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Abstract

Lysosomal dysfunction lies at the centre of the cellular mechanisms underlying Parkinson’s disease although the precise

underlying mechanisms remain unknown. We investigated the role of leucine-rich repeat kinase 2 (LRRK2) on lysosome

biology and the autophagy pathway in primary neurons expressing the human LRRK2-G2019S or LRKK2-R1441C mutant or

the human wild-type (hWT-LRRK2) genomic locus. The expression of LRRK2-G2019S or hWT-LRRK2 inhibited autophagosome

production, whereas LRRK2-R1441C induced a decrease in autophagosome/lysosome fusion and increased lysosomal pH. In

vivo data from the cortex and substantia nigra pars compacta of aged LRRK2 transgenic animals revealed alterations in

autophagosome puncta number reflecting those phenotypes seen in vitro. Using the two selective and potent LRRK2 kinase

inhibitors, MLi-2 and PF-06447475, we demonstrated that the LRRK2-R1441C-mediated decrease in autolysosome

maturation is not dependent on LRRK2 kinase activity. We showed that hWT-LRRK2 and LRRK2-G2019S bind to the a1

subunit of vATPase, which is abolished by the LRRK2-R1441C mutation, leading to a decrease in a1 protein and cellular

mislocalization. Modulation of lysosomal zinc increased vATPase a1 protein levels and rescued the LRRK2-R1441C-mediated

cellular phenotypes. Our work defines a novel interaction between the LRRK2 protein and the vATPase a1 subunit and

demonstrates a mode of action by which drugs may rescue lysosomal dysfunction. These results demonstrate the

importance of LRRK2 in lysosomal biology, as well as the critical role of the lysosome in PD.

Introduction

Parkinson’s disease (PD) is a common progressive neurodegener-

ative disease, affecting ∼1–2% of the population over the age of

65 years(1). Mutations in the gene encoding leucine-rich repeat

kinase 2 (LRRK2) are the most frequent cause of familial PD (2),

and cases have an indistinguishable clinico-pathological phe-

notype from sporadic PD. LRRK2 polymorphisms are also asso-

ciated with increased risk of sporadic PD (3), suggesting that

LRRK2 may provide understanding of the molecular mecha-

nisms of both sporadic and genetic diseases. Pathogenic muta-

tions are found in the enzymatic domains of the LRRK2 protein.

The LRRK2-G2019S mutation in the kinase domain leads to an

increase in kinase activity (4), a potential pathogenicmechanism

of LRRK2 that is further supported by the protective effects of

LRRK2 kinase inactivation (5,6). Located in the GTPase domain

of LRRK2, Arg1441 is the second most common site of pathogenic

LRRK2 substitutions (LRRK2-R1441C/G), leading to decreased GTP

hydrolysis (7,8) and motor deficits and defects in dopaminergic

neurotransmission in rodent models (9,10,11,12).
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Lysosomes are cytoplasmic membrane-enclosed organelles

containing hydrolytic enzymes that degrade macromolecules

and cell components. Many factors regulate lysosomal function

and subsequent protein degradation such as lysosomal pH (13),

calcium release (14) and membrane trafficking (15). Lysosomal

function decreases with age, with a rise in lysosomal pH (16).

Lysosomal dysfunction has been shown to lead to the accumu-

lation of α-synuclein (17), which may play a role in the build-

up of Lewy bodies, the pathological hallmark of PD. Neurons

are especially vulnerable to deficiencies in autophagy substrate

clearance. Without the aid of cell division, which decreases the

burden of intracellular waste inmitotic cells, neurons are largely

dependent on autophagy to prevent the accumulation of cellular

protein and damaged organelles. The crucial role of lysosomes

in PD is reinforced by the observation that genes involved in

lysosomal function, such as VPS35 (18), ATP6V0A1 (19), ATP13A2

(20), GBA (21) and LIMP2 (22), have repeatedly been associated

with the disease.

Autophagy is a multifaceted pathway, from substrate

recognition and autophagosome formation to autophagosome-

lysosome fusion and lysosomal protein degradation. LRRK2

localizes to autophagic compartments and has been implicated

in mechanisms underlying the regulations of these steps (23,24).

Increased autophagic flux with LRRK2 kinase inhibition has

been reported (25), suggesting an inhibitory effect of LRRK2 on

autophagy induction. Local calcium release from lysosomes has

been shown to be required for lysosome fusion (14). Alterations

in the autophagy pathway caused by LRRK2 have been reported

to be rescued by an NAADP receptor antagonist (26), suggesting

a mechanistic role of LRRK2 in lysosomal calcium homeostasis.

Lysosomal degradation is highly dependent on lysosomal pH and

substantial shifts in pH can severely disrupt both degradative

enzyme activity and fusion of autophagosomes and lysosomes

(25). LRRK2 has been implicated in lysosomal pH regulation in

different model systems (26,27). It is likely, therefore, that LRRK2

does not simply regulate autophagy induction as previously

assumed, but is instead involved throughout the pathway, with

a critical role at the lysosome.

To advance our understanding of the impact of LRRK2

mutations on the autophagy/lysosomal pathway, primary

neuronal cultures were prepared from LRRK2 bacterial artificial

chromosome (BAC) transgenic rats expressing either the

human LRRK2-G2019S, or LRRK2-R1441C, or the wild-type

(WT) form (hWT-LRRK2) of the entire human LRRK2 genomic

locus (9). Neurons expressing human LRRK2-G2019S or hWT-

LRRK2 exhibit a decrease in the rate of autophagosome

formation, whereas neurons expressing human LRRK2-R1441C,

but not LRRK2-G2019S and hWT-LRRK2, demonstrate a deficit

in autophagosome-lysosome fusion, leading to decreased

lysosome-mediated degradation. These phenotypes were also

observed in vivo in aged animals, with an increase in LC3

levels in both cortical neurons and dopamine neurons of

the substantia nigra pars compacta of LRRK2-R1441C animals.

In vitro, we found that the decrease in autolysosome maturation

in LRRK2-R1441C neurons was not dependent on LRRK2 kinase

activity, whereas the phenotypes observed in LRRK2-G2019S and

hWT-LRRK2 cortical neurons were kinase-dependent. LRRK2-

R1441C cultures also exhibited decreased lysosomal acidity

and alterations in lysosomal calcium dynamics. We found

that hWT-LRRK2 interacts with the a1 subunit of the v-type

H+ ATPase proton pump (vATPase a1), which is responsible

for regulating lysosomal pH. Furthermore, the LRRK2-R1441C

mutation abolished this interaction, dysregulating vATPase a1

protein expression and cellular localization. Finally, clioquinol,

a zinc/copper ionophore, was capable of rescuing LRRK2-R1441C

deficits through modulation of lysosomal zinc content. The

increase in zinc content in lysosomes increased v-ATPase

a1 subunit protein levels, corrected lysosomal pH, increased

localized lysosomal calcium release and rescued the autophago-

some/lysosome fusion deficit in LRRK2-R1441C neurons. These

findings provide key insights both into the mechanisms by

which LRRK2 impacts autophagy in PD and the modes of action

of potentially-therapeutic drugs.

