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Defective phagocytosis leads
to neurodegeneration through systemic
increased innate immune signaling

Johnny E. Elguero,1,2 Guangmei Liu,1,2 Katherine Tiemeyer,1 Shruthi Bandyadka,1 Heena Gandevia,1

Lauren Duro,1 Zhenhao Yan,1 and Kimberly McCall1,3,*

SUMMARY

In nervous system development, disease, and injury, neurons undergo programmed cell death, leaving
behind cell corpses that are removed by phagocytic glia. Altered glial phagocytosis has been implicated
in several neurological diseases including Alzheimer’s disease. To untangle the links between glial phago-
cytosis and neurodegeneration, we investigated Drosophila mutants lacking the phagocytic receptor
Draper. Loss of Draper leads to persistent neuronal cell corpses and age-dependent neurodegeneration.
Herewe investigatewhether the phagocytic defects observed indrapermutants lead to chronic increased
immune activation that promotes neurodegeneration. We found that the antimicrobial peptide Attacin-A
is highly upregulated in the fat body of aged draper mutants and that the inhibition of the Immune defi-
ciency (Imd) pathway in the glia and fat body of drapermutants led to reduced neurodegeneration. Taken
together, these findings indicate that phagocytic defects lead to neurodegeneration via increased im-
mune signaling, both systemically and locally in the brain.

INTRODUCTION

The link between neurodegeneration and innate immunity has been the subject of much research in recent years.1–4 Innate immunity consists

of two main branches: the cellular branch, or phagocytosis, and the humoral branch, which is comprised of signaling pathways culminating in

the release of cytokines, antimicrobial peptides (AMPs), and other immunemolecules.5,6 One aspect of innate immunity, inflammation, can be

defined as the activation of immune cells coupled with the release of inflammatory cytokines. This response is important for the protection of

the organism from pathogens as well as for tissue repair after injury. Although inflammation is protective in the context of infection and injury,

chronic inflammation is known to be detrimental.7,8 The presence of inflammation in the central nervous system has been termed ‘‘neuroin-

flammation,’’ and typically refers to the presence of activated, pro-inflammatory microglia and astrocytes as well as infiltrating peripheral im-

mune cells.9,10

In humans, the presence of inflammatory microglia is associated with both aging and neurodegenerative conditions11,12 and in mammals

and Drosophila, increased innate immune signaling has been shown to induce or worsen neurodegeneration.1,7,8,13 Drosophila do not have

microglia, but phagocytosis of neuronal processes and dead cells is carried out by other types of glia. The presence of uncleared cell corpses

and debris is thought to lead to increased immune signaling14 and glial phagocytic ability is known to decreasewith age in bothmammals and

Drosophila.15,16 Thus, in aging, a lack of phagocytosis may contribute to increased neuroinflammation through the persistence of uncleared

material that may in turn worsen neurodegeneration.

The humoral immune response in Drosophila is mediated primarily by two NF-kB signaling pathways, Toll and Immune deficiency

(Imd).5,6,17 These pathways activate the transcription of antimicrobial peptides (AMPs) primarily in the fat body, a tissue with similarities to

the vertebrate liver. However, there are additional complexities to these immune pathways. While AMPs are known to target bacteria and

fungi, they have also been shown to contribute to neurodegeneration and other processes.5,7 Moreover, the Toll and Imd pathways activate

the transcription of other genes, are expressed in multiple tissues and act in concert with other pathways and phagocytic cells to remove

invading pathogens.5,17

The basic steps of phagocytosis are conserved across species.18–20 In Drosophila, Draper is a major phagocytic receptor with roles in

phagocytosis of bacteria, debris, and apoptotic cells throughout the body. In the brain, Draper has been shown to function in glia during

the pruning of axons, clearance after axotomy, and in the removal of apoptotic cells.21 The absence of Draper in the brain leads to the
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persistence of neuronal corpses22–24 and age-dependent neurodegeneration.23,25 However, the mechanisms by which the loss of Draper

leads to neurodegeneration have yet to be determined.

Herewe addresswhether the inhibition of the cellular innate immune response, viamutants lacking the phagocytic receptor Draper, results

in an overactivation of the humoral response. Specifically, we hypothesized that the absence of phagocytosis and the presence of uncleared

corpses would lead to increased innate immune signaling which would promote neurodegeneration. Indeed, we found elevated expression

of anti-microbial peptides in the drapermutant, and found that suppression of the Imd pathway in either glia or fat body could reduce neuro-

degeneration in draper mutants. Taken together, these findings indicate that phagocytic defects lead to neurodegeneration through

increased immune signaling, both systemically and locally in the brain.

