Impaired mitochondrial dynamics and mitophagy in neuronal models of tuberous sclerosis 

complex. Cell Rep. 17:1053–1070. doi:10.1016/j.celrep.2016.09.054. 

Ferrari, D.C., B.J. Mdzomba, N. Dehorter, C. Lopez, F.J. Michel, F. Libersat, and C. Hammond. 2012. 

Midbrain dopaminergic neurons generate calcium and sodium currents and release dopamine in 

the striatum of pups. Front. Cell Neurosci. 6:7. doi:10.3389/fncel.2012.00007. 

Fox, J.H., T. Connor, V. Chopra, K. Dorsey, J.A. Kama, D. Bleckmann, C. Betschart, D. Hoyer, S. 

Frentzel, M. Difiglia, P. Paganetti, and S.M. Hersch. 2010. The mTOR kinase inhibitor 

Everolimus decreases S6 kinase phosphorylation but fails to reduce mutant huntingtin levels in 

brain and is not neuroprotective in the R6/2 mouse model of Huntington’s disease. Mol. 

Neurodegener. 5:26. doi:10.1186/1750-1326-5-26. 

certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which was notthis version posted January 31, 2019. ; https://doi.org/10.1101/536680doi: bioRxiv preprint 

https://doi.org/10.1101/536680


 

 

Fuccillo, M.V. 2016. Striatal circuits as a common node for autism pathophysiology. Front. Neurosci. 

10:27. doi:10.3389/fnins.2016.00027. 

Gerfen, C.R., and D.J. Surmeier. 2011. Modulation of striatal projection systems by dopamine. Annu. 

Rev. Neurosci. 34:441–466. doi:10.1146/annurev-neuro-061010-113641. 

González-Polo, R.-A., P. Boya, A.-L. Pauleau, A. Jalil, N. Larochette, S. Souquère, E.-L. Eskelinen, G. 

Pierron, P. Saftig, and G. Kroemer. 2005. The apoptosis/autophagy paradox: autophagic 

vacuolization before apoptotic death. J. Cell Sci. 118:3091–3102. doi:10.1242/jcs.02447. 

Hara, T., K. Nakamura, M. Matsui, A. Yamamoto, Y. Nakahara, R. Suzuki-Migishima, M. Yokoyama, K. 

Mishima, I. Saito, H. Okano, and N. Mizushima. 2006. Suppression of basal autophagy in neural 

cells causes neurodegenerative disease in mice. Nature. 441:885–889. doi:10.1038/nature04724. 

He, C., and D.J. Klionsky. 2009. Regulation mechanisms and signaling pathways of autophagy. Annu. 

Rev. Genet. 43:67–93. doi:10.1146/annurev-genet-102808-114910. 

Hernandez, D., C.A. Torres, W. Setlik, C. Cebrián, E.V. Mosharov, G. Tang, H.-C. Cheng, N. Kholodilov, 

O. Yarygina, R.E. Burke, M. Gershon, and D. Sulzer. 2012. Regulation of presynaptic 

neurotransmission by macroautophagy. Neuron. 74:277–284. doi:10.1016/j.neuron.2012.02.020. 

Hor, C.H.H., and B.L. Tang. 2018. Beta-propeller protein-associated neurodegeneration (BPAN) as a 

genetically simple model of multifaceted neuropathology resulting from defects in autophagy. Rev 

Neurosci. doi:10.1515/revneuro-2018-0045. 

Itakura, E., C. Kishi, K. Inoue, and N. Mizushima. 2008. Beclin 1 forms two distinct phosphatidylinositol 

3-kinase complexes with mammalian Atg14 and UVRAG. Mol. Biol. Cell. 19:5360–5372. 

doi:10.1091/mbc.E08-01-0080. 

Jung, C.H., C.B. Jun, S.-H. Ro, Y.-M. Kim, N.M. Otto, J. Cao, M. Kundu, and D.-H. Kim. 2009. ULK-

Atg13-FIP200 complexes mediate mTOR signaling to the autophagy machinery. Mol. Biol. Cell. 

20:1992–2003. doi:10.1091/mbc.E08-12-1249. 

Kabeya, Y., N. Mizushima, T. Ueno, A. Yamamoto, T. Kirisako, T. Noda, E. Kominami, Y. Ohsumi, and T. 

