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SUMMARY

Both neuronal and peripheral tissues become disrupted in Alzheimer’s disease (AD). However, a comprehen-

sive understanding of how AD impacts different tissues across the whole organism is lacking. Using

Drosophila, we generated an AD Fly Cell Atlas (AD-FCA) based on whole-organism single-nucleus transcrip-

tomes of 219 cell types from flies expressing AD-associated proteins, either human amyloid-β 42 peptide

(Aβ42) or Tau, in neurons. We found that Aβ42 primarily affects the nervous system, including sensory neu-

rons, while Tau induces accelerated aging in peripheral tissues. We identified a neuronal cluster enriched in

Aβ42 flies, which has high lactate dehydrogenase (LDH) expression. This LDH-high cluster is conserved in

5XFAD mouse and human AD datasets. We found a conserved defect in fat metabolism from both fly and

mouse tauopathy models. The AD-FCA offers new insights into how Aβ42 or Tau systemically and differen-

tially affects a whole organism and provides a valuable resource for understanding brain-body communica-

tion in neurodegeneration.

INTRODUCTION

Alzheimer’s disease (AD) has been extensively investigated, with

a predominant focus on the central nervous system (CNS). Am-

yloid plaques (composed of Aβ peptides) and neurofibrillary tan-

gles (composed of hyperphosphorylated Tau) in the brain are

hallmarks of AD, and most studies focus on the impact on neu-

rons.1 However, emerging evidence indicates that the effects

of AD extend beyond the CNS to peripheral organs. For example,

AD has been associated with disruptions in the gut microbiota,

cardiovascular function, and hormone homeostasis.2–5 More-

over, peripheral inflammation and immune decline can

contribute to AD pathogenesis.6 Hence, a comprehensive com-

parison across all cell types is needed to provide important in-

sights into AD and to understand whether peripheral defects

contribute to neurological features in disease versus being the

result of neurodegeneration.

The fruit fly, Drosophila melanogaster, is a prime experimental

model for studying aging and age-related diseases, including

AD.7–10 Many molecular pathways are conserved from flies to

mammals and were initially characterized using Drosophila.11,12

Advances in single-cell RNA sequencing (scRNA-seq) have pro-

moted its use in defining new cell types and progressive changes

in individual cell types during aging.13–19 Our whole-organism

single-nucleus RNA sequencing (snRNA-seq) platform led to

the development of the Fly Cell Atlas (FCA),15 as well as the Aging

Fly Cell Atlas (AFCA),16 a comprehensive single-cell transcrip-

tomic dataset interrogating aging features in Drosophila.

Here, we apply this approach to AD and present the AD-FCA.

The AD-FCA profiles single-nucleus transcriptomes from the
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whole fly upon expression of either secreted amyloid-β 42 pep-

tide (Aβ42) or wild-type human Tau (hTau) in neurons (hereafter,

referred to as Aβ42 flies and hTau flies). Aβ42 flies and hTau

flies display disease-associated phenotypes, including reduced

lifespan, climbing defects, and neuronal cell loss.20–24 Our AD-

FCA and in vivo data revealed that neuronal Aβ42 primarily

impacts neurons, with sensory neurons being particularly sus-

ceptible. We also discovered a lactate dehydrogenase (LDH)-

high neuronal cluster composed of multiple neuronal subtypes,

which is not only observed in flies but also in mouse and human

snRNA-seq data. By contrast, neuronal hTau impacts many non-

neuronal peripheral cell types, including gut, fat body, and repro-

ductive system. Interestingly, many of the peripheral changes

mimic age-associated phenotypes, suggesting that neuronal

expression of hTau causes accelerated aging in peripheral

tissues.

This AD-FCA provides a valuable resource for the neurode-

generation research community. It enables us to uncover sys-

temic and conserved changes that occur in neuronal and non-

neurological tissues, offering new insights into the realm of

brain-body communication. All data can be accessed through

the visualization and analysis portal at https://hongjielilab.org/

adfca/ (Figures S1J and S4).

RESULTS

Whole-organism single-nucleus transcriptomes of flies

expressing Aβ42 or hTau in neurons

To generate the AD-FCA, we used a temperature-controlled

pan-neuronal GAL4 system (tub-GAL80ts; nSyb-GAL4) that re-

stricts the expression of Aβ42 (UAS-Aβ42) or hTau (UAS-

hTau0N4R) to adult fly neurons, avoiding developmental effects

(Figure 1A). We selected established AD fly models that have

been well characterized and used to reveal conserved disease

mechanisms.20–24 To minimize the genetic background effect,

we expressed UAS-empty in control flies. Aβ42 or hTau expres-

sion in the brain was confirmed by immunofluorescence staining

(Figures S1A and S1B). Lifespan and negative geotaxis assays

were used to define early and late time points of phenotypic pro-

gression, and flies from these time points were selected for

profiling (Figures 1B, 1C, and S1C–S1F). Aβ42 flies were

collected at day 10 (early) and 20 (late), whereas hTau flies

were collected at days 20 (early) and 30 (late). Control flies

were collected at all three ages (days 10, 20, and 30). We per-

formed droplet-based snRNA-seq on whole heads and whole

bodies, separating males and females (Figure 1D). We followed

our previous snRNA-seq pipeline15,16 except that high-

throughput kits were used to improve nuclei yield and gene

detection (Figures 1E and S1G–S1I). In total, we obtained

624,458 high-quality nuclei covering 18 broad cell classes

(Figure 1F).

Next, we employed a supervised machine learning-based

method for annotating the cell types using previous datasets

as references, including the FCA, AFCA, and a fly optical lobe

dataset.15,16,25 We manually validated each annotation using

cell-type-specific markers. Overall, we identified 219 different

cell types (Figures 1F, S2, and S3).

Sensory neurons of the head are vulnerable cell types in

Aβ42 flies

We next performed a comprehensive comparison among

all cell types from the fly head, including CNS neurons,

peripheral nervous system (PNS) neurons, glia, and other

non-neural cells (Figure 2A). Unless otherwise specified,

samples from early and late time points (Figure 1D) for

both sexes were combined and compared against age-

matched controls.

First, we assessed the cellular composition (see STAR

Methods). Because there is limited neurogenesis or gliosis in

adult fly brains,26 we anticipated that cellular composition

changes would be caused by cell loss. Our snRNA-seq data re-

vealed that Aβ42, but not hTau, causes a decrease in the nu-

clear ratio of many cell types (Figure S5B). Consistently, Aβ42

fly brains show more vacuolization than control or hTau flies

(Figure S5A). Among the top ten most affected cell types in

Aβ42 fly heads are seven types of CNS neurons, two types of

sensory neurons, and one glial cell type (Figures 2B, 2C, and

S5B). Interestingly, all these cell types are directly associated

with sensory functions, including vision, audition, and olfaction

(Figure 2C), suggesting that the sensory system is more vulner-

able to Aβ42 expression. Second, we performed differentially

expressed gene (DEG) analysis to compare Aβ42 or hTau flies

with the corresponding controls (Figure S5C). Three types of

sensory neurons, including outer photoreceptors (R1–R6), audi-

tory sensory neurons (ASNs), and olfactory receptor neurons

(ORNs), are among the top cell types with the highest number

of DEGs in Aβ42 flies (Table S1). We also observed that Aβ42 or

hTau expression caused different DEG patterns. For example,

in ASNs, Aβ42 showed 371 DEGs, while hTau only showed

16 DEGs.

We observed a significant reduction in the number of ASN

nuclei in Aβ42 flies when compared with control flies

(Figure 2D), consistent with our snRNA-seq data. This reduction

is not due to the differential expression of the GAL4/UAS system

Figure 1. Overview of the AD-FCA

(A) Fly models of AD-FCA.

(B) Survival curves at 29◦C. Female and male flies were counted separately and combined for generating the survival curves. n = 300 (150 female and 150 male)

per genotype. See separate lifespan curves in Figure S1.