RESULTS

Aged draper mutants display the dysregulation of anti-microbial peptide expression

To determine if innate immune signaling was affected in mutants lacking the phagocytic receptor Draper (drprD5), we extracted RNA from

whole heads and performed RT-qPCR for three representative anti-microbial peptides: Attacin-A (AttA), Attacin-D (AttD), and Diptericin

(Dipt).We found that at an early age (5 days post-eclosion), AttAmRNA expression trended toward elevation in drprD5 heads, as compared

to control heads (Figure 1A). At 14 days post-eclosion, this increase was more pronounced, with an average increase of around 700-fold

as compared to 5-day old control flies. At 40 days post-eclosion, AttA expression in drprD5 mutants showed an increase of over 1500-fold

as compared to 5-day old control flies. In contrast, 40-day old control flies showed an increase of about 14-fold compared to 5-day old

flies. While AttD expression showed an increasing trend as drprD5 flies aged, this change was not significant (Figure 1B).Dipt expression simi-

larly showed an increasing trend, but no significant change with age, and the increase appeared to be similar in control flies (Figure 1C). Simi-

larly, we found the dysregulation of AMPs when draper was knocked down specifically in glia (Figure S1). Taken together, these experiments

suggest that innate immune signaling, particularly AttA expression, is drastically altered in drprD5 mutant heads. However, as RT-qPCR

involved extracting RNA from whole heads and not a specific tissue, we were not able to ascertain whether the observed dysregulated

AMP expression could be attributed to the brain or another tissue in the head.

Attacin-GFP is expressed in neurons in young and aged, control and draper mutant brains at similar levels

To determinewhether the dysregulation of AMP expression we observed in fly heads resulted specifically frombrain expression, we used flies

carrying the genetic reporterAttGFP, which contains the 2.4 kb regulatory region ofAttA upstreamof GFP and has been shown to reportAttA

expression.26 We first dissected brains of AttGFP flies and identified several cells in the brain that expressed AttA (Figures S2A’–S2B0, arrow-
heads). Co-labeling with anti-Repo antibody to mark glia (Figures S2A’’–S2B%) revealed that these cells were not glia. However, co-labeling

with anti-Elav antibody to mark neurons (Figures S2C–S2D%) confirmed that most AttGFP-expressing cells were neurons. We then dissected

young and agedAttGFP andAttGFP drprD5 flies to determinewhether the upregulation ofAttA observed indrprD5mutants through RT-qPCR

resulted from brain expression. In young flies, AttGFP drprD5 brains did not show a noticeable upregulation in AttA expression as

compared to AttGFP brains (Figures 2A and 2B0). We then dissected the brains of flies aged to 40 days, and found once again that AttA

expression was not noticeably different between AttGFP brains and AttGFP drprD5 brains (Figures 2C–2D0). Thus, we concluded that the in-

crease in AttA expression in aged drprD5 mutants observed through RT-qPCR did not result from expression in the brain.

Attacin-GFP expression is increased in the aged drpr mutant fat body

To visualize AttA expression in tissues other than the brain, we cryosectioned whole heads of AttGFP and AttGFP drprD5 flies. We used tissue

morphology, nuclear labeling by DAPI, and anatomical location to identify fat body tissue, brain tissue, and eyes in head sections (Figures 3B

and 3B0). The fat body was a tissue of particular interest, as it is associated with immune signaling. We used BODIPY, which labels lipids (Fig-

ure 3A), to distinguish the pericerebral fat body from other tissues surrounding the brain. As observed in the dissection of whole brains (Fig-

ure 2), there was no difference in AttGFP expression in the brain between any groups observed in cryosections (Figures 3C–3F). We thus

turned our attention to the pericerebral fat body.We found that in young flies (1–2 days post-eclosion), there was no difference inAttA expres-

sion between AttGFP (control) flies (Figure 3C) and AttGFP drprD5 flies (Figure 3D). However, in aged flies, both AttGFP (Figure 3E) and

AttGFP drprD5 (Figure 3F) showed an increase in AttGFP expression in the pericerebral fat body. While this increase was present in some

of the sections from AttGFP flies, it was present in all sections from AttGFP drprD5 (n = 7 flies). The percentage of GFP-positive pericerebral

fat body was quantified in several sections per head, andwe found a highly significant increase inAttA expression in aged, but not young,drpr

mutants, compared to age-matched controls (Figure 3G).