Results

LRRK2-R1441C neurons exhibit alterations in basal
autophagy

Primary cortical neuronal cultures from LRRK2 BAC transgenic

P1 rat pups were generated and characterized for expression of

the human LRRK2 transgene (using the transgenic N-terminal

YPet protein tag) (9) and endogenous Lrrk2 protein expression.

hWT-LRRK2 and LRRK2-R1441C neurons express similar levels of

each LRRK2 transgene, whereas LRRK2-G2019S cultures express

a 2–3-fold higher level of transgene relative to both hWT-LRRK2

and LRRK2-R1441C (Fig. 1A). Co-immunofluorescence staining

for transgene protein and the neuronal marker MAP2 confirmed

transgene presence in neurons (Fig.1B). hWT-LRRK2 and LRRK2-

R1441C transgene expression is 2–3-fold higher than endogenous

Lrrk2 levels, and LRRK2-G2019S transgene expression is 5–6-fold

higher (Supplementary Material, Fig. S1a), confirming previous

published data from these animals (9).

Expression of autophagy-related proteins was measured to

assess basal autophagy levels in cortical neuronal cultures.

LRRK2-R1441C neuronal cultures exhibited a significant increase

in LC3-II (Fig.1C), although no significant differences in LAMP1

or p62 expression were observed (Supplementary Material, Fig.

S1b,c). Primary cortical cultures contained a mixed population

of cells, comprising 30–40% neurons (Supplementary Material,

Fig. S1d,e). Co-immunofluorescence staining for the autophagy

proteins LC3 and LAMP1 to quantify autophagosomes and

autolysosomes demonstrated LRRK2-R1441C neurons showed a

significant increase in autophagosome number and a significant

decrease in autolysosome number (Fig. 1D and E; Supplemen-

tary Material, Fig. S1f). No significant changes in lysosome size

were observed between genotypes (Supplementary Material,

Fig. S1g).

Assessing LC3 expression changes in cortical and
midbrain tissue of aged animals

Tounderstandwhether the LRRK2-R1441C-dependent autophagy

phenotype was present in vivo in brain tissue from aged

animals, 22-month-old rat cortical sections were stained for

LC3 and puncta quantified in MAP2+ cells (Supplementary

Material, Fig. S2a). Cortical neurons from aged LRRK2-R1441C

rats showed a significant increase in LC3 puncta number

(Supplementary Material, Fig. S2b), with no change in puncta

size (Supplementary Material, Fig. S2c). Midbrain sections

containing the substantia nigra pars compacta were stained

for LC3 and puncta quantified in tyrosine hydroxylase-positive

(TH+) dopamine neurons (Supplementary Material, Fig. S2d).

Interestingly, nigral dopamine neurons in the midbrain of

both LRRK2-R1441C and LRRK2-G2019S animals demonstrated

a significant increase in LC3 puncta (Supplementary Material,

Fig. S2e), with no difference in LC3 puncta size (Supplementary
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Figure 1. LRRK2-R1441C neurons exhibit alterations in basal autophagy. (A) Primary cortical neuronal cultures from P1 pups were generated and characterized.Western

blots for YPet expression were quantified to assess transgene protein level and normalized to hWT levels. (B) Cultures at DIV 14 were stained for MAP2 and YPet to

assess transgene expression in neurons. (C) Westerns blots for LC3-II were quantified and normalized to nTG littermate controls (dotted line = nTG normalized average;

bars = mean +/− SEM; N=3; ∗P < 0.05, ∗∗∗P < 0.001; one-way ANOVA, Tukey HSD post hoc). (D, E) DIV 14 primary cortical cultures were fixed and stained for β-III, LC3

and LAMP1, confocal images acquired and autophagy puncta number per neuron quantified and normalized to neuronal area. Bars represent mean +/− SEM. (N=3;
∗∗∗P <0.001; Kruskal–Wallis non-parametric ANOVA, Bonferroni post hoc). ∗, versus nTG; #, versus hWT; ‡ versus G2019S. Scale bar = 5 μm. Arrow heads: red, lysosome;

yellow, autolysosome; green, autophagosome.

Material, Fig. S2f). Therefore, although the effects of the LRRK2-

R1441C mutation are present in different neuronal cell types,

the effects of LRRK2-G2019S on the autophagy pathway might be

cell-type dependent.

LRRK2-R1441C neurons exhibit decreased
autolysosome maturation

Steady state LC3-II protein levels and autophagy puncta counts

can be difficult to interpret in terms of overall flux through

the autophagy pathway as both induction of autophagy, or

the inhibition of autophagosome clearance, could explain

the increases observed. However, a decrease in autolysosome

maturation indicates an inhibition of autophagosome clearance.

LC3-II protein expression and autophagy puncta fold changes

were assessed in the presence of modulators of the autophagy

pathway to discriminate between these two possibilities. In

the presence of chloroquine or bafilomycin a1, autophagic

flux, as assessed by LC3-II expression changes by western

blotting, was significantly decreased in LRRK2-R1441C primary
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Figure 2. LRRK2-R1441C neurons have decreased autolysosome maturation, which cannot be rescued by lysosome biogenesis. (A, B) Western blots for LC3-II were

quantified to assess LC3-II fold change from basal in response to treatment with 20 μm chloroquine for 8 h or 10 nm bafilomycin a1 for 2 h. (C) DIV 14 primary cortical

neuronal cultures were treated with 500 μm trehalose for 24 h and/or 10 nm bafilomycin a1 for 2 h and western blots for LC3-II were quantified to measure changes in

autophagic flux. Bars, mean +/− SEM (N=3; ∗P < 0.05; ∗∗P < 0.005; ∗∗∗P <0.001; two-way ANOVA, Bonferroni post hoc). (D, E) DIV 14 primary cortical neuronal cultures

were treated with 500 μm trehalose for 24 h, fixed and stained for LC3 and LAMP1 and puncta per neuron normalized to neuronal size quantified to measure fold

change. Dotted line represents basal puncta number/neuron. Bars, mean +/− SEM (N=3; ∗∗P < 0.005; ∗∗∗P < 0.001; Kruskal–Wallis non-parametric ANOVA, Bonferroni

post hoc). Scale bar = 5 μm. Arrow heads: red, lysosome; yellow, autolysosome; green, autophagosome. (F) DIV 14 primary cortical neuronal cultures were incubated

with radiolabelled valine for 48 h and CPM was measured over 24 h in untreated cultures or in the presence of chloroquine to calculate lysosomal protein degradation.

Bars, mean +/− SEM (N=3; ∗P < 0.05; ∗∗P < 0.005; ∗∗∗P < 0.001; two-way ANOVA, Bonferroni post hoc). ∗, versus nTG; #, versus hWT; ‡, versus G2019S.

cortical cultures (Fig. 2A and B). In order to assess if this altered

autophagic flux was present in neurons in these cortical

cultures, co-immunofluorescence for LC3 and LAMP1 was

performed. The autolysosome count for LRRK2-R1441C neurons

did not decrease with chloroquine as observed in the other three

genotypes (Supplementary Material, Fig. S3a, b). Taken together,

these data suggest a block in autophagosome clearance and a

deficit in autolysosome maturation in LRRK2-R1441C neurons,

as opposed to an increase in autophagy induction. Interestingly,

both hWT-LRRK2 and LRRK2-G2019S neurons demonstrate a

significant decrease in autophagic flux as assessed by western

blotting, which reflected a decrease in autophagosome fold-

change relative to nTG with chloroquine treatment, with no

differences seen in autolysosome fold-change as measured by

co-immunofluorescence, indicating inhibited autophagosome

biogenesis.