(C) Climbing defects observed in Aβ42 and hTau flies compared with controls. Bars represent mean ± SEM. **p ≤ 0.01, ****p ≤ 0.0001. p values were from

parametric unpaired t test. The numbers above the bars indicate mean values. Female and male flies were counted separately. See Figure S1.

(D) Summary of samples collected from three genotypes.

(E) Flowchart of the snRNA-seq experiment. Fluorescence-activated cell sorting (FACS) was used to sort nuclei.

(F) t-distributed stochastic neighbor embedding (tSNE) visualizations showing 18 broad cell classes integrated across different samples (left). tSNE visualizations

separated by genotype (right).
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used to express Aβ42 (Figures S5D and S5E). Hence, ASNs are

susceptible to Aβ42-associated toxicity.

Olfactory sensory decline is an early symptom in human AD.27

However, it is largely unknown which neurons in a sensory circuit

are primarily affected in AD. Flies have about 50 pairs of ORNs

(PNS neurons) and secondary olfactory project neurons (OPNs,

CNS neurons).28 Interestingly, we found that ORNs are more

affected than OPNs based on both cell loss and DEG analyses

(Figure 2C, S5B, and S5C). Next, we sub-clustered all ORNs

into 37 distinct clusters that express specific olfactory receptors

(Figures 2E and S5F). Ranking these ORN subtypes based

on cell composition analysis showed that Or42b-expressing

ORNs (detect vinegar29) and Gr21a/Gr63a-expressing ORNs

(detect CO2
30) are most affected (Figure 2F). To validate this,

we expressed Gr21a:syt-RFP31 in Aβ42 and control flies. We

found that both cell body numbers and axon terminal signals

of Gr21a/Gr63a-ORNs are significantly decreased in Aβ42 flies

(Figures 2G–2I).

In summary, these analyses indicate that sensory systems are

particularly susceptible to Aβ42. This is consistent with several

studies showing that olfactory decline is one of the earliest

symptoms in AD patients.32,33

LDH-high cluster in Aβ42 flies

Next, we sought to identify possible mechanisms for Aβ42-

induced neuronal loss. We observed an Aβ42-dominant neuronal

cluster characterized by a high level of Ldh transcripts, which we

named the LDH-high cluster (Figures 3A–3C and S6A–S6C).

There are two possible origins for this cluster: (1) the cells arise

from a certain neuronal type, or (2) these cells represent different

types of neurons that converge to a similar transcriptional state

due to Aβ42 expression.

To assess these possibilities, we expressed an Ldh-GFP re-

porter34 in control, Aβ42, and hTau flies. Aβ42 flies exhibit a sig-

nificant increase in Ldh-GFP across different brain regions and

the antenna when compared with control or hTau flies

(Figures 3D, 3E, S6D, and S6E). This widespread distribution of

Ldh-GFP signal is further supported by our snRNA-seq data,

which show that neurons within the LDH-high cluster express

VaChT (cholinergic neurons), Gad1 (GABAergic neurons), and

VGlut (glutamatergic neurons) (Figure 3F), demonstrating that

the LDH-high cluster comprises different neuronal types. Addi-

tionally, we performed sub-clustering analysis on the LDH-high

cluster with two distinct neuronal types, lamina monopolar

neuron L2 (L2) and medullary intrinsic neuron Mi1 (Mi1), which

are highly impacted in Aβ42 flies (see Figure 2C). Interestingly,

both L2 and Mi1 clusters form a bridge-like pattern connecting

them with the LDH-high cluster (Figure 3G). Expression of

markers in the LDH-high cluster (Hsc70-3), L2 neuron

(CG13739), or Mi1 neuron (Octbeta1R) showed that these genes

are expressed in these ‘‘bridge’’ cells (Figure 3H). Altogether, our

data suggest that cells in the LDH-high cluster originate from

many different types of neurons.

Next, we assessed the possible correlation between Aβ42

accumulation and Ldh expression. Extracellular Aβ42 was en-

riched in specific brain regions, including the antennal lobe and

Kenyon cells of the mushroom body, the latter being the fly’s

memory center35 (Figures S6E–S6G). Unexpectedly, these brain

regions in Aβ42 flies show different degrees of Ldh-GFP expres-

sion: high in the antennal lobe and low in the mushroom body.

Further, areas with moderate Aβ42 accumulation can exhibit

prevalent Ldh-GFP signals (Figures S6F and S6G). Interestingly,

Ldh-GFP expression emerges in distinct glomeruli at different

time points (Figure S6G), supporting the idea that ORN suscep-

tibility to Aβ42 varies by subtype (Figure 2F). These observations

indicate that Aβ42 accumulation does not directly correlate with

Ldh-GFP expression.

ER stress response in Aβ42 flies

We next performed Gene Ontology (GO) analysis on DEGs

from the LDH-high cluster (Figure S7A; Table S2). The top

GO terms are all related to neuronal function with one excep-

tion, ‘‘response to endoplasmic reticulum (ER) stress.’’

Representative genes in this GO term include Hsc70-3,

CaBP1, ERp60, PHGPx, Xbp1, and cnc, all displaying higher

expression levels in the top affected cell types from Aβ42 flies

(Figures 3I and S7B). We confirmed that Hsc70-3 protein

levels are increased in Aβ42 flies using an anti-BiP

(Hsc70-3) antibody (Figures 3J and S7C). BiP-positive cells

in Aβ42 fly brains are localized across different regions,

consistent with the broad staining pattern of Ldh-GFP (see

Figure 3D).

Figure 2. Cell vulnerability in the head of Aβ42 flies

(A) tSNE visualizations of head samples showing broad cell classes.

(B) Decrease of nuclear ratios in Aβ42 flies. Nuclear ratios are compared between Aβ42 and control flies, and the top 10 cell types with the biggest decrease are

marked. Numbered cell types are shown in (C).

(C) The top 10 cell types with the biggest decrease of nuclear ratios in Aβ42 flies. The cartoon illustrates the locations of two types of sensory neurons.

(D) Elav staining of ASN nuclei in the 2nd segment of the antenna. Elav+ nuclei were counted from whole z series images. n = 8 per genotype. Scatterplot with bar

(mean ± SD).

(E) tSNE visualization of ORN and OPN. Both clusters are shown with corresponding cell types and genotypes (left). ORNs are further sub-clustered (right). See

Figure S5F for annotation and corresponding marker genes.

(F) Top 10 ORN subtypes with the biggest decrease of nuclear ratios among ORNs in Aβ42 flies.

(G) Schematic of Gr21a+ ORN cell bodies and axon projection (red). Gr21a+ ORNs project their axons to the V (ventral) region of the antennal lobe in the brain.

(H) Comparison of Gr21a+ ORN cell body counts between Aβ42 and control flies. The RFP+ cell bodies (red) were counted from whole z series images. Control

(n = 10), Aβ42 (n = 9). Scatterplot with bar (mean ± SD). The representative images were generated by the MAX intensity of Z planes containing these cell bodies.

The off-target signal detected outside of the yellow dotted box region is due to the laser reflection on the cuticle.