We next determined whether the increase in AttA expression was specific to the pericerebral fat body or if it was a systemic effect. We

cryosectioned whole bodies of AttGFP and AttGFP drprD5 flies and stained with anti-GFP antibody to visualize AttA expression. We used

cell morphology and anatomical location to identify fat body cells in the abdomen. As with the pericerebral fat body, expression of AttA

in the abdominal fat body was unchanged between the young AttGFP control flies (Figures S3A–S3A%) and AttGFP drprD5 flies

(Figures S3B–S3B00). In 40-day old flies, there was an increase inAttA expression betweenAttGFP control flies (Figures S3C–S3C00) and AttGFP

drprD5 flies (Figures S3D–S3D00). However, this increase was not consistent across all samples where some abdomens did not show an increase

in AttA expression (Figures S3E–S3E00). This suggests that the upregulation of immune signaling was more pronounced in the head of drpr

mutants.
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Glial and fat-body, but not neuronal, knockdown of Relish in draper mutants attenuates neurodegeneration

To determine whether the neurodegeneration observed in drprD5 mutants is mediated by an overactive immune response, we genetically in-

hibited the Imdpathway in neurons, glia, or fat body cells in a drprD5mutant background by expressing dsRNA targeting theNF-kB transcription

factor Relish using Gal4 drivers specific to these cell types. We then aged the flies and performed cryosectioning tomeasure levels of vacuoliza-

tion, a hallmark of neurodegeneration in Drosophila.27–30 We found, as expected, that drprD5 mutants carrying only the GAL4 drivers showed

high levels of neurodegeneration compared to controls (Figures 4A–4F and 4J). drprD5 mutants expressing Relish RNAi in neurons with elav-

Gal4did not show decreased levels of neurodegeneration (Figures 4I and 4J). drprD5mutants carrying only the fat body driver ppl-GAL4 showed

high levels of neurodegeneration but drprD5 mutants expressing Relish RNAi in the fat body showed significantly less vacuolization (Figures 4E,

4H and 4J). Similarly, inhibiting Relish in glia with repo-GAL4 in a drprD5 mutant background significantly reduced the level of vacuolization, as

compared to drprD5mutants carrying only the glial driver (Figures 4D, 4G and 4J). Simultaneous knockdown of drpr and Relish in glia also led to

reduced vacuolization compared to drpr knockdown alone, although the effect did not reach statistical significance with a small sample size

Figure 1. RT-qPCR shows the dysregulation of innate immunity in drprD5 mutants

(A–C) Log fold change in expression of AttA (A), AttD (B), and dipt (DptA) (C) in whole heads of drprD5 orw1118 flies, as compared to 5-day oldw1118, is shown. n =

30 flies per sample. Values shown are mean G S.D. Unpaired t-tests with Welch correction were performed using Prism software. *p < 0.05, **p < 0.01,

***p < 0.001. See also Figure S1.
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(Figure S4). Moreover, dopaminergic neuron loss in drprD5 mutants was suppressed by inhibiting Relish in glia or fat body but not neurons (Fig-

ure 5). Taken together, these findings indicate that the activation of the Imd pathway in glia and fat body, but not neurons, contributes to neuro-

degeneration seen in the drprD5 mutant. As AttA upregulation was not observed in glia (Figures S2A–S2B%) and knockdown of its transcription

factor, Relish, in glia attenuates neurodegeneration in thedrprmutants (Figure 4), it is likely that Relish has different targets other thanAttA in glia

that promote neurodegeneration. Alternatively, there may be common targets or downstream effectors of Relish which are released from both

fat body andglia and can also cross theblood–brainbarrier from theperipheral fat body to thebrain. It is also possible that theremaybe crosstalk

between the fat body and glia, and/or the pathways promoting neurodegeneration may be different in the fat body and glia.

We previously found that the inhibition of the TORC1 or autophagy pathway also suppressed neurodegeneration in drapermutants, and

this was accompanied by a pronounced reduction in the persistence of neuronal corpses.23 To determine if Relish also suppressed corpse

persistence, we performed TUNEL labeling to detect apoptotic cells in the brain. We detected a modest reduction in the number of

TUNEL-positive cells in all of the genotypes expressing Relish (Figure 6), but the number of corpses remained very high (600+ per central

brain) compared to less than 100 in the TORC1-inhibited flies.23 Thus, we conclude that the mechanism of suppression of neurodegeneration

in draper mutants is distinct in TORC1 vs. Relish inhibited flies. We propose that Relish primarily affects neurodegeneration downstream of

corpse persistence and the major effect of Relish knockdown is not to affect phagocytosis or phagosome maturation in the draper mutant.

DISCUSSION

Chronic activation of innate immunity in the brain is known to play a role in neurodegenerative disease progression, although the mechanisms

underlying this role remain unclear.Microglia, the residentmacrophages of themammalian brain, can become ‘‘activated,’’ releasing pro-inflam-

matory cytokines and reactive oxygen species, damaging nearby neurons.31 However, ‘‘activated’’ microglia are also thought to be protective at

times, clearing dead cells, cellular debris, and disease-associated protein aggregates.32,33 Interestingly, in aging, the phagocytic abilities of mi-

croglia decrease, while their pro-inflammatory reactivity increases.16 This interplay between phagocytosis and innate immunity in the brain re-

mains poorly understood. In Drosophila, recent findings have suggested that increased innate immune signaling in the brain is similarly detri-

mental.7,8,13 As we and others have shown, phagocytic defects in Drosophila glia lead to age-dependent neurodegeneration.23,25 Thus,

Drosophila provide a useful model in which to untangle the links between glial phagocytosis, innate immune signaling, and neurodegeneration.