To assess whether the accumulation of autophagosomes in

LRRK2-R1441C neurons could be rescued by increasing lysosome

number, neuronal cultures were treated with 500 μm trehalose, a

compound known to induce lysosomal biogenesis (28). Increased

LAMP1 expressionwas observedwith a 24-h trehalose treatment

in all genotypes, indicating an increase in lysosomes (Supple-

mentary Material, Fig. S3c). Both autophagic flux, as assessed by

changes in LC3-II expression in the presence of trehalose and

bafilomycin a1, and autolysosomal fold-change frombasal levels

remained significantly decreased in LRRK2-R1441C neurons

compared to nTG (Fig. 2C–E), suggesting an inherent autophago-

some–lysosome fusion deficiency in these neurons. Further-

more, there was a significant decrease in autophagosome

fold-change from basal levels in all three hLRRK2 genotypes

compared to non-transgenic neurons, suggesting an inhibitory

effect of hLRRK2 expression on autophagosome production.
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Figure 3. LRRK2-R1441C autophagy phenotype is not dependent on LRRK2 kinase

activity (A, B) Primary cortical neuronal cultures at DIV 14 were treated with

the LRRK2 kinase inhibitors (50 nm MLi-2 for 1 h or 50 nm PF-06447475 for 1 h)

and assessed for expression of total YPet-tagged LRRK2 and phosphorylated

LRRK2 at Ser1292 bywestern blot. (B) Proportion of Ser1292 phosphorylated YPet-

tagged LRRK2 at basal levels was quantified by western blot. Bars, mean +/−

SEM (N=3; ∗∗∗P <0.001; Kruskal–Wallis non-parametric ANOVA, Bonferroni post

hoc). ∗ , versus nTG; #, versus hWT; ‡, versus G2019S. (C, D) DIV 14 primary

neuronal cultures were treated with 50 nm MLi-2, 50 nm PF-06447475 for 1 h or

10 nm Bafilomycin a1 for 2 h or in combination and LC3-II expression quantified

to assess changes in autophagic flux. Bars, mean +/− SEM (N=3; ∗P <0.05;
∗∗P < 0.005; ∗∗∗P < 0.001; two-way ANOVA, Bonferroni post hoc). (E) DIV 14

primary cortical neuronal cultures were incubated with radiolabelled valine for

48 h and CPM was measured over 24 h in untreated cultures or in the presence

of MLi-2 or PF-064474745 to calculate lysosomal protein degradation. Bars, mean

+/− SEM (N=3; ∗∗∗P < 0.001; three-way ANOVA, Bonferroni post hoc). ∗, versus

nTG; #, versus hWT; ‡, versus G2019S.

LRRK2-R1441C neuronal cultures exhibit decreases in
lysosomal protein degradation

To assess whether decreases in autolysosome maturation were

coupled with changes in lysosomal protein degradation, a pulse-

chase assay using C14-radiolabelled valine was carried out based

on the protocol developed by Gronostajski and Pardee (29).

The data demonstrate that in LRRK2-R1441C neuronal cultures

lysosomal protein degradation was significantly decreased

(Fig. 2F). Furthermore, hWT-LRRK2 and LRRK2-G2019S cultures

had decreased lysosomal protein degradation compared to nTG

controls at the final 24-h time point but were still significantly

greater compared to LRRK2-R1441C cultures. These changes

in protein degradation reflect the changes seen in autophagy

puncta counts and autophagic flux already described and

confirm that the presence of hWT-LRRK2 or LRRK2-G2019S

inhibits the production of autophagosomes, whereas LRRK2-

R1441C is capable of decreasing autolysosome maturation.

The LRRK2-R1441C autophagy phenotype is not
dependent on LRRK2 kinase activity

The overexpression of the LRRK2 kinase domain as well as

inhibition of LRRK2 kinase activity induces alterations of the

autophagy-lysosomal pathway (26,30). Primary cortical neuronal

cultures were prepared and treated with 50 nm of the selective

and potent LRRK2 inhibitors MLi-2 and PF-06447475 for 2 h, and

LRRK2 phosphorylation levels were measured to confirm that

kinase activity had been decreased (Fig. 3A). At basal conditions,

an increase in phosphorylated LRRK2 at Ser1292 was observed in

LRRK2-G2019S and LRRK2-R1441C cultures relative to hWT-LRRK2

(Fig. 3B). LC3-II protein levels were assessed by western blot to

observe potential downstream effects of LRRK2 kinase inhibi-

tion on autophagy. hWT-LRRK2 and LRRK2-G2019S cultures both

demonstrated increased autophagic flux in response to both

MLi-2 and PF-06447475 treatment, while no significant changes

were seen in LRRK2-R1441C cultures (Fig. 3C and D). Interest-

ingly, the LRRK2 kinase inhibitors had the opposite effect on

endogenous Lrrk2 in nTG cultures, decreasing autophagic flux.

In order to confirm that observed alterations in LC3-II levels

were dependent on LRRK2 kinase inhibition as opposed to off-

target effects, Lrrk2−/− primary cortical neuronal cultures were

treated with MLi-2. No changes in LC3-II levels were observed

in Lrrk2−/− cultures with MLi-2 treatment relative to WT litter

mate controls (Supplementary Material, Fig. S3e, f).

We next performed pulse-chase assays to quantify protein

degradation in response to LRRK2 kinase inhibition. Lysosomal

protein degradation was significantly increased in the presence

of the LRRK2 kinase inhibitors in both hWT-LRRK2 and LRRK2-

G2019S cultures (Fig. 3E), correlating with the increase in LC3-

II protein levels as measured by flux assays. LRRK2-R1441C

cultures, however, showed no significant changes in protein

degradation levels with kinase inhibition. Finally, a significant

decrease in lysosomal protein degradation was also observed in

nTG primary neuronal cultures with MLi-2 and PF-06447475

treatment correlated with the decrease in LC3-II protein

expression.

LRRK2-R1441C neurons have impaired lysosome pH

Both lysosomal degradation and autophagosome/lysosome

fusion are highly dependent on lysosomal pH. As defects

in autolysosome maturation were evident in LRRK2-R1441C
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Figure 4. LRRK2-R1441C neuronal cultures exhibit increased lysosomal pH and co-localization with autophagic proteins. (A, B) Using the pH sensitive dye lysosensor

lysosomal pH was quantified in primary cortical neuronal cultures from P1 pups at DIV 14. Bars, mean +/− SEM (N=3; ∗∗∗P < 0.001; Kruskal–Wallis non-parametric

ANOVA, Bonferroni post hoc). Scale bar = 200 μm. (C, D, E) DIV 14 primary cortical neuronal cultures were fixed and stained for YPet and LAMP1/p62/58-k and co-

localization quantified. Bars, mean +/− SEM (N=3; ∗P < 0.05; ∗∗∗P < 0.001; one-way ANOVA, Bonferroni post hoc). (F) Representative confocal images of YPet and

LAMP1/p62/58-k staining. Scale bar = 10 μm. Red arrow, LAMP1/p62/58-k only; green arrow, YPet only; yellow arrow, YPet co-localization with LAMP1/p62/58-k.

neurons, we asked if altered lysosomal pH could account for

the compromised vesicle fusion. Lysosomal pH was measured

using the pH sensitive dye, LysoSensorTM Green DND-189,

which exhibits increased fluorescence in acidic organelles,

using a pH/fluorescence standard curve in cells incubated

in pH-calibrated solutions (Supplementary Material, Fig. S3a).