Yoshimori. 2000. LC3, a mammalian homologue of yeast Apg8p, is localized in autophagosome 

membranes after processing. EMBO J. 19:5720–5728. doi:10.1093/emboj/19.21.5720. 

Kaushik, S., J.A. Rodriguez-Navarro, E. Arias, R. Kiffin, S. Sahu, G.J. Schwartz, A.M. Cuervo, and R. 

Singh. 2011. Autophagy in hypothalamic AgRP neurons regulates food intake and energy 

balance. Cell Metab. 14:173–183. doi:10.1016/j.cmet.2011.06.008. 

Kim, H.J., M.H. Cho, W.H. Shim, J.K. Kim, E.Y. Jeon, D.H. Kim, and S.Y. Yoon. 2017. Deficient 

autophagy in microglia impairs synaptic pruning and causes social behavioral defects. Mol. 

Psychiatry. 22:1576–1584. doi:10.1038/mp.2016.103. 

Kim, J., M. Kundu, B. Viollet, and K.-L. Guan. 2011. AMPK and mTOR regulate autophagy through 

direct phosphorylation of Ulk1. Nat. Cell Biol. 13:132–141. doi:10.1038/ncb2152. 

Klionsky, D.J., K. Abdelmohsen, A. Abe, M.J. Abedin, H. Abeliovich, A. Acevedo Arozena, H. Adachi, 

C.M. Adams, P.D. Adams, K. Adeli, P.J. Adhihetty, S.G. Adler, G. Agam, R. Agarwal, M.K. Aghi, 

M. Agnello, P. Agostinis, P.V. Aguilar, J. Aguirre-Ghiso, E.M. Airoldi, S. Ait-Si-Ali, T. Akematsu, 

E.T. Akporiaye, M. Al-Rubeai, G.M. Albaiceta, C. Albanese, D. Albani, M.L. Albert, J. Aldudo, H. 

certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which was notthis version posted January 31, 2019. ; https://doi.org/10.1101/536680doi: bioRxiv preprint 

https://doi.org/10.1101/536680


 

 

Algül, M. Alirezaei, I. Alloza, A. Almasan, M. Almonte-Beceril, E.S. Alnemri, C. Alonso, N. Altan-

Bonnet, D.C. Altieri, S. Alvarez, L. Alvarez-Erviti, S. Alves, G. Amadoro, A. Amano, C. Amantini, 

S. Ambrosio, I. Amelio, A.O. Amer, M. Amessou, A. Amon, Z. An, F.A. Anania, S.U. Andersen, 

U.P. Andley, C.K. Andreadi, N. Andrieu-Abadie, A. Anel, D.K. Ann, S. Anoopkumar-Dukie, M. 

Antonioli, H. Aoki, N. Apostolova, S. Aquila, K. Aquilano, K. Araki, E. Arama, A. Aranda, J. 

Araya, A. Arcaro, E. Arias, H. Arimoto, A.R. Ariosa, J.L. Armstrong, T. Arnould, I. Arsov, K. 

Asanuma, V. Askanas, E. Asselin, R. Atarashi, S.S. Atherton, J.D. Atkin, L.D. Attardi, P. 

Auberger, G. Auburger, L. Aurelian, R. Autelli, L. Avagliano, M.L. Avantaggiati, L. Avrahami, S. 

Awale, N. Azad, T. Bachetti, J.M. Backer, D.-H. Bae, J.-S. Bae, O.-N. Bae, S.H. Bae, E.H. 

Baehrecke, S.-H. Baek, et al. 2016. Guidelines for the use and interpretation of assays for 

monitoring autophagy (3rd edition). Autophagy. 12:1–222. 

doi:10.1080/15548627.2015.1100356. 

Komatsu, M., S. Waguri, T. Chiba, S. Murata, J. Iwata, I. Tanida, T. Ueno, M. Koike, Y. Uchiyama, E. 

Kominami, and K. Tanaka. 2006. Loss of autophagy in the central nervous system causes 

neurodegeneration in mice. Nature. 441:880–884. doi:10.1038/nature04723. 

Lee, K.-M., S.-K. Hwang, and J.-A. Lee. 2013. Neuronal autophagy and neurodevelopmental disorders. 