(I) Comparison of axon terminal signals of Gr21a+ ORNs between Aβ42 and control flies. Anti-RFP (red, Gr21a+ ORN axon terminal) and anti-NCad (green,

neuropil of the antennal lobe). n = 8–15 per genotype/age. Scatterplot with bar (mean ± SEM).

p values in (D), (H), and (I) were computed using the parametric unpaired t test. ***p ≤ 0.001, ****p ≤ 0.0001. For (D) and (I), representative images were generated

by the maximum (MAX) intensity projection of all Z planes.
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Ldh and Hsc70-3 expression within the whole brain gradually

increases with age in Aβ42 flies, raising the question of whether

certain cell types respond to Aβ42 earlier than others (Figures 3D

and 3J). To investigate this, we grouped samples by age and

identified stage-specific DEGs. Among neurons with the highest

DEGs, we observed a greater number of DEGs at the late stage,

suggesting that the transcriptome becomes progressively

altered (Figure S7D, upper). A consistent pattern was observed

when we examined the ratio of early-stage to late-stage DEGs

(Figure S7D, lower). Here, we observed that the LDH-high cluster

exhibited the lowest early-to-late DEG ratio, highlighting that this

cluster gradually accumulates. By contrast, ASNs showed the

highest early-to-late DEG ratio, suggesting a rapid response to

Aβ42. GO analysis further revealed gradual shifts in biological

processes, including the previously identified ER stress

response (Figure S7E). Additionally, ASNs exhibited the highest

levels of ER stress-related genes in the early stage, further indi-

cating their prompt response to Aβ42 (Figure S7F).

It has been shown that persistent activation of ER stress can

lead to cell death,36 while a potential contribution of ER stress

to AD progression is of interest.37 We found that a cell death-

associated GO term and an apoptosis-related gene, Calr,38 are

significantly enriched in ASNs in addition to ER stress-related

genes (Figures S7E–S7G). Calr is also highly enriched in the

LDH-high cluster (Figure S7G). We also observed high levels of

cleaved caspase-3 in Aβ42 brains (Figure S7H). Furthermore,

many cells exhibiting a strong ER stress response (BiP-positive

cells) in Aβ42 brains are also positive for cleaved caspase-3

(Figures S7H and S7I), suggesting a potential link between

Aβ42-induced ER stress and neuronal apoptosis.

Identification of the conserved LDH-high cluster in

mouse and human AD snRNA-seq datasets

We next aimed to determine if the LDH-high cluster is conserved

in 5XFAD mice, a commonly used model to study amyloid pa-

thology39 and AD-derived cortical tissue. We first calculated

the LDH-module score using the top 10 markers from the fly

LDH-high cluster (Figure 4A; Table S2; see STAR Methods).

These scores were then applied to a 5XFAD mouse cortex

snRNA-seq dataset40 and two independent human AD datasets,

publicly available snRNA-seq datasets derived from human AD

prefrontal cortical tissue that contain 26 (median age 83 years)

or 427 (median age 88 years) subjects, respectively.41,42 Consis-

tently, we identified an LDH-high cluster in both mouse and hu-

man datasets (Figures 4B, 4C, S8A, S8B, S8E, S8F, and S9A).

This cluster of cells was previously annotated as excitatory neu-

rons, likely due to the high prevalence of excitatory neurons in

the samples.

We observe several conserved features between the fly and

human LDH-high clusters. First, this cluster in the human data-

sets is composed of multiple neuronal types, including different

excitatory neuron subtypes (Figures 4D, S8C, S8D, S8G, and

S8H). Second, the bridge cells observed in the fly model were

also present in human AD samples (Figure 4D). Third, the LDH-

high cluster is absent in young, non-AD human brains (3 sub-

jects, ages 29, 42, and 50 years), whereas excitatory neuron sub-

type-specific gene expression remains (Figures S9C–S9E).18

Similarly, the fly LDH-high cluster contains very few cells from

young control flies (Figure S9F). These data suggest that aging

and AD progression are crucial for the formation of this LDH-

high cluster (Figure 4E). Fourth, we observed 233 conserved

genes enriched in both fly and human LDH-high clusters

(Figure 4F; Table S2). Of interest, one of the prominent terms

from GO analysis is ‘‘response to unfolded protein’’

(Figure 4G). The unfolded protein response (UPR) is a cellular

stress pathway associated with ER stress.43,44 In the human

LDH-high cluster, UPR and/or ER stress-related genes such as

NFE2L1 (fly cnc ortholog) and ATF4 are notably upregulated

(Figures S8B, S8F, and S9A). Hence, cells within the LDH-high

cluster from both fly and human have conserved transcriptional

changes, including increased UPR/ER-stress-associated genes.

To further assess the LDH-high cluster in humans, we

performed GO analysis on all 1,063 upregulated DEGs from

this human LDH-high cluster. We observed significant alter-

ations in genes encoding mitochondrial respiratory functions

(Figures 4H and S8I). This included several respiratory genes

associated with AD,45–48 including ATP5F1D, UQCRC1, and

NDUFB8 (Figure 4H, right). These data support the notion that

this LDH cluster has pathological significance, as mitochondrial

dysfunction is associated with oxidative stress, an early feature

Figure 3. Characterization of the LDH-high cluster

(A) The tSNE plot colored by different genotypes with the LDH-high cluster circled.

(B) The expression of Ldh enriched in the LDH-high cluster.

(C) Genotype proportion in LDH-high cluster.

(D and E) Enhanced Ldh-GFP (green) in Aβ42 brains (D) and ASNs (E) compared with control and hTau flies. (D) The mean GFP signal intensity/area in the whole

brain was quantified from MAX intensity images. n = 12–15 per genotype/age. Scatterplot with bar (mean ± SEM). OL, optic lobe; AL, antennal lobe; MB,

mushroom body; LH, lateral horn; GNG, gnathal ganglia. (E) The GFP+ cell bodies were counted from whole z series images. n = 10–12 per genotype/age.

Scatterplot with bar (mean ± SD). The representative images were generated by the MAX intensity of Z planes containing these cell bodies. The off-target signal

detected outside of the circled region is due to the laser reflection on the cuticle.

(F) Dot plot showing markers that are specific to the LDH-high cluster and three types of neurons, as well as two pan-neuronal marker genes.

(G) Co-clustering of the LDH-high cluster and two other neuronal types. Here, we employed uniform manifold approximation and projection (UMAP) instead of

tSNE to enhance the visualization of transitional cell populations.

(H) UMAPs showing the expression of marker genes specific to the LDH-high cluster, L2, and Mi1 cells. Bridge cells are indicated by arrows.

(I) Expression of ER stress-responsive genes.

(J) Immunofluorescence analysis of BiP/Hsc70-3 in the whole brain. The mean BiP signal intensity/area in the whole brain was quantified from MAX intensity

images. n = 10–20 per genotype/age. Scatterplot with bar (mean ± SEM).

p values in (D), (E), and (J) were computed using the parametric unpaired t test. **p≤ 0.01, ****p≤ 0.0001. For (D) and (J), representative images were generated by

the MAX intensity of all Z planes.
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in AD.49 Interestingly, this cluster shows enrichment of genes

whose proteins have been used as indicators for neurodegener-

ation in blood plasma or cerebrospinal fluid50 (Figures 4I and

S9B), suggesting that the transcriptional upregulation of these

genes may also serve as indicators for neurodegeneration.

Neuronal expression of hTau induces various changes in

peripheral tissues

To characterize how neuronal expression of Aβ42 or hTau im-

pacts peripheral tissues, we next focused on the data from fly

bodies (Figures 5A and 5B). We found that hTau flies show

more obvious peripheral changes than Aβ42 flies. To quantify

those changes, we measured differences in the number of

DEGs and nuclear ratio between hTau and control flies

(Figures 5C, S10A, and S10B). Indeed, cell types within these tis-

sues displayed divergent transcriptomes and cell compositions.

Functionally, these top impacted peripheral cell types fall into

three categories: fat metabolism, digestion, and reproduction

(Figure 5C).

The fly fat body is a central storage depot of nutrients and en-

ergy reserves and shares functional similarities with the mamma-

lian adipose tissue, liver, and immune system.51,52 To assess po-

tential defects in lipid metabolism within this tissue, we dissected

and stained the fat body with Nile red to visualize lipid droplets

(LDs). In early-stage (20-day) hTau flies, we observed a signifi-

cant increase in LD size compared with age-matched control

flies (Figure 5D). By contrast, we observed smaller and more

fragmented LDs in late-stage (30-day) hTau flies (Figure 5D).