As increased innate immune signaling is thought to cause or worsen neurodegeneration, and the presence of uncleared cell corpses and

debris is thought to lead to the activation of innate immunity, we hypothesized that the neurodegeneration observed in drprD5 flies could be

caused by overactive innate immune signaling. Thus, we first measured AMP expression as a readout for the Imd pathway and found thatAttA

was upregulated in the aged drprD5mutant head. We then used cryosectioning to identify which tissue was responsible for the elevated AttA

expression and found that this upregulation was primarily the result of expression in the fat body. Interestingly, glial-specific knockdowns of

drpr did not show the same effect on AttA, although other AMPs were increased. This suggests that loss of drpr from other tissues in the fly

also contributes to immune dysregulation.

To determine whether this overactive immune signaling was contributing to neurodegeneration, we knocked down Relish in the fat body,

glia, and neurons in the drprD5 mutant and measured neurodegeneration. We found that inhibiting the Imd pathway in the glia and fat body,

but not neurons, partially suppressed neurodegeneration in the drprD5mutant. These findings suggest that increased innate immune activity,

both systemically and in glia, drive neurodegeneration in the drprD5mutant. Interestingly, the effect on neurodegeneration wasmoremodest

Figure 2. Brain expression of AttA is unchanged in aged drprD5mutants

(A–A0) Representative images of 5-day old AttGFP brain stained with DAPI (A) and anti-GFP (A0).
(B–B0) Representative images of 5-day old AttGFP, drprD5 brain stained with DAPI (B) and anti-GFP (B0 ).
(C–D0) Representative images of 40-day oldAttGFP (C-C0 ) orAttGFP, drprD5 (D-D0) brain stained with DAPI (C, D) and anti-GFP (C0,D0). Scale bar = 50 mm. See also

Figure S2.

ll
OPEN ACCESS

4 iScience 26, 108052, October 20, 2023

iScience
Article



with drpr RNAi knockdown in glia, suggesting that loss of drpr throughout the body could contribute to neurodegeneration, although we

cannot rule out the more modest effect being due to a partial knockdown with RNAi.

A previous study found that increased activation of the Imd pathway can induce age-dependent neurodegeneration.7 Mutations in the

dnr1 (defense repressor 1) gene, a negative regulator of the Imd pathway, result in increased immune signaling and neurodegeneration.

The authors also induced AMP expression in the brain, both genetically and by bacterial injection, and found this sufficient to cause neuro-

degeneration.7 Interestingly, when the authors activated systemic innate immunity by injecting bacteria into the thorax, they did not see neu-

rodegeneration. The authors state that this is because AMPs are not expected to cross the blood-brain barrier. Our finding that suppressing

systemic immunity is sufficient to attenuate neurodegeneration suggests the possibility that some AMPs do cross the blood-brain barrier, or

that systemic innate immunity can be neurotoxic in other ways. It is possible that the drprD5 mutant has increased blood-brain barrier perme-

ability, although to our knowledge this has not been investigated. Due to the nature of theAttGFP reporter, we were only able to visualize the

transcriptional regulation of AttA, rather than the localization of the peptide.

In humans, systemic inflammation can occur chronically or acutely, driven by underlying causes such as infection, chronic illness, and aging.

Cytokines and other pro-inflammatory mediators can affect the brain by crossing the blood-brain barrier or entering the circumventricular

organs.34,35 Systemic inflammation is thought to induce the activation of glia, leading to inflammation in the CNS.36 In aged or diseased

brains, glia are thought to be primed in a way that makes them more reactive to stimuli capable of inducing a pro-inflammatory state.37

Chronic, low-level systemic inflammation is also thought to play an important role in neurodegenerative disease. Evidence for this comes

from long-term studies showing that factors known to increase levels of inflammation, such as smoking, obesity, vascular disease, and peri-

odontal disease increase the risk of neurodegenerative disease.38,39 Additionally, long-term use of NSAIDs reduces the risk of AD, suggesting

that maintaining low levels of systemic inflammation earlier in life can be protective.40

Our study identifies a source of systemic inflammation in Drosophila: defective phagocytosis. Whether this results from the persistence of

apoptotic corpses, debris, pathogens, or another mechanism remains unclear. Our finding that the inhibition of immune signaling in glia atten-

uated neurodegeneration suggests that elevated systemic immune signaling may drive neurodegeneration through the activation of glia, as is

Figure 3. Pericerebral fat body expression of AttA is increased in aged drpr mutants

(A) BODIPY staining (lipids) was used for the positive identification of fat body cells in cryosectioned Drosophila heads.