Measurement of average lysosomal pH across genotypes

demonstrated that lysosomal pH was significantly increased

in LRRK2-R1441C expressing cultures, with an average lysosomal

pH of 5.5 (Fig. 4A and B).

The LRRK2-R1441C mutations alters LRRK2 cellular
localization

It has been reported that mutant andWT LRRK2 co-localize with

markers of the autophagy pathway (23).Co-immunofluorescence

staining in LRRK2-R1441C primary neurons demonstrated an

increase in LRRK2-R1441C co-localization with the autophagy

markers P62 and LAMP1 compared to both hWT-LRRK2 and

LRRK2-G2019S cultures (Fig. 4C–E; Supplementary Material, Fig.

S4b). Interestingly, all transgenic neurons exhibited skein-like

hLRRK2-positive structures revealed using the YPet tag as pre-

viously reported in cell lines harbouring the LRRK2-R1441C BAC

constructs (23). Further co-immunofluorescence demonstrated

that such skein-like structures show discrete co-localization

to the trans-Golgi marker, 58 k (Fig. 4E; Supplementary Mate-

rial, Fig. S4b). Furthermore, LRRK2-R1441C neurons exhibited

decreased co-localization of hLRRK2 to the trans-Golgi marker

compared to hWT-LRRK2 and LRRK2-G2019S neurons (Fig. 4F).

The decreased co-localization of LRRK2-R1441C to the trans-

Golgi, and its increased co-localization to autophagic puncta, is

a potentialmechanismbywhichmutations alter hLRRK2 normal

function.

Increased autophagic flux and lysosomal protein
degradation are observed in Lrrk2−/− neurons

Primary neuronal cultures were prepared from Lrrk2 knock-

out (Lrrk2−/−) rats to compare the loss-of-function phenotype

with mutant autophagy phenotypes likely caused by a gain

of function. Lrrk2 expression in primary cortical cultures was

first assessed to confirm knockout at the protein level (Supple-

mentary Material, Fig. S5a). A significant increase in LC3-II pro-

tein levels was observed in Lrrk2−/− primary neurons compared

to WT littermates (Supplementary Material, Fig. S5b) with no

changes in LAMP1 or p62 protein expression observed ( Supple-

mentary Material, Fig. S5c, d). Lrrk2−/− primary cortical neuronal

cultures and WT litter mate controls were treated with 20 μm

chloroquine and LC3-II expression levels by western blotting

were quantified in order to assess autophagic flux ( Supplemen-

tary Material, Fig. S5e). A trend of increased autophagic flux was

observed in Lrrk2−/− cultures, which did not reach significance

(Supplementary Material, Fig. S5f). However, using the more

sensitive pulse-chase assay demonstrated that knock-out of the
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Figure 5. LRRK2-R1441C neurons have impaired lysosome calcium dynamics. (A, B) DIV 14 primary cortical neuronal cultures were incubated with the Fura2AM and

fluorescence ratio quantified at basal and after the injection of ionomycin and delta quantified. (C) Baseline Fura2-AMwas quantified across all lines to assess cytosolic

Ca2+ content. (D, E) GPN was used in order to quantify lysosomal Ca2+ content. (F, G) ML SA1 was used in order to quantify Ca2+ release from TRPML1 channels.

Bars, mean +/− SEM (N=3; ∗P < 0.05; ∗∗ P < 0.005; ∗∗∗P < 0.001; Kruskal–Wallis non-parametric ANOVA, Bonferroni post hoc). ∗ , versus nTG; #, versus hWT; ‡, versus

G2019S.

Lrrk2 protein was associated with an increase in lysosomal

protein degradation (Supplementary Material, Fig. S5g). Overall,

these data are consistent with WT Lrrk2 having a physiological

function of reducing autophagic activity.

LRRK2-R1441C neurons have impaired lysosome
calcium dynamics

Local calcium release from lysosomes is required for late

endosome–lysosome fusion (14). We therefore measured

calcium signalling from different intracellular stores in LRRK2-

G2019S and LRRK2-R1441C mutant primary neuronal cultures

using the ratiometric calcium sensitive dye, Fura2-AM. We first

showed a significantly increased whole-cell calcium content in

LRRK2-R1441C cultures assayed by the response to ionomycin

(Fig. 5A and B). It was also observed that LRRK2-R1441C expres-

sion induced a significantly decreased fluorescence ratio at

basal levels prior to compound administration (Fig. 5C). Together

this suggests an increase in intracellular calcium stores and

a decrease in cytosolic calcium levels. We then administered

compounds to assess the calcium content of specific organelles.

The lysosome-disrupting compound, GPN, (Fig. 5D and E) led to

an increased response in LRRK2-R1441C cultures. The increase

in whole-cell calcium content in response to ionomycin was

therefore likely caused by alterations in lysosomal calcium as

no significant differences between genotypes in response to

FCCP or CPA were observed (Supplementary Material, Fig. S6a,

b, c, d) indicating no changes in mitochondria or ER calcium

content, respectively.

The transient receptor potential cation channel, mucolipin

subfamily, member 1 (TRPML1), is a cation channel located on

lysosomal membranes and is one of the channels responsi-

ble for the local release of calcium. We used ML SA1, a com-

pound capable of inducing TRPML1-mediated calcium release, to

investigate release from lysosomes. We observed a significantly

decreased lysosomal calcium release in response to ML SA1 in

the LRRK2-R1441C cultures (Fig. 5F and G). Such decreased local

calcium release may explain the decrease in fusion efficiency

seen between the autophagosomes and lysosomes.

LRRK2 interacts with vATPase a1 that is abolished by
the LRRK2-R1441C mutation

The a1 subunit of the vATPase proton pump is enriched in

neurons in the transmembrane V0 subcomplex of the vATPase,

which is trafficked to and from the Golgi to the lysosome

where it is able to form the full vATPase complex with the V1

subcomplex and regulate lysosomal pH levels. Protein level

quantification revealed the a1 subunit to be downregulated

in LRRK2-R1441C cultures and was also upregulated in LRRK2-

G2019S cultures (Fig. 6A). Co-immunoprecipitation with YPet

in hLRRK2-transgenic cell lysates was performed in order to

assess binding to ATP6V0A1. hWT-LRRK2 and LRRK2-G2019S

protein was observed to bind to this subunit; however, this

interaction is abolished in the LRRK2-R1441C protein (Fig. 6B).

nTG lysates were subject to co-immunoprecipitation with YPet

in order to assess non-specific binding (SupplementaryMaterial,

Fig. S6e).
To confirm the observations in the co-immunoprecipitations,

vATPase a1–YPet-tagged LRRK2 co-localization was assessed by

co-immunofluorescence. A significant decrease in vATPase a1

co-localization to LRRK2-R1441C, relative to hWT-LRRK2, was

observed (Fig. 6C and D; Supplementary Material, Fig. S6f). The

vATPase a1 subunit is localized to the lysosomal membrane and

is trafficked from the Golgi to its cellular target. The correct bind-

ing of vATPase a1 to interaction partners mediates this traffick-

ing. vATPase a1 co-localization to both the Golgi and lysosomes
was therefore assessed. A significant decrease in vATPase a1-

LAMP1 co-localization was observed in LRRK2-R1441C neurons

relative to both hWT-LRRK2 and LRRK2-G2019S. Furthermore, a

significant increase was observed in LRRK2-G2019S neurons, rel-

ative to hWT-LRRK2 (Fig. 6E and F; Supplementary Material, Fig.