We next performed Kyoto Encyclopedia of Genes and Genomes

(KEGG) pathway enrichment analysis (Figures S10C and S10D)

and identified fatty acid degradation as a significantly sup-

pressed pathway (Figure S10C), suggesting that impaired lipid

degradation may contribute to LD enlargement in early-stage

hTau flies. In the late stage, however, LDs become smaller and

more fragmented, likely due to further reductions in fatty acid

elongation and biosynthesis pathways (Figure S10E). These find-

ings suggest a progressive and dynamic dysregulation of lipid

metabolism in hTau flies.

To assess if lipid metabolism is similarly affected in mammals,

we measured adipocyte size, which correlates with the size of

LDs,53 in the inguinal white adipose tissue (iWAT) and epididymal

white adipose tissue (eWAT) from PS19 mice, a tauopathy

model.54 These mice have a median lifespan of around 9 months,

with about 80% dying by 12 months.55 Like our early-stage hTau

fly data (Figure 5D), 5-month-old PS19 mice show a trend of

increased adipocyte size in eWAT, though not statistically

significant (p = 0.0549) (Figure S10F). By contrast, 9-month-old

PS19 mice exhibit a significant reduction in adipocyte size in

both iWAT and eWAT compared with age-matched controls

(Figure S10F), consistent with our late-stage hTau fly data

(Figure 5D). Hence, we found that a conserved defect in LD

metabolism occurs in adipose tissue from both fly and mouse

tauopathy models.

We next investigated hTau-associated changes in the fly

gut. The Drosophila gut epithelium is maintained and regener-

ated by intestinal stem cells (ISCs) through proliferation and

differentiation.56,57 Aging and different stresses can cause

gut dysplasia,58 in which ISCs become hyperproliferative,

and their daughter cells, enteroblasts (EBs), cannot properly

differentiate into mature enterocytes (ECs), leading to the

accumulation of ISCs and EBs with a decrease in mature

ECs (Figure 5E). In a pseudotime analysis, we observed that

hTau flies have a reduction of mature ECs and an increase

of differentiating ECs (Figure 5F). We also observed gut

dysplasia-related phenotypes in hTau fly guts (Figures 5G

and S10G–S10I).59–61 Hence, neuronal expression of hTau dis-

rupts gut homeostasis. In addition, we noted that hTau male

flies showed reduced fecundity compared with control male

flies (Figure S10J).

Neuronal expression of hTau induces accelerated aging

in peripheral tissues

Interestingly, the observed changes in the periphery of hTau

flies—defects in lipid metabolism, gut dysplasia, and reduced

fecundity—are all associated with aging.62–64 Hence, we hypoth-

esized that neuronal expression of hTau may accelerate aging in

peripheral tissues.

A reliable marker of fly aging identified in our previous AFCA is

a progressive change in total transcripts per cell, measured as

the number of unique molecular identifiers (UMIs).16 Hence, we

compared the distribution of UMIs from the seven available con-

ditions—three time points for control flies, two time points for

Aβ42 flies, and two time points for hTau flies—within fat body

cells, follicle main body cells, ECs from the gut, and hemocytes

(Figure 6A). We observed that these cell types from 20-day hTau

flies had a distribution of UMIs similar to 30-day control flies. By

contrast, both 10- and 20-day Aβ42 flies showed a similar

pattern to the age-matched controls. Consistently, gene expres-

sion level analysis also showed that 20-day hTau flies mimic

30-day control flies (Figure 6B).

Figure 4. Identification and characterization of the LDH-high cluster in mouse 5XFAD model and human AD samples

(A) LDH-module score in fly head neurons with the LDH-high cluster circled.

(B) tSNE plots showing LDH-module score, expression of Ldh ortholog (Ldhb), genotype, and cell-type annotation in mouse cortex neurons.40

(C) tSNE plots showing LDH-module score, expression of Ldh ortholog (LDHB), and cell-type annotation in human prefrontal cortex neurons.41

(D) Trajectory plots showing annotation, pseudotime, LDH-module score, and different excitatory neuron subtype markers (CAMK2N1, RORB, and HS3ST4) in

excitatory and LDH-high neurons from the human prefrontal cortex dataset.

(E) Illustration of the LDH-high cluster formation. Neurons from different subtypes undergo transcriptional convergence during aging and AD progression, leading

to the formation of the LDH-high cluster.

(F) Venn diagram showing 233 conserved marker genes in LDH-high clusters.

(G) GO enrichment analysis of 233 conserved marker genes.

(H) GO enrichment analysis of human LDH-high cluster marker genes (233 + 830 genes) with key biological processes and AD-associated genes related to

each term.

(I) Violin plots displaying the expression levels of genes highly enriched in the LDH-high cluster.
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We further extended our analysis to additional cell types and

observed that age-induced changes (30-day control compared

with 20-day control) and hTau-induced changes (20-day hTau

compared with 20-day control) are highly correlated for both

transcript numbers and nuclear ratios (Figures 6C–6F). Changes

in the transcript number are not due to differences in the

sequencing depth (Figure S1I). Altogether, our data suggest

that hTau expression has a broad impact on peripheral tissues

and induces an accelerated aging phenotype.

Potential mechanisms underlying peripheral changes in

hTau flies

To explore the potential mechanisms underlying hTau-induced

aging phenotypes in peripheral tissues, we conducted a

comprehensive analysis of brain-body communication using a

modified FlyPhoneDB-based cell-cell communication (CCC)

analysis65 (Figure S11A; Table S4). This analysis revealed that

hTau flies exhibited 4,725 CCCs that significantly deviated

from control flies (Figure S11B). The top ten peripheral cell types

with the most differential CCCs include eight cell types that

belong to fat metabolism tissues, the digestive system, and

the reproductive system (Figures S11C and S11D). This

finding is consistent with our earlier analyses showing signifi-

cant alterations in these three peripheral systems in hTau flies

(Figure 5). At the molecular level, we identified several ligand-re-

ceptor pairs with prevalent changes (Figure S11E). For

example, cadherin-N2 (CadN2), normally expressed in neurons,

is broadly upregulated in many peripheral cells of hTau flies

(Figure S11F). These results suggest that neuronal hTau may

disrupt brain-body communications, contributing to functional

changes in peripheral tissues.

In addition, we performed GO analysis on upregulated

DEGs in hTau neurons for intrinsic changes. Among the

top 50 GO terms, 18 terms are related to synapse organiza-

tion and axon/dendrite guidance, and 6 terms are associated

with synaptic transmission, indicating the impacts of hTau

on neuronal structure and synaptic remodeling/function

(Figure S11G). Our immunostaining of enteric neurons inner-

vating the hindgut revealed a significant increase in synaptic

bouton number in hTau flies (Figure S11H). This suggests

that changes in neuronal connectivity may influence periph-

eral tissue through direct interactions, in addition to alter-

ations in brain-body communications through ligand-recep-

tor interactions.

DISCUSSION

The AD-FCA presents a comprehensive resource for data min-

ing, focusing on how neuronally expressed AD-associated pro-

teins, Aβ42 or Tau, impact neurons and peripheral tissues using

Drosophila. Our analysis unveiled an unexpected vulnerability of

sensory systems to Aβ42 and discovered a conserved LDH-high

cluster. For hTau, we found that widespread peripheral tissue

disruptions are caused by neuronal hTau expression, resembling

an accelerated aging phenotype. Overall, our AD-FCA offers new

perspectives into how Aβ42 or hTau systemically affects a whole

organism, paving the way for the identification of novel bio-

markers and promoting our understanding of brain-body

communication in neurodegeneration.

Distinct and shared impacts caused by Aβ42 or hTau

We found that despite both Aβ42 and hTau being toxic, the con-

sequences are significantly different between the two models.