(B–B0) Cryosection ofAttGFP fly head stainedwith anti-GFP (magenta, B), with brain, eyes, and fat body highlighted in orange, purple, and green, respectively (B0 ).
(C and D) Representative sections of young AttGFP (C) and AttGFP drprD5 (D) heads, stained with anti-GFP (magenta), showing no difference in AttA expression.

Dotted white line surrounds regions of fat body.

(E and F) Representative sections of aged AttGFP (E) and AttGFP drprD5 (F), stained with anti-GFP (magenta), showing increased AttA expression in drprD5

pericerebral fat body. Scale bars = 100 mm.

(G) Quantification of GFP-positive pericerebral fat body in young and aged AttGFP and AttGFP drprD5 flies. Sections were quantified from 3 replicate

experiments (AttGFP young n = 8 flies, AttGFP drprD5 young n = 9, AttGFP aged n = 10, AttGFP drprD5 n = 7). Values shown are mean G S.D. Unpaired

t-tests were performed using Prism software. ****p < 0.0001. See also Figure S3.
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thought to be the case in mammals. InDrosophila, the activation of glia has primarily been described in the context of phagocytic clearance of

injured axons.41Whether glia engage in other pro-inflammatory signaling remains unclear, although Imd signaling has been reported in glia.7,42

While we did not see elevated expression of AttA in glia in the drprD5 mutant, Relish regulates the expression of many genes including other

AMPs.17 It is also possible that Relish may activate target genes that can directly affect phagocytosis, since we found a modest reduction in

the number of persisting corpses in drprmutants when Relish was knocked down (Figure 6). Future identification of these key transcriptional tar-

gets of Relish will provide insight into how local and systemic immune signaling drives neuroinflammation and neurodegeneration inDrosophila.

Limitations of the study

Our study reports the role of immune signaling in the fat body and glia in promoting neurodegeneration in draper phagocytosis-defective

mutants. While we found an upregulation of AttA in the fat body, we did not determine a requirement for AttA or other targets of Relish in

neurodegeneration in this context, and further study will be needed to identify the relevant targets of Relish. Additionally, we found that

knockdown ofdrpr in glia led tomoremodest effects than the null mutant on immune signaling and neurodegeneration, but we did not deter-

mine if this is due to an incomplete knockdown or if loss of drpr in the periphery promotes neurodegeneration. Further studies are needed to

decipher the interactions between peripheral tissues and the brain in promoting neurodegeneration.

Figure 4. Knockdown of Relish in glia and fat body, but not neurons, attenuates neurodegeneration in drpr mutant flies

(A–C) Representative sections of 40-day old drpr+/+ flies carrying the glial driver repo-Gal4 (A), the fat body driver ppl-Gal4 (B), or the neuronal driver elav-Gal4,

stained with BODIPY.

(D–F) Representative sections of 40-day old drprD5 flies carrying repo-Gal4 (D), ppl-Gal4 (E), or elav-Gal4 (F) stained with BODIPY. White arrowheads point to

vacuolar lesions.

(G–I) Representative sections of 40-day old drprD5 flies with Relish-RNAi expressed in glia (G), fat body (H), or neurons (I). White arrowheads point to vacuolar

lesions. Scale bar = 100 mm.

(J) Average number of vacuolar lesions per section for each genotype. Each dot represents one head, with at least two sections analyzed per head. Brown-

Forsythe and Welch ANOVA and unpaired t tests with Welch correction were performed using Prism software. p-values shown for unpaired t tests with

Welch correction. **p < 0.01. See also Figure S4.
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SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.1016/j.isci.2023.108052.

Figure 5. Knockdown of Relish in glia and fat body, but not neurons, attenuates dopaminergic neuron loss in drpr mutant flies

(A–C) Representative projection images of brains with dopaminergic neurons labeled with anti-tyrosine hydroxylase from the posterior region (�31mm thick) of

whole-mount 5-day old w1118 flies (A), drprD5 flies (B) and drprD5 flies expressing Relish RNAi in fat body (C).

(D–F) Representative images of brains from 40-day old w1118 flies (D), drprD5 flies (E) and drprD5 flies expressing Relish RNAi in fat body (F). Scale bar = 50 mm.

(G) The total number of dopaminergic neurons within confocal stacks (30 mm) of 5-day oldw1118 flies, drprD5 flies and drprD5 flies with Relish RNAi expressed in fat

body (ppl), glia (repo) or neurons (elav). Values shown are mean G S.D. n R 6.

(H) The total number of dopaminergic neurons within confocal stacks (30 mm) of 40-day old flies. Each dot represents one brain. Values shown are meanG S.D.

n R 6. One-way ANOVA with Dunnett’s posttest was performed using Prism software. n.s., not significant, *p < 0.05.
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19. Lukácsi, S., Farkas, Z., Sask}oi, É., Bajtay, Z.,
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KEY RESOURCES TABLE

RESOURCE AVAILABILITY

Lead contact

Further information and requests for reagents should be directed to and will be fulfilled by the lead contact, Kimberly McCall (kmccall@

bu.edu).