Exp. Neurobiol. 22:133–142. doi:10.5607/en.2013.22.3.133. 

Li, L., Z.V. Wang, J.A. Hill, and F. Lin. 2014. New autophagy reporter mice reveal dynamics of proximal 

tubular autophagy. J. Am. Soc. Nephrol. 25:305–315. doi:10.1681/ASN.2013040374. 

Lieberman, O.J., A.F. McGuirt, E.V. Mosharov, I. Pigulevskiy, B.D. Hobson, S. Choi, M.D. Frier, E. 

Santini, A. Borgkvist, and D. Sulzer. 2018a. Dopamine Triggers the Maturation of Striatal Spiny 

Projection Neuron Excitability during a Critical Period. Neuron. 99:540–554.e4. 

doi:10.1016/j.neuron.2018.06.044. 

Lieberman, O.J., A.F. McGuirt, G. Tang, and D. Sulzer. 2018b. Roles for neuronal and glial autophagy in 

synaptic pruning during development. Neurobiol. Dis. doi:10.1016/j.nbd.2018.04.017. 

Maday, S., and E.L.F. Holzbaur. 2016. Compartment-Specific Regulation of Autophagy in Primary 

Neurons. J. Neurosci. 36:5933–5945. doi:10.1523/JNEUROSCI.4401-15.2016. 

Magnuson, B., B. Ekim, and D.C. Fingar. 2012. Regulation and function of ribosomal protein S6 kinase 

(S6K) within mTOR signalling networks. Biochem. J. 441:1–21. doi:10.1042/BJ20110892. 

McMahon, J., X. Huang, J. Yang, M. Komatsu, Z. Yue, J. Qian, X. Zhu, and Y. Huang. 2012. Impaired 

autophagy in neurons after disinhibition of mammalian target of rapamycin and its contribution 

to epileptogenesis. J. Neurosci. 32:15704–15714. doi:10.1523/JNEUROSCI.2392-12.2012. 

Mizushima, N., A. Yamamoto, M. Matsui, T. Yoshimori, and Y. Ohsumi. 2004. In vivo analysis of 

autophagy in response to nutrient starvation using transgenic mice expressing a fluorescent 

autophagosome marker. Mol. Biol. Cell. 15:1101–1111. doi:10.1091/mbc.E03-09-0704. 

Nikoletopoulou, V., K. Sidiropoulou, E. Kallergi, Y. Dalezios, and N. Tavernarakis. 2017. Modulation of 

autophagy by BDNF underlies synaptic plasticity. Cell Metab. 26:230–242.e5. 

doi:10.1016/j.cmet.2017.06.005. 

Ohsumi, Y. 2014. Historical landmarks of autophagy research. Cell Res. 24:9–23. 

doi:10.1038/cr.2013.169. 

certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which was notthis version posted January 31, 2019. ; https://doi.org/10.1101/536680doi: bioRxiv preprint 

https://doi.org/10.1101/536680


 

 

Peixoto, R.T., W. Wang, D.M. Croney, Y. Kozorovitskiy, and B.L. Sabatini. 2016. Early hyperactivity and 

precocious maturation of corticostriatal circuits in Shank3B(-/-) mice. Nat. Neurosci. 19:716–

724. doi:10.1038/nn.4260. 

Plotkin, J.L., N. Wu, M.-F. Chesselet, and M.S. Levine. 2005. Functional and molecular development of 

striatal fast-spiking GABAergic interneurons and their cortical inputs. Eur. J. Neurosci. 

22:1097–1108. doi:10.1111/j.1460-9568.2005.04303.x. 

Poultney, C.S., A.P. Goldberg, E. Drapeau, Y. Kou, H. Harony-Nicolas, Y. Kajiwara, S. De Rubeis, S. 

Durand, C. Stevens, K. Rehnström, A. Palotie, M.J. Daly, A. Ma’ayan, M. Fromer, and J.D. 

Buxbaum. 2013. Identification of small exonic CNV from whole-exome sequence data and 

application to autism spectrum disorder. Am. J. Hum. Genet. 93:607–619. 

doi:10.1016/j.ajhg.2013.09.001. 

Ronan, B., O. Flamand, L. Vescovi, C. Dureuil, L. Durand, F. Fassy, M.-F. Bachelot, A. Lamberton, M. 