While neuronal Aβ42 primarily impacts neurons, neuronal hTau

induces accelerated aging in the periphery. Note that differences

in neuronal death and dysfunction caused by Aβ42 versus

hTau expression have been documented in the fly eye.20 In hu-

man AD, both Aβ42 and Tau accumulate while Aβ42 plaques

form prior to neurofibrillary tangles, and each pathology is en-

riched in distinct brain regions.66 Although Aβ42 and hTau

exhibit distinct systemic effects, they also share noteworthy

commonalities (Figures S12A–S12C; Table S3), highlighting

potential core mechanisms underlying neurodegeneration.

Notably, we observed an enrichment of calmodulin-related

genes in both Aβ42 and hTau fly neurons, suggesting a common

mechanism where the two pathologies may overlap.67 In addi-

tion, cindr (orthologous to human CD2AP) and Snap25 emerged

as commonly dysregulated genes. These genes have been

previously implicated in AD etiology or identified as an AD

biomarker.10,68,69 Overall, our findings offer novel insights into

how Aβ42 and Tau may synergistically and separately contribute

to disease progression.

Cell-type vulnerability in AD and in response to Aβ42

In AD, cell vulnerability refers to the susceptibility of certain cell

types, particularly neurons, to damage, dysfunction, and eventu-

ally degeneration. Studying cell vulnerability in AD is important to

understand disease progression, reveal biomarkers, and identify

therapeutic targets. Several recent studies have employed

Figure 5. Systemic effects of neuronal hTau expression on peripheral tissues

(A) tSNE plots of body samples colored by genotypes. Clusters showing obvious changes in the hTau flies are indicated.

(B) tSNE plot of body samples showing broad cell classes.

(C) Cell types with significant changes between hTau and control flies regarding DEG number and nuclear ratios.

(D) Nile red staining to visualize LDs in the fat body. 20-day control (n = 11), 20-day hTau (n = 15), 30-day control (n = 11), and 30-day hTau (n = 11). Scatterplots

with bars show mean LD size (mean ± SEM), >300 μm2 LD count (mean ± SD), and <20 μm2 LD count (mean ± SD). *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001. p values

were computed using the parametric unpaired t test.

(E) Illustration of the dysplasia phenotype in the fly gut. ISC, intestinal stem cell; EB, enteroblast; EE, enteroendocrine cell; EC, enterocyte.

(F) Pseudotime analysis of fly gut cell types from different genotypes. Outlined on the right plot is a group of cells between EBs and mature ECs. aEC, anterior EC;

pEC, posterior EC; dEC, differentiating EC.

(G) Reduced abundance of mature polyploid ECs and increased ISC/EB-like cells in 20-day hTau fly guts. Right panels show nuclear size distributions. ISCs, EBs,

and EEs are diploid cells with small nuclei, and mature ECs are polyploidy cells with big nuclei. DAPI (cyan), anti-Prospero (red signals in nuclei, EEs), and anti-

armadillo (red signals in cell membrane, stronger in ISCs and EBs than ECs). Control (n = 12), hTau (n = 16).

For (D) and (G), representative images were generated by the MAX intensity of all Z planes.
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snRNA-seq to study cell vulnerability in different AD models and

human AD tissue.19,42,70–73 Due to the complexity of mammalian

systems, most of these studies have focused on a specific brain

region and identified specific cell types that are selectively

vulnerable. To circumvent this limitation, we used Drosophila,

as it provides the opportunity to perform whole-organism

snRNA-seq to comprehensively compare CNS neurons, PNS

neurons, and additional peripheral cell types, a goal that is not

easily attainable in mammals.

Our data show that sensory neurons, including ORNs, are

among the top impacted cell types in Aβ42 flies (see Figure 2).

A decline in olfaction is a common feature of AD.27,74 However,

olfactory dysfunction is frequently overlooked by both physi-

cians and patients due to three major challenges. First, aging

can also cause olfactory decline, and it is difficult to distinguish

age- versus AD-associated olfactory decline. Second, there

are many types of ORNs (about 800 in humans), and it is difficult

to assess which ORNs are specifically disrupted. Third, the ol-

factory neural circuit contains ORNs and downstream neurons,

and it is largely unknown which neurons are primarily affected.

Our current data provide an opportunity to address these ques-

tions. Based on cell loss and DEG analysis, we showed that

Figure 6. Accelerated aging in hTau flies

(A) Comparison of the number of transcripts per cell (measured by the UMIs). **: Kolmogorov-Smirnov test, false discovery rate < 1e− 20. UMI, unique molecular

identifier.

(B) Heatmaps showing gene expression patterns in fat body and hemocyte.

(C) Pearson correlation of median UMI numbers between age-induced changes and hTau-induced changes across different cell types.

(D) Spearman correlation of median UMI comparisons between different genotypes and ages. Two comparisons showing the highest correlation are indicated.

(E) Pearson correlation of nuclear ratios between age-induced changes and hTau-induced changes at 20 days across different cell types.

(F) Spearman correlation of nuclear ratios between different genotypes and ages. Two comparisons showing the highest correlation are indicated.
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ORNs are more affected than downstream OPNs in response to

Aβ42. Our functional data demonstrate that ORN loss is caused

by Aβ42 expression more so than by aging (Figures 2H and 2I),

consistent with growing literature arguing that olfaction decline

is an early feature of AD.27

Conservation of the LDH-high cluster

The findings that Aβ42 flies, 5XFAD mice, and AD post-mortem

tissue all have an LDH-high neuronal cluster highlight how the

fly data can be used to identify conserved molecular mecha-

nisms that impact human disease. In AD tissues, Aβ42 toxicity

may promote transcriptional changes within healthy neurons,

driving them into the LDH-high cluster. Supporting this, one

previous study on AD patient-derived induced neurons (iNs)

showed these cells have increased LDHA expression

compared with iNs derived from age-matched controls.75

Moreover, our previous work has shown that neuronal

lactate-pyruvate interconversion via fly Ldh contributes to glial

LD accumulation, a process associated with neurodegenera-

tion.76 In summary, our investigations into the LDH-high cluster

reveal how proper data mining of our AD-FCA can be used to

define new avenues for future research.

Aβ42-induced ER stress

ER stress is a highly conserved, protective cellular response to

the accumulation of unfolded or misfolded proteins. However,

unresolved or prolonged ER stress disrupts cellular homeosta-

sis, can contribute to cell death, and has been implicated in

neurodegenerative diseases.36,37,77 Both our snRNA-seq data

and our in vivo functional data provide compelling evidence

that the ER stress response is activated in most types of neurons

in the Aβ42 brain (Figures 3 and S7). We also found that many

Ldh-GFP-positive cells in Aβ42 brains exhibit BiP signals

(Figure S7I). Previous research documented that downregulation

of ATF4-dependent ER stress signaling prevents Ldh upregula-

tion in flies expressing Aβ42,78 further supporting that the LDH

cluster is associated with ER stress in Aβ42 flies. In addition,

many cells exhibiting strong ER stress (BiP positive) in Aβ42

brains were also positive for the apoptosis marker cleaved

caspase-3 (Figure S7I). While these findings suggest a potential

link between Aβ42-induced ER stress and neuronal death, the

relationship appears to be more complex. Notably, a subset of

BiP-positive cells does not exhibit strong cleaved caspase-3 sig-

nals, indicating that ER stress alone may not be sufficient to drive

cell death in all cases or that ER stress precedes cell death. Ul-

timately, additional factors such as metabolic state, cellular

context, or the duration of stress may influence whether ER-

stressed neurons undergo apoptosis. Overall, our findings sug-

gest that Aβ42-induced ER stress contributes to neuronal vulner-

ability, but further investigations are needed to determine the

precise mechanisms.