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Anti-GFP Torrey Pines Biolabs RRID:AB_10013661

Anti- Elav Developmental Studies Hybridoma Bank RRID:AB_528217

Anti-Repo Developmental Studies Hybridoma Bank RRID:AB_528448

Rabbit-Anti-Tyrosine Hydroxylase Sigma-Aldrich Cat# AB152; RRID:AB_390204

Chemicals, peptides, and recombinant proteins

BODIPY Invitrogen Cat# D3922

Rhodamine Phalloidin Invitrogen Cat# R415

Vectashield with DAPI Vector Laboratories Cat# H1200

Critical commercial assays

In Situ Cell Death Detection Kit, Fluorescein Roche Cat# 11684795910

Maxima First Strand cDNA Synthesis Kit for RT-

qPCR

Thermo Scientific Cat# K1671

Experimental models: Organisms/strains

Drosophila: drprD5 Estee Kurant

Drosophila: UAS- Relish RNAi Vienna Drosophila Stock Center Cat# 49414

Drosophila: AttGFP Mitch Dushay

Drosophila: UAS-drpr RNAi Marc Freeman and Mary Logan RRID:BDSC_67034

Drosophila: UAS-LexA RNAi Bloomington Drosophila Stock Center RRID:BDSC_67947

Drosophila: repo-GAL4/TM3 Bloomington Drosophila Stock Center RRID:BDSC_7415

Drosophila: elav-GAL4 Bloomington Drosophila Stock Center RRID:BDSC_458

Drosophila: ppl-GAL4 Michael O’Connor RRID:BDSC_58768

Drosophila: w[1118] Hermann Steller RRID:BDSC_3605

Oligonucleotides

RPL32 forward ATGCTAAGCTGTCGCACAAATG

RPL32 reverse GTTCGATCCGTAACCGATGT

Attacin-A forward CTCCTGCTGGAAAACATC

Attacin-A reverse GCTCGTTTGGATCTGACC

Attacin-D forward AGTGGGGGTCACTAGGGTTC

Attacin-D reverse GTGGCGTTGAGGTTGAGATT

Diptericin forward ACCGCAGTACCCACTCAATC

Diptericin reverse GGTCCACACCTTCTGGTGAC

Software and algorithms

FIJI/Image J

Webknossos

Neurodegeneration Vacuole Quantification This study https://github.com/McCallLabBU/

neurodegeneration_vacuole_quantification

Prism GraphPad
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Materials availability

This study did not generate new unique reagents.

Data and code availability

� All data in this paper can be requested by the lead contact.

� All original code has been deposited at the Github repository and is publicly available at https://github.com/McCallLabBU/

neurodegeneration_vacuole_quantification.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Fly stocks and husbandry

The following fly strains were used: drprD5 FRT2A,43,44 UAS- Relish RNAi (Vienna Drosophila Stock Center #49414), AttGFP26 (provided by Dr.

Mitch Dushay),UAS-drpr RNAi45 (provided by Drs. Mary Logan andMarc Freeman),UAS-LexA RNAi46 (BloomingtonDrosophila Stock Center

(BDSC) #67947), repo-GAL4/TM3 (BDSC #7415), elav-GAL4 (BDSC #458), ppl-GAL447 (provided by Dr. Michael O’Connor) and w1118. All fly

lines were raised at 25�C on standard cornmeal and molasses food. Aging flies were transferred to fresh food at least once per week.

METHOD DETAILS

Dissection and histology

Flies were anesthetized on CO2 pads before dissection and equal numbers of male and female flies were dissected. Brains were dissected

out of the cuticle in 4% paraformaldehyde (PFA) in phosphate-buffered saline with 0.1% Triton-X 100 (PBT) and transferred to 0.5 ml centri-

fuge tube with fresh dissection media. Whole heads were removed from bodies in fixation media (4% PFA in PBT). The proboscis was then

removed, with care being taken not to damage the head. Heads were then placed in fresh fixation media and allowed to rotate for 2-4

hours at room temperature. For whole body preparations, the wings, legs, and proboscis were removed and the abdomen was lightly

punctured in fixation media (4% PFA in PBT). Flies were then placed in fresh fixation media and incubated at room temperature with rota-

tion for 4 hours.

For cryosectioning after dissection, PFA was removed and replaced with PBT for up to an hour. PBT was then removed and replaced

with 15% sucrose in PBT. Heads or bodies were incubated for 48 hours in sucrose at 4�C with rotation. 15% sucrose was then

replaced with 30% sucrose in PBT, and tissues were incubated for a further 48 hours at 4�C with rotation. Tissues were then embedded

in optimal cutting temperature (OCT) media (Fisher #23-730-571) in aluminum foil molds and frozen on powdered dry ice, before being

stored at -80�C until sectioning. Tissues were sectioned at -19 to -21�C, with heads at a thickness of 18 mm and whole bodies at 25mm

unless noted otherwise.