Mathieu, T. Bertrand, J.-P. Marquette, Y. El-Ahmad, B. Filoche-Romme, L. Schio, C. Garcia-

Echeverria, H. Goulaouic, and B. Pasquier. 2014. A highly potent and selective Vps34 inhibitor 

alters vesicle trafficking and autophagy. Nat. Chem. Biol. 10:1013–1019. 

doi:10.1038/nchembio.1681. 

Rowland, A.M., J.E. Richmond, J.G. Olsen, D.H. Hall, and B.A. Bamber. 2006. Presynaptic terminals 

independently regulate synaptic clustering and autophagy of GABAA receptors in Caenorhabditis 

elegans. J. Neurosci. 26:1711–1720. doi:10.1523/JNEUROSCI.2279-05.2006. 

Russell, R.C., Y. Tian, H. Yuan, H.W. Park, Y.-Y. Chang, J. Kim, H. Kim, T.P. Neufeld, A. Dillin, and K.-

L. Guan. 2013. ULK1 induces autophagy by phosphorylating Beclin-1 and activating VPS34 lipid 

kinase. Nat. Cell Biol. 15:741–750. doi:10.1038/ncb2757. 

Santini, E., M. Heiman, P. Greengard, E. Valjent, and G. Fisone. 2009. Inhibition of mTOR signaling in 

Parkinson’s disease prevents L-DOPA-induced dyskinesia. Sci. Signal. 2:ra36. 

doi:10.1126/scisignal.2000308. 

Santini, E., E. Valjent, A. Usiello, M. Carta, A. Borgkvist, J.-A. Girault, D. Hervé, P. Greengard, and G. 

Fisone. 2007. Critical involvement of cAMP/DARPP-32 and extracellular signal-regulated 

protein kinase signaling in L-DOPA-induced dyskinesia. J. Neurosci. 27:6995–7005. 

doi:10.1523/JNEUROSCI.0852-07.2007. 

Shehata, M., H. Matsumura, R. Okubo-Suzuki, N. Ohkawa, and K. Inokuchi. 2012. Neuronal stimulation 

induces autophagy in hippocampal neurons that is involved in AMPA receptor degradation after 

chemical long-term depression. J. Neurosci. 32:10413–10422. doi:10.1523/JNEUROSCI.4533-

11.2012. 

Shpilka, T., H. Weidberg, S. Pietrokovski, and Z. Elazar. 2011. Atg8: an autophagy-related ubiquitin-like 

protein family. Genome Biol. 12:226. doi:10.1186/gb-2011-12-7-226. 

Song, D.D., and R.E. Harlan. 1994. Genesis and migration patterns of neurons forming the patch and 

matrix compartments of the rat striatum. Brain Res. Dev. Brain Res. 83:233–245. 

Sutton, L.P., and M.G. Caron. 2015. Essential role of D1R in the regulation of mTOR complex1 signaling 

induced by cocaine. Neuropharmacology. 99:610–619. doi:10.1016/j.neuropharm.2015.08.024. 

certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which was notthis version posted January 31, 2019. ; https://doi.org/10.1101/536680doi: bioRxiv preprint 

https://doi.org/10.1101/536680


 

 

Tang, G., K. Gudsnuk, S.-H. Kuo, M.L. Cotrina, G. Rosoklija, A. Sosunov, M.S. Sonders, E. Kanter, C. 

Castagna, A. Yamamoto, Z. Yue, O. Arancio, B.S. Peterson, F. Champagne, A.J. Dwork, J. 

Goldman, and D. Sulzer. 2014. Loss of mTOR-dependent macroautophagy causes autistic-like 

synaptic pruning deficits. Neuron. 83:1131–1143. doi:10.1016/j.neuron.2014.07.040. 

Tanida, I., N. Minematsu-Ikeguchi, T. Ueno, and E. Kominami. 2005. Lysosomal turnover, but not a 

cellular level, of endogenous LC3 is a marker for autophagy. Autophagy. 1:84–91. 

doi:10.4161/auto.1.2.1697. 

Tepper, J.M., N.A. Sharpe, T.Z. Koós, and F. Trent. 1998. Postnatal development of the rat neostriatum: 

electrophysiological, light- and electron-microscopic studies. Dev Neurosci. 20:125–145. 