S6f). A significant decrease in vATPase a1/58-k co-localization

was also observed in both LRRK2-R1441C and LRRK2-G2019S neu-

rons relative to hWT-LRRK2 (Fig. 6G and H; Supplementary Mate-

rial, Fig. S6f). vATPase a1 protein expression was assessed by

western blotting in an enriched lysosome cell fraction to con-

firm this phenotype with a biochemical assay. Lysosome frac-

tions were enriched for LAMP1 expression, while the trans-Golgi

marker, 58-k, was reduced (Fig. 6I). vATPase a1 expression was

significantly reduced in lysosome fractions from LRRK2-R1441C

primary cortical neuronal cultures relative to hWT and LRRK2-

G2019S cultures. Furthermore, LRRK2-G2019S primary cortical

neuronal cultures demonstrated increased vATPase a1 expres-

sion in purified lysosome samples relative to hWT-LRRK2 and

LRRK2-R1441C (Fig. 6J). Overall, the loss of interaction between
LRRK2-R1441C and vATPase a1 is associated with the mislocal-

ization of vATPase a1. Furthermore, the increase in vATPase a1

protein expression in LRRK2-G2019S primary cortical neuronal

cultures is associated with increased vATPase a1 localization to

the lysosome in these neurons.
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Figure 6. LRRK2 directly interacts with vATPase a1, which is abolished by the LRRK2-R1441C mutation. (A) Western blots for vATPase a1 were quantified to assess

basal protein levels. Bars, mean +/− SEM (N=3; ∗P <0.05; ∗∗∗P < 0.001; Kruskal–Wallis non-parametric ANOVA, Bonferroni post hoc). (B) YPet and vATPase a1 were

immunoprecipitated from LRRK2 transgenic primary cortical neuronal cultures at DIV 14 and vATPase a1/YPet protein expression observed. (C, D) DIV 14 primary

cortical neuronal cultures were fixed and stained for YPet, vATPase a1 and β-III tubulin and co-localization percentage quantified. Co-localization between vATPase a1

and LAMP1 (E, F) or the Golgi marker 58-k (G, H) was quantified in DIV 14 cortical cultures. Scale bar = 10 μm. Arrows: red, red channel only; green, green channel only;

yellow, co-localization of red and green channels. (I, J) Lysates from primary cortical neuronal cultures at DIV 14 were ultracentrifuged and lysosome-enriched fractions

collected. vATPase a1, LAMP1 and 58-k protein expressionwere assessed in lysosome enriched fractions bywestern blot and quantified relative to flow-through (average

densitometry value of E1 and E2 relative to FL; E1=enriched fraction 1, E2=enriched fraction 2, FL= flow-through). Bars, mean +/− SEM (N=3; ∗P < 0.05; ∗∗P < 0.01;
∗∗∗P < 0.001; one-way ANOVA, Bonferroni post hoc). #, versus hWT; ‡, versus G2019S.

Clioquinol rescues the LRRK2-R1441C cellular
phenotypes

It was recently reported that clioquinol, a zinc/copper ionophore,

induces a cellular transcriptomic response anti-correlated to

transcriptomic perturbations observed when comparing human

LRRK2-G2019S with control induced pluripotent stem cell-

derived dopamine neurons (31). To better understand the effect

of clioquinol on the key LRRK2 mutant cellular phenotypes

we observe in primary neurons, autophagic flux, autophagy

puncta counts, lysosomal pH levels and protein-degradation

assays were performed in the presence of the compound.

Treatment of primary cortical neuronal cultures with clioquinol

increased LC3-II flux in LRRK2-R1441C cultures (Fig. 7A) and

significantly increased autolysosome counts in LRRK2-R1441C

neurons (Fig. 7B and C; Supplementary Material, Fig. S7a, b). The

LRRK2-R1441C lysosomal pH was also significantly re-acidified

from basal levels in response to clioquinol (Fig. 7D and E). The

presence of clioquinol increased lysosomal calcium release

in LRRK2-R1441C primary cultures in response to ML SA1,

indicating a correction of TRPML1 channel function (Fig. 7F;

Supplementary Material, Fig. S7e), while total lysosomal calcium

content increased (Supplementary Material, Fig. S7d, e). Further-

more, clioquinol was capable of increasing lysosomal protein

degradation in LRRK2-R1441C cortical cultures as indicated by

the pulse-chase assay (Fig. 7G).

Clioquinol modulates lysosomal zinc levels and
upregulates vATPase a1 protein

Previous reports have suggested that clioquinol may increase

lysosomal zinc levels, which then act to modulate pH (32). We

therefore used the zinc-sensitive dye, Furo-Zin3, to determine
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Figure 7. Clioquinol rescues autophagy related deficits in LRRK2-R1441C neuronal cultures. (A) DIV 14 primary cortical neuronal cultures were treated with 1 μm

clioquinol for 48 h and/or 10 nm bafilomycin a1 for 2 h and LC3-II protein expression assessed to evaluate changes in autophagic flux. (B, C) DIV 14 primary cortical

neuronal cultures were fixed and stained for LC3 and LAMP1 in β-III tubulin+ cells and autolysosomes/neuron normalized to neuronal size was quantified to assess

changes in response to 1 μm clioquinol for 48 h. Scale bar = 5 μm. (D, E) Lysosomal pH was quantified in response to 1 μm clioquinol. Scale bar = 200 μm. (F) Primary

cortical neuronal cultures were incubated in Fura2-AM and lysosomal calcium response to ML SA1 was measured either in the presence of or without 1 μm clioquinol

pre-treatment. Bars, mean +/− SEM. (N=3; ∗P < 0.05; ∗∗P < 0.01; ∗∗∗P < 0.001; two-way ANOVA, Bonferroni post hoc). (G) DIV 14 primary cortical neuronal cultures were

incubated with radiolabelled valine for 48 h, and CPMwas measured over 24 h in untreated cultures or in the presence of 1 μm clioquinol to calculate lysosomal protein

degradation. Bars, mean +/− SEM (N=3; ∗P < 0.05; ∗∗∗P < 0.001; three-way ANOVA, Bonferroni post hoc). ∗ , versus nTG; §, versus R1441C.

the effect of clioquinol on lysosomal zinc levels in LRRK2-R1441C

primary cortical neuronal cultures. We observed that clioquinol

treatment significantly increased Furo-Zin3-positive lysosomes

in LRRK2-R1441C, but not nTG cultures (Fig. 8A; Supplementary

Material, Fig. S7f). Treatment of cortical cultures with the zinc

chelator N,N,N′,N′-tetrakis(2-pyridylmethyl)ethane-1,2-diamine

(TPEN) decreased Furo-Zin3 fluorescence (Supplementary Mate-

rial, Fig. S7g), confirming specificity of this dye. We next inves-

tigated if lysosomal zinc levels may functionally upregulate, or

increase protein expression of, vATPase a1. Clioquinol treatment

significantly upregulated protein expression of the a1 subunit

of vATPase in LRRK2-R1441C primary cortical neuronal cultures

(Fig. 8B), without changing lysosomal number as assayed by

lysotracker ( Supplementary Material, Fig. S7h).