Staining procedures

For whole mount staining, dissected brains were incubated for 50 minutes in fresh fixation media at room temperature. Samples were then

permeabilized in three washes for a total of up to one hour in 1X PBT at room temperature. Samples for antibody staining were incubated

in PBANG (PBT, bovine serum albumin (BSA), and normal goat serum (NGS)) for one hour at room temperature or overnight at 4�C. Sam-

ples were then incubated with primary antibody diluted in PBANG for 4-5 days at 4�C with rotation. Samples were then washed in PBT for a

total of one hour, before being incubated in secondary antibody diluted in PBANG for 4 hours at room temperature or two days at 4�C in

the dark with rotation. Samples were then transferred to Vectashield with DAPI (Vector Laboratories) and stored in the dark at 4�C until

mounting on slides.

Sections on slides were washed in coplin staining jars in PBS before being incubated for two hours in primary antibody diluted in PBS.

Slides were then washed twice in PBS for up to one hour before being incubated for 45 minutes in secondary antibody diluted in PBS. Slides

were then again washed at least three times in PBS for a total of one hour. Coverslips were then mounted with two drops of Vectashield with

DAPI (Vector Laboratories), then sealed with nail polish.

The following primary antibodies were used: Anti-GFP (Torrey Pines Biolabs Cat# TP401 071519, RRID:AB_10013661, 1:100), Anti- Elav

(DSHB Cat# Elav-9F8A9, RRID:AB_528217,1:100) and Anti-Repo (DSHB Cat# 8D12 anti-Repo, RRID:AB_528448, 1:100), Anti-Tyrosine Hydrox-

ylase (Sigma-Aldrich Cat# AB152, RRID:AB_390204, 1:200). Secondary antibodies were obtained from Jackson Laboratories and were used at

1:200 or 1:400.

For BODIPY (lipid) staining, whole tissues were dissected, fixed, and permeabilized as described above, and were incubated at room tem-

perature in the dark in a solution of 1:1000 of 1mg/ml BODIPY (Invitrogen, D3922) diluted in DMSO:1X PBS for 2 hours. Samples were then

washed three times in PBS and stored in Vectashield with DAPI until coverslipping. After sectioning and washing in PBS as described above,

sections on slides were incubated in a solution of 1:1000 of 1mg/ml BODIPY diluted in DMSO:1X PBS for 45 minutes at room temperature or

overnight at 4�C, protected from light. Slides were then washed three times with 1X PBS, then a coverslip was added as described above.

For whole-mount phalloidin staining, whole brains were dissected, fixed, and permeabilized as described above, and were incubated at

4�C in the dark in a solution of 1:100 of rhodamine phalloidin (Invitrogen, R415) diluted in PBT overnight. Samples were washed three times

briefly in PBS and mounted as described above.
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TUNEL staining

The In SituCell DeathDetection Kit, Fluorescein (Roche, Cat# 11684795910) was used. Briefly, after fixing andwashing as for antibody staining,

tissue was permeabilized in PBT at 4�C overnight while rotating. Tissue was further permeabilized in freshly made 0.1% sodium citrate in PBT

for 30 min at 65�C. Samples were then incubated in 30 ml TUNEL reaction mixture (27ml label solution and 3 ml enzyme solution) for 3 hours at

37�C. Samples were washed three times in PBS while rotating for a total of 30 min. Samples were then placed in VectaShield with DAPI over-

night and mounted on slides. To quantify the number of TUNEL-positive cells, we used the cell counter plugin in Fiji. One-way ANOVA with

Dunnett’s test was used for statistical analysis.

Microscopy

Samples were visualized by either fluorescence and light microscopy (Olympus BX-60) or confocal microscopy (Olympus FluoView FV10i, or

Nikon C2Si). Image analysis was performed using ImageJ/FIJI and image processing for figure production was performed using Adobe Pho-

toshop or Adobe Illustrator.

To visualize neurodegenerative holes in a whole-mount brain, a 2-photon microscope (Prairie Technologies Ultima) was used. The laser

used was a Spectra Physics Mai Tai (80MHz pulse rate) and was operated at 815 nm wavelength. The objective was a 20X Olympus lens

with a numerical aperture of 1.00 and a working distance of 2 mm. Z-stacks were acquired at 1 mm using the Prairie acquisition software

with the resolution of 1024 x 1024 pixels. Images were processed through Fiji and Webknossos.

RT-PCR

Flies were aged in groups of 15 males and 15 females until the appropriate age was reached. Flies were then placed in cryovials and snap-

frozen in liquid nitrogen in groups of �30. Flies were stored at -80�C until ready for use, or processed immediately. Frozen flies were decap-

itated by vortexing for 10 seconds, placingback in liquid nitrogen, and then repeating the process onemore time. Headswere separated from

bodies rapidly using a paintbrush, over liquid nitrogen. Heads were then homogenized inQIAlysis solution. RNAwas then extracted using the

Qiagen RNeasy kit. The final concentration of RNA from this process was about 80 ng/ml for 30 heads. RNA was stored at -80�C until cDNA

synthesis.