Thoreen, C.C., S.A. Kang, J.W. Chang, Q. Liu, J. Zhang, Y. Gao, L.J. Reichling, T. Sim, D.M. Sabatini, 

and N.S. Gray. 2009. An ATP-competitive mammalian target of rapamycin inhibitor reveals 

rapamycin-resistant functions of mTORC1. J. Biol. Chem. 284:8023–8032. 

doi:10.1074/jbc.M900301200. 

Tsvetkov, A.S., J. Miller, M. Arrasate, J.S. Wong, M.A. Pleiss, and S. Finkbeiner. 2010. A small-molecule 

scaffold induces autophagy in primary neurons and protects against toxicity in a Huntington 

disease model. Proc. Natl. Acad. Sci. USA. 107:16982–16987. doi:10.1073/pnas.1004498107. 

Voorn, P., A. Kalsbeek, B. Jorritsma-Byham, and H.J. Groenewegen. 1988. The pre- and postnatal 

development of the dopaminergic cell groups in the ventral mesencephalon and the dopaminergic 

innervation of the striatum of the rat. Neuroscience. 25:857–887. doi:10.1016/0306-

4522(88)90041-3. 

Wang, Q.J., Y. Ding, D.S. Kohtz, N. Mizushima, I.M. Cristea, M.P. Rout, B.T. Chait, Y. Zhong, N. Heintz, 

and Z. Yue. 2006. Induction of autophagy in axonal dystrophy and degeneration. J. Neurosci. 

26:8057–8068. doi:10.1523/JNEUROSCI.2261-06.2006. 

Yamamoto, A., M.L. Cremona, and J.E. Rothman. 2006. Autophagy-mediated clearance of huntingtin 

aggregates triggered by the insulin-signaling pathway. J. Cell Biol. 172:719–731. 

doi:10.1083/jcb.200510065. 

Yamamoto, A., and A. Simonsen. 2011. The elimination of accumulated and aggregated proteins: a role 

for aggrephagy in neurodegeneration. Neurobiol. Dis. 43:17–28. doi:10.1016/j.nbd.2010.08.015. 

Yamamoto, A., and Z. Yue. 2014. Autophagy and its normal and pathogenic states in the brain. Annu. 

Rev. Neurosci. 37:55–78. doi:10.1146/annurev-neuro-071013-014149. 

Yan, J., M.W. Porch, B. Court-Vazquez, M.V.L. Bennett, and R.S. Zukin. 2018. Activation of autophagy 

rescues synaptic and cognitive deficits in fragile X mice. Proc. Natl. Acad. Sci. USA. 115:E9707–

E9716. doi:10.1073/pnas.1808247115. 

Yang, D.-S., P. Stavrides, P.S. Mohan, S. Kaushik, A. Kumar, M. Ohno, S.D. Schmidt, D. Wesson, U. 

Bandyopadhyay, Y. Jiang, M. Pawlik, C.M. Peterhoff, A.J. Yang, D.A. Wilson, P. St George-

Hyslop, D. Westaway, P.M. Mathews, E. Levy, A.M. Cuervo, and R.A. Nixon. 2011. Reversal of 

autophagy dysfunction in the TgCRND8 mouse model of Alzheimer’s disease ameliorates amyloid 

pathologies and memory deficits. Brain. 134:258–277. doi:10.1093/brain/awq341. 

Yin, H.H., M.I. Davis, J.A. Ronesi, and D.M. Lovinger. 2006. The role of protein synthesis in striatal 

long-term depression. J. Neurosci. 26:11811–11820. doi:10.1523/JNEUROSCI.3196-06.2006. 

certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which was notthis version posted January 31, 2019. ; https://doi.org/10.1101/536680doi: bioRxiv preprint 

https://doi.org/10.1101/536680


 

 

Young, J.E., R.A. Martinez, and A.R. La Spada. 2009. Nutrient deprivation induces neuronal autophagy 

and implicates reduced insulin signaling in neuroprotective autophagy activation. J. Biol. Chem. 

284:2363–2373. doi:10.1074/jbc.M806088200. 

 

certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which was notthis version posted January 31, 2019. ; https://doi.org/10.1101/536680doi: bioRxiv preprint 

https://doi.org/10.1101/536680