In order to experimentally determine whether the effects of

clioquinol of LRRK2-R1441C phenotype were zinc dependent, the

clioquinol rescue assays previously described were repeated in

the presence of the TPEN. In the presence of TPEN, clioquinol

was no longer able to significantly increase vATPase a1 protein

levels, nor decrease lysosomal pH from basal levels in LRRK2-

R1441C cultures (Fig. 8B and C, Supplementary Material, Fig. S7i).

Similarly, alterations in calcium release from TRPML1 channels

were no longer increased with clioquinol treatment when co-

treatedwith TPEN (Fig. 8D and E).Using the pulse-chase assay, in

the presence of TPEN, lysosomal protein degradation decreased

back to levels comparable to basal (Fig. 8F). Together these data

provide strong evidence for the essential role of zinc in clioquinol

rescue in LRRK2-R1441C neuronal cultures.

Discussion

Our work has demonstrated differential effects on the

autophagy/lysosomal pathway by the LRRK2-R1441C and hWT-

LRRK2 and LRRK2-G2019S variants in primary neuronal cultures.

We have shown that the LRRK2-R1441C mutation prevents the

normal binding of LRRK2 protein to the a1 subunit of vATPase,

which leads to increased lysosomal pH and dysregulated

lysosomal calcium dynamics through decreased a1 subunit

protein levels and its mislocalization, inhibiting the maturation

of autolysosomes. The LRRK2-R1441C phenotypes were shown

to be independent of LRRK2 kinase activity. Furthermore,

the LRRK2-R1441C autophagic deficits were not limited to

primary cortical neurons, as increased LC3 expression was

observed in both cortical neurons and dopamine neurons of

the nigra in aged LRRK2-R1441C animals. These observations

place the LRRK2-R1441C mutation as acting at the lysosome,

specifically at the point of autophagosome–lysosome fusion.

By modulating lysosomal zinc content and increasing vATPase

subunit protein levels, clioquinol is capable of rescuing the
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Figure 8. Clioquinol modulates lysosomal zinc levels and increase expression of vATPase a1. (A, B) Using the zinc-sensitive dye FluoZin-3 and the lysosome dye

lysotracker, the percentage of FluoZin3+ lysosomes was quantified in the presence or absence of 1 μm clioquinol after 48 h. Bars, mean +/− SEM (N=3; ∗∗∗P < 0.001;

two-way ANOVA, Bonferroni post hoc). (B) Western blots for vATPase a1 in LRRK2-R1441C primary neuronal cultures in the presence or absence of 1 μm clioquinol for 48 h

and 500 nm TPEN for 6 h were quantified. (C) Using the pH sensitive dye lysosensor, lysosomal pH was quantified in LRRK2-R1441C primary cortical neuronal cultures

treated with 1 μm clioquinol. (D, E) ML SA1 was used to quantify calcium release from TRPML1 channels after 1 μm clioquinol treatment. Bars, mean +/− SEM. (N=3;
∗P < 0.05, ∗∗∗P <0.001; one-way ANOVA, Tukey HSD post hoc). (F) DIV 14 LRRK2-R1441C primary cortical neuronal cultures were incubated with radiolabelled valine

for 48 h and CPM was measured over 24 h in untreated cultures or in the presence of 500 nm TPEN and/or 1 μm clioquinol to calculate lysosomal protein degradation.

Bars, mean +/− SEM (N=3; ∗P < 0.05; ∗∗ P <0.005; ∗∗∗P < 0.001; two-way ANOVA, Bonferroni posthoc, §, versus R1441C. (G) Schematic diagram of disease phenotype

and effect of clioquinol treatment on the lysosome.

observed autolysosomematuration deficit by correcting both pH

and calcium release from TRMPL1 channels, providing a novel

mechanism to correct lysosomal dysfunction in PD.

The kinase-dependent decrease in autophagic flux described

here with hWT-LRRK2 and LRRK2-G1029S expression, combined

with the increases observed in Lrrk2−/− neurons, suggests that

the expression of either hWT-LRRK2 or LRRK2-G2019S inhibits

the production of autophagosomes, a phenotype that has previ-

ously been reported (25,33,34). It has recently been reported that

LRRK2 is able to inhibit the autophagy pathway by its interaction

with Beclin1-containing class II PI3-kinase (25). Furthermore,

this Beclin1 complex has been reported to be found to co-localize

with trans-Golgi makers (35). The co-localization of hWT-LRRK2

and LRRK2-G2019S to the trans-Golgi could therefore underlie

the inhibitory role of LRRK2 on the autophagy pathway demon-

strated here. Many validated and potential LRRK2 targets are

involved in pathways converging and diverging on the TGN. For

example, Rab8 and Rab10 have been validated as true LRRK2

targets (36) and both of these GTPases have been implicated

in biosynthetic trafficking from the TGN to the ER and plasma

membrane (37,38).

Autophagy phenotypes were also replicated in vivo, with

LRRK2-R1441C neurons in aged cortical and nigral tissue

exhibiting increased LC3-positive puncta, demonstrating that

alterations in autophagic activity induced by the LRRK2-

R1441C mutation are not specific to cultured cortical neurons.

Interestingly, although no significant changes in LC3 expression

were observed in the cortex of LRRK2-G2019S animals, increased

LC3 expression was observed in dopamine neurons of the

substantia nigra pars compacta of these animals, which may

contribute to the selective vulnerability of these dopamine

neurons due to increased metabolic pressure (39). It has also

been previously suggested that, although LRRK2 is ubiquitously

expressed, LRRK2 is expressed at different levels in different

brain regions (40). These differences, as well as the identification

of specific functions of LRRK2 within specific systems such as

the immune system (40,41), supports the hypothesis that LRRK2

could play different roles within different cell types and tissue.

LRRK2-R1441C neurons exhibited increased lysosomal pH, a

critical phenotype for the decreased autolysosome maturation

described. Substantial shifts in pH, such as those induced by

drugs like chloroquine, severely disrupt degradative enzyme
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activity and also block fusion of autophagosomes and lysosomes

(13). Elevations in lysosomal pH have previously been reported

in cellular models in Alzheimer’s disease (42,43), and lysosome

dysfunction is increasingly placed at the centre of neurodegen-

erative disease pathways. Increased lysosomal pH would not

only decrease lysosomal fusion capacity and lysosomal enzyme

activity, but has also been reported to have much more far-

reaching consequences. Altered lysosomal degradation induces

axonal transport impairment (45) and increases oxidized lipids

and reactive oxygen species (45), leading to lysosomal mem-

brane permeabilization resulting in apoptosis and necrosis (46).