TheMaxima First Strand cDNA Synthesis Kit for RT-qPCR (Thermo Scientific, K1671) was used to produce cDNA. Kit components and sam-

ples were thawed on ice, and RNA concentration was determined using aNanoDrop. Sterile, RNase-free tubes on ice were used for reactions.

To each tube, the following were added: 1 ml of 10X dsDNase buffer, 1 ml of dsDNase, 0.1 mg of total RNA, and nuclease-free water to reach

10 ml. Reactions were gently mixed and briefly centrifuged on a table-top centrifuge. Reactions were then incubated at 37�C for 2 minutes,

then chilled on ice. The following components were then added to each tube: 4 ml of 5X ReactionMix, 2 ml of Maxima EnzymeMix, and 4 ml of

nuclease-free water. Reactions were gently mixed and briefly centrifuged on a table-top centrifuge. Reactions were then incubated for 10 mi-

nutes at 25�C, followed by 15 minutes at 50�C, then 5 minutes at 85�C. The reaction products were then immediately used for RT-qPCR.

TheGoTaqqPCRMasterMix (Promega, A6001) was used to performRT-qPCR. cDNAwas diluted to 5 ng/ml, and primers diluted to 10mM.

Kit components were thawed on ice. In nuclease-free tubes on ice, master mixes were prepared for each primer. In a 384-well plate, 2 ml of

cDNA was loaded into each well (except NTC, in which water was added instead). 8 ml of Master Mix for the appropriate primer set was then

added to each well. The plate was sealed with a clear plate cover, then briefly centrifuged. Samples were then analyzed in an ABI 7900ht real

time PCR machine.

QUANTIFICATION AND STATISTICAL ANALYSIS

Tomeasure Attacin-GFP expression in the fat body, the fat body area was first defined using cell morphology, anatomy, and DAPI. The region

of interest was outlined in FIJI. A minimum threshold was determined using the center areas of the brain as a measure for background. The %

of the fat body area which was above the threshold was then measured and recorded. Sections which were folded, improperly stained, or

overly damaged were discarded.

To measure neurodegeneration, cryosection and whole-mount brain imaging27 were used. Heads were cryosectioned and stained with

BODIPY as described above. Sections were imaged by confocal microscopy as outlined above. Images were converted to PNG files in

FIJI, then opened in Adobe Photoshop for vacuole counting. Vacuoles larger than four microns in diameter were counted, using the brush

tool as a size guide. At least two sections per brain were analyzed. Sections with most of the central brain and optic lobe were selected for

counting, and sequential sectionswere not used, to avoid counting the same vacuoles twice. Researchers were blinded to genotype. Vacuoles

located in the retina were not counted. Any cracks in the tissue were not counted, as these result from processing.

For whole-mount brain analysis done with 2-photon microscopy, images were converted to RGB Z-stacks in FIJI, then imported to Web-

knossos for vacuole segmentation and three-dimensional geometric analysis. Areas devoid of staining were identified as vacuoles using the

‘‘quick select’’ automatic segmentation tool. Segmentation was performed for selected layers of the Z-stack and volume interpolation was

performed to annotate the vacuole regions within the segmentation layers. 3D meshes were computed for volume interpolated vacuoles

in Webnnossos and exported as .stl files for downstream analysis. Vacuoles in both the central brain and optic lobes were included in the

analysis for all samples. Total number of vacuoles per sample and the percentage of whole brain volume occupied by vacuoles were deter-

mined using the numpy-stl python package. Scipy python package was used to perform one-sided independent samples t-test. Jupyter
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notebook used for measuring and visualizing 3Dmesh volumes, and performing the statistical analysis are available on the Github repository

https://github.com/McCallLabBU/neurodegeneration_vacuole_quantification.

All statistical analyses were performed using Prism software. For RT-qPCR in Figure 1, unpaired t-tests with Welch correction were per-

formed on log-transformed delta-delta-CT values and samples were normalized with Rpl32. For RT-qPCR in Figure S1, two-way ANOVA

with Tukey test were performed on delta-delta-CT values and samples were normalized with Rpl32. For determining the%of fat body positive

for GFP, unpaired t-tests were performed. For measuring neurodegeneration using cryosectioning, Brown-Forsythe and Welch ANOVA and

unpaired t tests with Welch correction were performed. For measuring dopaminergic neurons and TUNEL-positive cells, one-way ANOVA

with Dunnett’s posttest were performed. P-values are indicated by asterisks in figures as follows: *p<0.05, **p<0.01, ***p<0.001,

****p<0.0001.
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