Peripheral aging phenotypes induced by neuronal

expression of hTau

We found that hTau induces significant changes in peripheral

cells (Figure 5). Similar changes have recently been reported in

both AD mouse models and patients. For instance, neuronal

hTau expression in mice induces gut degeneration.79 Addition-

ally, an age-related decline in sex steroid hormones is a risk fac-

tor for AD.80,81 Our findings that fat metabolism is altered by

neuronal expression of hTau are consistent with emerging evi-

dence that adipose metabolism and neurodegeneration may

be connected in AD. Indeed, the activity of brown adipose tissue

in the body was suggested to influence the development of AD.82

Our study documents conserved LD defects within adipose tis-

sue in hTau flies and PS19 mice, suggesting that disruptions to

peripheral adipose tissue may occur in patients after prominent

Tau accumulations. Thus, our AD-FCA offers the possibility for

delineating uncharted, conserved peripheral alterations in flies

and mammals, with relevance to AD.

AD-FCA: A resource for studying AD-associated

mechanisms

The AD-FCA serves as a publicly available resource to promote

investigations into the brain-body axis. We present in vivo func-

tional data for several tissues as proof of concept. Other scRNA-

seq datasets from dissected brains of mutant tauopathy flies

have recently been reported,71,73 which will complement our

findings. Indeed, we observed overlapping gene expression

features, indicating shared pathogenic mechanisms across tau-

opathy models, despite differences in experimental design

(Figures S12D and S12E). As neuron-glia communication is

increasingly highlighted as disrupted in AD,8,10,41,76,83,84 our

AD-FCA can help define differential impacts on neuronal and

glial subtypes. Furthermore, the field of brain-body communica-

tion has rapidly expanded, with much of the research focusing

on specific cellular interactions, including the gut-brain axis,

while now broadening to examine other brain-peripheral con-

nections.85–89 The inclusion of peripheral tissues in our AD-

FCA, including PNS and non-neuronal cells, will advance our un-

derstanding of brain-body communication and may help identify

early disease biomarkers.

Limitations of the study

First, while Drosophila models provide valuable insights, they do

not recapitulate the complexity of AD. Hence, some findings may

not directly translate to human neurodegenerative processes.

Second, this study focuses on transgenic models overexpress-

ing human Aβ42 or Tau in adult neurons. These models create

robust toxic conditions and are unlikely to fully mimic the natural

progression of AD in humans, where neuropathology develops

over many decades. Third, although whole-organism snRNA-

seq provides a comprehensive transcriptomic dataset, it lacks

protein-level information critical in AD. Fourth, while the study

identifies differential impacts of Aβ42 and Tau on neuronal and

peripheral tissues, the exact mechanisms underlying these ob-

servations remain to be elucidated. Addressing these limitations

could enhance the translational relevance of our findings from

Drosophila to human.

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be

directed to and will be fulfilled by the lead contact, Hongjie Li (hongjie.li@

bcm.edu).
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Materials availability

This study generated snRNA-seq data, which are available as described

below, and a generated UAS-ssp.HA.tag fly line, which is available upon

request.

Data and code availability

Raw FASTQ files, expression matrix, and processed h5ad files, including cell-

type annotations, are available at NCBI/GEO (accession number GEO:

GSE261656). Codes for data processing and analysis are available at

GitHub, archived at Zenodo: https://doi.org/10.5281/zenodo.15205305. All

annotated data are also available for visualization, download, and custom

analysis at https://hongjielilab.org/adfca.
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Böhnke, L., Reid, D.A., Lee, H., Zangwill, D., Fernandes, D.P., et al.

(2021). Age-dependent instability of mature neuronal fate in induced neu-

rons from Alzheimer’s patients. Cell Stem Cell 28, 1533–1548.e6. https://

doi.org/10.1016/j.stem.2021.04.004.

76. Liu, L., MacKenzie, K.R., Putluri, N., Maleti�c-Savati�c, M., and Bellen, H.J.

(2017). The Glia-Neuron Lactate Shuttle and Elevated ROS Promote Lipid

Synthesis in Neurons and Lipid Droplet Accumulation in Glia via APOE/D.

Cell Metab. 26, 719–737.e6. https://doi.org/10.1016/j.cmet.2017.

08.024.

77. Ryoo, H.D. (2015). Drosophila as a model for unfolded protein response

research. BMB Rep. 48, 445–453. https://doi.org/10.5483/BMBRep.

2015.48.8.099.

78. Niccoli, T., Kerr, F., Snoeren, I., Fabian, D., Aleyakpo, B., Ivanov, D.,

Sofola-Adesakin, O., Cryar, A., Adcott, J., Thornton, J., et al. (2021).

Activating transcription factor 4-dependent lactate dehydrogenase acti-

vation as a protective response to amyloid beta toxicity. Brain Commun.

3, fcab053. https://doi.org/10.1093/braincomms/fcab053.

79. Xia, Y., Prokop, S., Bell, B.M., Gorion, K.-M.M., Croft, C.L., Nasif, L., Xu,

G., Riffe, C.J., Manaois, A.N., Strang, K.H., et al. (2022). Pathogenic tau

recruits wild-type tau into brain inclusions and induces gut degeneration

in transgenic SPAM mice. Commun. Biol. 5, 446. https://doi.org/10.

1038/s42003-022-03373-1.

80. Moffat, S.D., Zonderman, A.B., Metter, E.J., Kawas, C., Blackman, M.R.,

Harman, S.M., and Resnick, S.M. (2004). Free testosterone and risk for

Alzheimer disease in older men. Neurology 62, 188–193. https://doi.

org/10.1212/WNL.62.2.188.

81. Vest, R.S., and Pike, C.J. (2013). Gender, sex steroid hormones, and

Alzheimer’s disease. Horm. Behav. 63, 301–307. https://doi.org/10.

1016/j.yhbeh.2012.04.006.

82. Tayanloo-Beik, A., Nikkhah, A., Alaei, S., Goodarzi, P., Rezaei-Tavirani,

M., Mafi, A.R., Larijani, B., Shouroki, F.F., and Arjmand, B. (2023).

Brown adipose tissue and alzheimer’s disease. Metab. Brain Dis. 38,

91–107. https://doi.org/10.1007/s11011-022-01097-z.

83. Claes, C., Danhash, E.P., Hasselmann, J., Chadarevian, J.P., Shabestari,

S.K., England, W.E., Lim, T.E., Hidalgo, J.L.S., Spitale, R.C., Davtyan, H.,

et al. (2021). Plaque-associated human microglia accumulate lipid drop-

lets in a chimeric model of Alzheimer’s disease. Mol. Neurodegener. 16,

50. https://doi.org/10.1186/s13024-021-00473-0.

84. Liu, L., Zhang, K., Sandoval, H., Yamamoto, S., Jaiswal, M., Sanz, E., Li, Z.,

Hui, J., Graham, B.H., Quintana, A., et al. (2015). Glial Lipid Droplets and

ROS Induced by Mitochondrial Defects Promote Neurodegeneration.

Cell 160, 177–190. https://doi.org/10.1016/j.cell.2014.12.019.

85. Agrawal, N., Lawler, K., Davidson, C.M., Keogh, J.M., Legg, R.,

INTERVAL, Barroso, I., Farooqi, I.S., and Brand, A.H. (2021). Predicting

novel candidate human obesity genes and their site of action by system-

atic functional screening in Drosophila. PLoS Biol. 19, e3001255. https://

doi.org/10.1371/journal.pbio.3001255.

86. Dus, M., Lai, J.S.Y., Gunapala, K.M., Min, S., Tayler, T.D., Hergarden, A.

C., Geraud, E., Joseph, C.M., and Suh, G.S.B. (2015). Nutrient Sensor in

the Brain Directs the Action of the Brain-Gut Axis in Drosophila. Neuron

87, 139–151. https://doi.org/10.1016/j.neuron.2015.05.032.

87. Furlan, A., and Petrus, P. (2023). Brain-body communication in metabolic

control. Trends Endocrinol. Metab. 34, 813–822. https://doi.org/10.