The a1 subunit of the vATPase proton pump was found to

be mislocalized in the presence of LRRK2-R1441C, presumably

due to the loss in LRRK2-vATPase a1 interaction observed. Inter-

estingly, in a recent meta-analysis of genome-wide associa-

tion studies ATP6V0A1, encoding the vATPase a1 subunit was

identified as a novel PD risk loci (19). This highlights not only

the crucial role of the lysosome in PD but also the potential

interplay between PD genetic risk factors. This same subunit has

been shown to become destabilized in Presenilin-1 knock-out

(PS1KO) cells, a model of Alzheimer’s disease, leading to elevated

lysosomal pH (47). Furthermore, the blocking or knock-down of

this sub-unit was capable of replicating the reported lysosomal

phenotypes in PS1KO cells. The N-terminus of this subunit is

essential for vATPase function because it serves to tether V1 to

the membrane and must withstand the torque generated by V1

during motor movement (48). In addition, this region contains

the information necessary for correct targeting of vATPases to

cellular destinations (49). It is intriguing, therefore, that it is

this subunit that LRRK2 interacts with and is downregulated

in LRRK2-R1441C cultures. It has previously been demonstrated

that modulation of vATPase a1 binding partners can negatively

affect its function and lead to autolysosome maturation deficits

similar to what has been described here (50). It has recently

been shown that themembrane-anchored a1 subunit of the vAT-

Pase undergoes S-palmitoylation on Cys-25 and that expression

is significantly decreased in palmitoyl-protein thioesterase 1

(Ppt1) deficient mice (51). Furthermore, dynamic palmitoylation

(palmitoylation–depalmitoylation) facilitates the degradation of

proteins that undergo palmitoylation (52). Therefore, alterations

in vATPase a1 palmitoylation in LRRK2-R1441C cultures may

underlie the decrease in vATPase a1 expression levels.

We have shown that LRRK2 kinase inhibition is able to ame-

liorate the inhibitory effect of hWT-LRRK2 and LRRK2-G2019S on

autophagosome biogenesis, consistent with previous findings

(25). However, kinase inhibitors had no effect on LRRK2-R1441C

phenotypes, suggesting that kinase activity may not critical to

the lysosomal phenotypes. It may be that the differential effects

of the LRRK2-G2019S and LRRK2-R1441C mutations on lysoso-

mal dysfunction may reside in differences in GTPase activity

in these two mutations, and that the GTPase domain may be

critical to the role of LRRK2 at the lysosome. Although the

LRRK2-G2019S mutation consistently increases kinase activity

(53,54,55,56), reports on the effect of other LRRK2 mutations

residing in the kinase domain and in the GTPase domain on

LRRK2-kinase activity have been inconsistent (4,7,53,55). Fur-

thermore,mutants with hyperactive GTPase (R1298L) or inactive

GTPase (R1398L/T1343 V) cannot mimic the G2019S phenotypes

(57). While mutations in the GTPase domain have been reported

to decrease GTP hydrolysis (58,59,60), the G2019S mutation has

no discernible effects on GTPase activity (61). Taken together, it

seems that mutations residing in different enzymatic domains

exert different effects on the enzymatic activity of LRRK2, which

impact cellular function in different ways. Understanding how

LRRK2GTPase activity contributes to cellular phenotypes is chal-

lenging and may require genetic or pharmacological manipula-

tion of the GTPase domain.

Our work supports a mechanistic role for LRRK2 in calcium

signalling in agreement with the effects on lysosomal calcium

homeostasis previously reported (26).We demonstrate here that

LRRK2-R1441C cultures exhibited a decrease in lysosomal cal-

cium release from TRPML1 channels, which may in turn lead

to the increase in lysosomal calcium content we observe. Inter-

estingly, it has previously been reported that the opening prob-

ability and ion conductance of the TRPML1 channel is depen-

dent on lysosomal pH, with increased pH decreasing function

(62). It is therefore plausible that the primary deficit underlying

the LRRK2-R1441C phenotype we describe here is a defective

lysosomal pH, with alterations in lysosomal calcium release

being secondary to this. Lysosomal pH is implicated in lysosomal

calcium loading (63) with alkaline pH decreasing the activity

of H+ pumps speculated as being responsible (64). However, it

has recently been demonstrated that the inhibition of vATPase

H+ pumps does not prevent lysosomal calcium refilling (65). It

is therefore possible that the physiological mechanisms behind

lysosomal calcium loading are not as fully understood as previ-

ously thought.

The zinc/copper ionophore, clioquinol, was capable of

rescuing the LRRK2-R1441C phenotypes described, increasing

autolysosome maturation, lysosomal protein degradation and

decreasing lysosomal pH. Furthermore, we demonstrated that,

with clioquinol treatment, the expression of the a1 subunit

of v-ATPase significantly increased from its reduced basal

levels. Using the zinc chelator TPEN, we further showed that

the therapeutic role of clioquinol was dependent on its ability

to mobilize zinc into the lysosome. It is noticeable that with

clioquinol treatment, LRRK2-R1441C cultures demonstrate

significantly higher increase in zinc containing lysosomes to

nTGs. Patients with PD have been reported to exhibit increased

levels of both zinc and manganese in serum and cerebrospinal

fluid (66,67). Whether this exaggerated increase in lysosomal

zinc levels is indicative of increased intracellular basal levels

in LRRK2-R1441C cells remains to be determined. Nonetheless,

a role of metal ions in neurodegenerative disease is becoming

more apparent (68,69).

In summary, our data highlight specific novel phenotypes

caused by LRRK2 mutations and reveal further insight into nor-

mal physiological function of the WT protein. We demonstrate

how two different mutations in different enzymatic cores of the

same protein manifest in two very different phenotypes in the

same cellular pathway, helping to ascribe a distinct function

to the two enzymatic cores of LRRK2. We propose that the role

of LRRK2 at the lysosome, specifically in regulating lysosomal

pH and local calcium release by vATPase a1 binding and traf-

ficking, is a crucial pathological mechanism linking autophagic

deficits with Parkinson’s. The demonstration that small

molecules that directly target lysosome dysfunction, such as

clioquinol, have potential therapeutic benefit for PD fits closely

with the emerging consensus from genetics on this critical area

of cell biology.

Materials and Methods

Generation of primary cortical neurons

Transgenic male rats were bred with a pair of Sprague Dawley

female to produce litters. P1 rats were tail clipped and marked

for genotyping. A minimum of three animals per genotype
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were pooled for each experiment. Brains were extracted and

meninges were removed, and cortical areas were dissected and

shredded into 0.5 mm pieces. Tissue was incubated at 37◦C in

Neurobasal-A medium (Life Technologies) plus 0.01% trypsin

and 0.5 μg/ml DNase for 20 min. Trypsin was inactivated with

foetal bovine serum containing Neurobasal-A medium and

samples centrifuged at 1000 rpm at 37◦C for 5 min. This was

then replaced with wash media and centrifuged at 1000 rpm at

37◦C for 3 min. Wash media was removed and replaced with

growth media (Neurobasal-A media, 1× Anti-Anti, 2 mm L-

glutamine, 1× Anti-Anti, 1.75 μg Fungizone, 1× B27). Tissue was

triturated, and cells were counted and diluted for plating. Cells

were kept at 37◦C, 5% CO2, 95% relative humidity and 50% of

mediumwas replaced every 2 days. All assays were completed at

DIV 14.