1016/j.tem.2023.08.014.

88. Jin, H., Li, M., Jeong, E., Castro-Martinez, F., and Zuker, C.S. (2024). A

body-brain circuit that regulates body inflammatory responses. Nature

630, 695–703. https://doi.org/10.1038/s41586-024-07469-y.

89. Morais, L.H., Schreiber, H.L.t., and Mazmanian, S.K. (2021). The gut mi-

crobiota-brain axis in behaviour and brain disorders. Nat. Rev. Microbiol.

19, 241–255. https://doi.org/10.1038/s41579-020-00460-0.

90. Ryoo, H.D., Domingos, P.M., Kang, M.J., and Steller, H. (2007). Unfolded

protein response in a Drosophila model for retinal degeneration. EMBO J.

26, 242–252. https://doi.org/10.1038/sj.emboj.7601477.

91. Fleming, S.J., Chaffin, M.D., Arduini, A., Akkad, A.-D., Banks, E., Marioni,

J.C., Philippakis, A.A., Ellinor, P.T., and Babadi, M. (2023). Unsupervised

removal of systematic background noise from droplet-based single-cell

experiments using CellBender. Nat. Methods 20, 1323–1335. https://doi.

org/10.1038/s41592-023-01943-7.

92. Germain, P.-L., Lun, A., Garcı́a Meixide, C., Macnair, W., and Robinson, M.

D. (2022). Doublet identification in single-cell sequencing data using

scDblFinder. F1000Res. 10, 979. https://doi.org/10.12688/f1000research.

73600.2.

93. Wolf, F.A., Angerer, P., and Theis, F.J. (2018). SCANPY: large-scale sin-

gle-cell gene expression data analysis. Genome Biol. 19, 15. https://doi.

org/10.1186/s13059-017-1382-0.

94. Klopfenstein, D.V., Zhang, L., Pedersen, B.S., Ramı́rez, F., Warwick

Vesztrocy, A., Naldi, A., Mungall, C.J., Yunes, J.M., Botvinnik, O., Weigel,

M., et al. (2018). GOATOOLS: A Python library for Gene Ontology analyses.

Sci. Rep. 8, 10872. https://doi.org/10.1038/s41598-018-28948-z.

95. Fang, Z., Liu, X., and Peltz, G. (2023). GSEApy: a comprehensive package

for performing gene set enrichment analysis in Python. Bioinformatics 39,

btac757. https://doi.org/10.1093/bioinformatics/btac757.

96. Ouyang, J.F., Kamaraj, U.S., Cao, E.Y., and Rackham, O.J.L. (2021).

ShinyCell: simple and sharable visualization of single-cell gene expres-

sion data. Bioinformatics 37, 3374–3376. https://doi.org/10.1093/bioin-

formatics/btab209.

97. Steinhilb, M.L., Dias-Santagata, D., Fulga, T.A., Felch, D.L., and Feany,

M.B. (2007). Tau phosphorylation sites work in concert to promote neuro-

toxicity in vivo. Mol. Biol. Cell 18, 5060–5068. https://doi.org/10.1091/

mbc.e07-04-0327.

98. Park, Y.-J., Kim, S., Shim, H.-P., Park, J.H., Lee, G., Kim, T.-Y., Jo, M.-C.,

Kwon, A.-Y., Lee, M., Lee, S., et al. (2021). Phosphatidylserine synthase

plays an essential role in glia and affects development, as well as the

maintenance of neuronal function. iScience 24, 102899. https://doi.org/

10.1016/j.isci.2021.102899.

99. McLaughlin, C.N., Qi, Y., Quake, S.R., Luo, L., and Li, H. (2022). Isolation

and RNA sequencing of single nuclei from Drosophila tissues. Star

Protoc. 3, 101417. https://doi.org/10.1016/j.xpro.2022.101417.

100. Korsunsky, I., Millard, N., Fan, J., Slowikowski, K., Zhang, F., Wei, K.,

Baglaenko, Y., Brenner, M., Loh, P.-R., and Raychaudhuri, S. (2019).

Fast, sensitive and accurate integration of single-cell data with Harmony.

Nat. Methods 16, 1289–1296. https://doi.org/10.1038/s41592-019-

0619-0.

101. Kanehisa, M., and Goto, S. (2000). KEGG: kyoto encyclopedia of genes

and genomes. Nucleic Acids Res. 28, 27–30. https://doi.org/10.1093/

nar/28.1.27.

102. Hu, Y., Flockhart, I., Vinayagam, A., Bergwitz, C., Berger, B., Perrimon,

N., and Mohr, S.E. (2011). An integrative approach to ortholog prediction

for disease-focused and other functional studies. BMC Bioinformatics

12, 357. https://doi.org/10.1186/1471-2105-12-357.

103. Palladino, M.J., Hadley, T.J., and Ganetzky, B. (2002). Temperature-

Sensitive Paralytic Mutants Are Enriched For Those Causing

Neurodegeneration in Drosophila. Genetics 161, 1197–1208. https://

doi.org/10.1093/genetics/161.3.1197.

104. Schlegel, P., Yin, Y., Bates, A.S., Dorkenwald, S., Eichler, K., Brooks, P.,

Han, D.S., Gkantia, M., Dos Santos, M., Munnelly, E.J., et al. (2024).

ll
NeuroResource

Neuron 113, 1–18, July 9, 2025 17

Please cite this article in press as: Park et al., Distinct systemic impacts of Aβ42 and Tau revealed by whole-organism snRNA-seq, Neuron (2025),

https://doi.org/10.1016/j.neuron.2025.04.017

https://doi.org/10.7554/eLife.85251
https://doi.org/10.1176/jnp.14.2.197
https://doi.org/10.1016/j.stem.2021.04.004
https://doi.org/10.1016/j.stem.2021.04.004
https://doi.org/10.1016/j.cmet.2017.08.024
https://doi.org/10.1016/j.cmet.2017.08.024
https://doi.org/10.5483/BMBRep.2015.48.8.099
https://doi.org/10.5483/BMBRep.2015.48.8.099
https://doi.org/10.1093/braincomms/fcab053
https://doi.org/10.1038/s42003-022-03373-1
https://doi.org/10.1038/s42003-022-03373-1
https://doi.org/10.1212/WNL.62.2.188
https://doi.org/10.1212/WNL.62.2.188
https://doi.org/10.1016/j.yhbeh.2012.04.006
https://doi.org/10.1016/j.yhbeh.2012.04.006
https://doi.org/10.1007/s11011-022-01097-z
https://doi.org/10.1186/s13024-021-00473-0
https://doi.org/10.1016/j.cell.2014.12.019
https://doi.org/10.1371/journal.pbio.3001255
https://doi.org/10.1371/journal.pbio.3001255
https://doi.org/10.1016/j.neuron.2015.05.032
https://doi.org/10.1016/j.tem.2023.08.014
https://doi.org/10.1016/j.tem.2023.08.014
https://doi.org/10.1038/s41586-024-07469-y
https://doi.org/10.1038/s41579-020-00460-0
https://doi.org/10.1038/sj.emboj.7601477
https://doi.org/10.1038/s41592-023-01943-7
https://doi.org/10.1038/s41592-023-01943-7
https://doi.org/10.12688/f1000research.73600.2
https://doi.org/10.12688/f1000research.73600.2
https://doi.org/10.1186/s13059-017-1382-0
https://doi.org/10.1186/s13059-017-1382-0
https://doi.org/10.1038/s41598-018-28948-z
https://doi.org/10.1093/bioinformatics/btac757
https://doi.org/10.1093/bioinformatics/btab209
https://doi.org/10.1093/bioinformatics/btab209
https://doi.org/10.1091/mbc.e07-04-0327
https://doi.org/10.1091/mbc.e07-04-0327
https://doi.org/10.1016/j.isci.2021.102899
https://doi.org/10.1016/j.isci.2021.102899
https://doi.org/10.1016/j.xpro.2022.101417
https://doi.org/10.1038/s41592-019-0619-0
https://doi.org/10.1038/s41592-019-0619-0
https://doi.org/10.1093/nar/28.1.27
https://doi.org/10.1093/nar/28.1.27
https://doi.org/10.1186/1471-2105-12-357
https://doi.org/10.1093/genetics/161.3.1197
https://doi.org/10.1093/genetics/161.3.1197


Whole-brain annotation and multi-connectome cell typing of Drosophila.