Immunostaining

Cells were fixed in methanol previously cooled to −20◦C

and then washed with DPBS. Paraffin embedded sections,

cut to 8 μm, were dewaxed and rehydrated through a series

of alcohol. Cells/slides were blocked for 60 min at room

temperature then incubated with primary over night at 4◦C.

Samples were then washed and incubated with secondary

antibodies for 1 h at room temperature and were then

washed and incubated in 1 μg/ml DAPI (Life Technologies).

Coverslips were mounted onto Superfrost® plus (VWR) micro-

scope slides using Fluorsave reagent (Millipore). Samples

were imaged using an InvitrogenTM EVOSTM FL Auto cell

imaging system at 60× magnification and a NikonTM A1RTM

confocal at 100× magnification. Unless stated, all immunos-

taining data was obtained from β-III tubulin/MAP2-positive

cells.

Co-localization imaging and analysis

A minimum of 60 neurons were imaged per experimental

condition across three technical replicates. For image anal-

ysis, images were quantified using Cell ProfilerTM. Neurons

were identified manually using β-III tubulin stain. Puncta

(LC3/LAMPamp1/p62/YPet/58-k) were converted to greyscale and

enhanced, suppressing background and using the Otsu method

(to threshold brightness) and size exclusion, puncta were

identified. Puncta were then overlaid onto each other to identify

those co-localizing (see Supplementary Materials). The same

pipeline was used for lysosensor and FluoZin-3AM/LysoTracker

Red DND-99 imaging.

Western blotting

Cells were lysed in RIPA with protease and phosphatase

inhibitors. Samples were loaded onto 4–15% Criterion Tris-HCl

polyacrylamide gels (BioRad). Electrophoresis was performed at

150 V for ∼45min, and proteins were transferred to a polyvinyli-

dene membrane using a Trans-Blot Turbo Transfer System

(BioRad).Membraneswere blocked for 1 h at room temperate and

incubated with primary antibody in blocking solution overnight

at 4◦C. Membranes were washed with TBS-T and incubated in

horseradish peroxidase-conjugated secondary antibody (BioRad)

in blocking solution for 1 h. Membranes were washed in TBS-T

and developed using ECL solution (Millipore) and imaged on a

Chemidoc Touch imaging system (Biorad) and quantified using

ImageLab.

Lysosensor imaging and quantification of lysosome pH

Lysosomal pH was measured using the LysoSensorTM Green

DND-189 (Life Technologies). Briefly, primary cortical cultures

were labelled with 100 nm LysoSensorTM Green DND-189 in

growth media for 1 h and either immediately imaged or

incubated for 10 min in pH-calibrated solutions. Nuclei were

stained with Hoechst 33258 for 10 min, and cells were imaged

using an InvitrogenTM EVOSTM FL Auto cell imaging system

at 20× magnification. pH values were then calculated using

a standard curve generated from the pH calibrations. pH-

calibration solutions were generated in Hanks Buffered Salt

solution (GIBCO, Life Technologies) containing 20 mm MES (4-

Morpholineethanesulfonic acid), 110 mm KCl and 20 mm NaCl,

supplemented with 30 μm nigericin and 15 μm monensin, sterile

filtered and titrated to pH values of 3, 4, 5, 6 and 7.

14C-valine pulse-chase protein degradation assay

14C-valine was added to each well of cells for 48 h at 37◦C in a

humidified incubator with 5% CO2. Cells were then washed with

fresh media and incubated for a further 24 h in the final wash.

After 24 h, media was replaced with fresh media containing

1 mm 12C-valine. A total of 10 μm chloroquine was added to

control wells to ensure radioactive countsmeasured were due to

lysosomal protein degradation. Aliquots of media were collected

from each well at various time points and proteins precipitated

by adding to ice-cold 20% trichloroacetic acid. Samples were

centrifuged at 17000g for 10 min to pellet the proteins, and the

supernatant was transferred to a scintillation vial and scintilla-

tion fluid added. At the end of the time course the remaining

media was removed and the cells lysed by addition of 0.1 m

sodium hydroxide for 5 min at 37◦C. The lysate was transferred

to a scintillation vial and scintillation fluid added. Counts were

measured using a scintillation counter and protein degradation

by autophagy calculated as follows: %=100× (total counts for

supernatant/total counts for supernatant and lysate). The %

calculated for chloroquine treated sampleswere subtracted from

those of untreated samples to ensure the final values were

representative of lysosomal protein degradation.

Calcium imaging

Cortical cultureswere incubatedwith 2.5mm Fura2-AM (Molecu-

lar Devices) in calcium-free HBSS (ThermoFisher) supplemented

with 20 mm HEPES and 0.02% pluronic F-127 (ThermoFisher) for

1 h and imaged on a FlexStation 3Multi-ModeMicroplate Reader

(Molecular Devices). Light excitation at 340 nm and 380 nm

and measurement of detection at 510 nm allowed the ratio

of unbound:bound calcium signal to be calculated (F340/F380).

After establishing a baseline signal for 30 s, calcium compounds

were injected into wells and the ratio measured for 60/120 s.

� (F1—F0) was calculated to assess calcium store content.

Co-immunoprecipitation

DynabeadsTM Protein G (Invitrogen) were washed in PBS +/+

using a magnetic rack (BioRad) and incubated with 40 μg of

antibody/sample overnight at 4◦C while rotating. Beads were

washed in PBS +/+, and beads were then incubated with cell

lysates (150 μg) for 3 days at 4◦C while rotating. Flow through

was removed for analysis and beads washed in PBS +/+ and

boiled at 65◦C in 3× Laemmli sample Buffer and assessed by

SDS-PAGE.
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Zinc imaging

Cortical cultures were incubated with 5 μm FluoZin-3AM (Life

Technologies) and 100 nm LysoTracker Red DND-99 (Life Tech-

nologies) for 1 h in neuronal growthmedium supplementedwith

0.02% pluronic acid F127 (Life Technologies). Cells were washed

to remove unbound dye and incubated for 30min to allow for the

de-esterification of the dye. Nuclei were stained with Hoechst

33258 for 10 min and imaged on an InvitrogenTM EVOSTM FL Auto

cell imaging system at 20× magnification.

Statistics and data analysis

Data and statistical analyses were performed using SPSS. Data

were analyzed by either one-way or two-way analysis of variance

(ANOVA) or by t-test. In instances when data did not fit paramet-

ric assumptions, Kruskal–Wallis non-parametric ANOVA was

used. Post hoc tests following ANOVAs were conducted using

Tukey HSD or Bonferroni correction. Two-tailed levels of sig-

nificance were used, and P <0.05 was considered statistically

significant.

Supplementary Material

Supplementary Material is available at HMG online.
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