Nature 634, 139–152. https://doi.org/10.1038/s41586-024-07686-5.

105. Yoon, J.G., and Stay, B. (1995). Immunocytochemical localization of

Diploptera punctata allatostatin-like peptide in Drosophila melanogaster.

J. Comp. Neurol. 363, 475–488. https://doi.org/10.1002/cne.903630310.

106. Stevens, M., Nanou, A., Terstappen, L.W.M.M., Driemel, C., Stoecklein,

N.H., and Coumans, F.A.W. (2022). StarDist Image Segmentation

Improves Circulating Tumor Cell Detection. Cancers 14, 2916. https://

doi.org/10.3390/cancers14122916.

107. Sieckmann, K., Winnerling, N., Huebecker, M., Leyendecker, P., Juliana

Silva Ribeiro, D., Gnad, T., Pfeifer, A., Wachten, D., and Hansen, J.N.

(2022). AdipoQ—a simple, open-source software to quantify adipocyte

morphology and function in tissues and in vitro. Mol. Biol. Cell 33,

br22. https://doi.org/10.1091/mbc.E21-11-0592.

108. Brand, A.H., and Perrimon, N. (1993). Targeted gene expression as a

means of altering cell fates and generating dominant phenotypes.

Development 118, 401–415. https://doi.org/10.1242/dev.118.2.401.

109. Bischof, J., Maeda, R.K., Hediger, M., Karch, F., and Basler, K. (2007). An

optimized transgenesis system for Drosophila using germ-line-specific

φC31 integrases. Proc. Natl. Acad. Sci. USA 104, 3312–3317. https://

doi.org/10.1073/pnas.0611511104.

110. Venken, K.J.T., He, Y., Hoskins, R.A., and Bellen, H.J. (2006). P[acman]:

A BAC Transgenic Platform for Targeted Insertion of Large DNA

Fragments in D. melanogaster. Science 314, 1747–1751. https://doi.

org/10.1126/science.1134426.

ll
NeuroResource

18 Neuron 113, 1–18, July 9, 2025

Please cite this article in press as: Park et al., Distinct systemic impacts of Aβ42 and Tau revealed by whole-organism snRNA-seq, Neuron (2025),

https://doi.org/10.1016/j.neuron.2025.04.017

https://doi.org/10.1038/s41586-024-07686-5
https://doi.org/10.1002/cne.903630310
https://doi.org/10.3390/cancers14122916
https://doi.org/10.3390/cancers14122916
https://doi.org/10.1091/mbc.E21-11-0592
https://doi.org/10.1242/dev.118.2.401
https://doi.org/10.1073/pnas.0611511104
https://doi.org/10.1073/pnas.0611511104
https://doi.org/10.1126/science.1134426
https://doi.org/10.1126/science.1134426


STAR★METHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

mouse anti-Aβ42 BioLegend #805509; RRID: AB_2783381

mouse anti-hyperphosphorylated-Tau (AT8) ThermoFisher #MN1020; RRID: AB_223647

rat anti-NCad DSHB DN-Ex #8; RRID: AB_528121

rabbit anti-dsRed(RFP) Takara #632496; RRID: AB_10013483

guinea pig anti-BiP(Hsc70-3) gift from Dr. Hermann

Steller; Ryoo et al.90

N/A

mouse anti-HA 16B12 BioLegend #901501; RRID: AB_2565006

rabbit anti-Cleaved Caspase-3 Cell Signaling Technology #9661; RRID: AB_2341188

mouse anti-Elav DSHB 9F8A9; RRID: AB_528217

rabbit anti-pH3 Cell Signaling Technology #9701; RRID: AB_331535

mouse anti-armadillo DSHB N2 7A1; RRID: AB_528089

mouse anti-prospero DSHB MR1A; RRID: AB_528440

mouse anti-Ast7 (allatostatin) DSHB 5F10; RRID: AB_528076

Alexa Fluor 647 AffiniPure Donkey Anti-Guinea Pig Jackson ImmunoResearch #706-605-148; RRID: AB_2340476

Alexa Fluor 647 AffiniPure Goat Anti-Rat Jackson ImmunoResearch #112-605-167; RRID: AB_2338404

Alexa Fluor 488 AffiniPure Donkey Anti-Mouse Jackson ImmunoResearch #715-545-151; RRID: AB_2341099

Alexa Fluor 647 AffiniPure Donkey Anti-Mouse Jackson ImmunoResearch #715-605-150; RRID: AB_2340862

Cy3 AffiniPure Donkey Anti-Mouse Jackson ImmunoResearch #715-165-151; RRID: AB_2315777

Cy3 AffiniPure Donkey Anti-Rabbit Jackson ImmunoResearch #711-165-152; RRID: AB_2307443

Chemicals, peptides, and recombinant proteins

Nile Red Sigma Aldrich N3103

RNase inhibitor: RNasin Plus Promega N2615

Ethyl alcohol, Pure Sigma Aldrich E7023

Chloroform Fisher Scientific C298-500

Acetic acid glacial Fisher Scientific MAX00739

Paraplast Plus Sigma Aldrich P3683

Harris Hematoxylin Solution Sigma Aldrich HHS16

Eosin Y solution Sigma Aldrich #318906

Xylene J.T.Baker 1330-20-7

Critical commercial assays

Chromium Next GEM Single Cell 3’ HT(high-throughput)

Reagent Kits v3.1 (Dual Index)

10X Genomics PN-1000348

Chromium Next GEM Chip M Single Cell Kit 10X Genomics PN-1000371

Dual Index Kit TT Set A 10X Genomics PN-1000215

Deposited data

Raw sequencing files and processed data of snRNA-seq GEO GEO: GSE261656

AD-FCA website This study https://hongjielilab.org/adfca/

Experimental models: Organisms/strains

Drosophila: tub-GAL80ts: w*;P{tubP-GAL80ts}10;TM2/

TM6B, Tb1

Bloomington Drosophila

Stock Center

BL7108

Drosophila: nSyb-GAL4: y1 w*; P{nSyb-GAL4.S}3 Bloomington Drosophila

Stock Center

BL51635

Drosophila: UAS-empty: w[1118];;UAS-empty/TM6B Tb1 Moulton et al.10 N/A

Drosophila: UAS-Aβ42 (II): yw;P{UAS-APP.Abeta42.B}m26a (II) Chouhan et al.20 N/A

(Continued on next page)
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Drosophila husbandry, fly lines, and genotypes

Flies were maintained on standard cornmeal-molasses medium with a 12-hour light-dark cycle. tub-GAL80ts; nSyb-GAL4 virgin flies

crossed to UAS-empty, UAS-Aβ42, or UAS-hTau transgenic male flies. Each UAS line was combined with Gr21a:syt-RFP or Ldh-GFP

flies for Gr21a ORN and Ldh related experiments. To avoid developmental expression-caused defects, flies were kept at 18◦C during

cross and developmental process. Progenies were allowed to mate for the first 1-4 days at 18◦C and moved to 29◦C to express trans-

genes in pan-neurons from the adult stage. The UAS-Aβ42 transgenic line was selected based on its previous characterization as

being neurotoxic and that it produces a secreted Aβ42 peptide.20 The UAS-hTau0N4R transgenic line was selected based on its pre-

vious characterization as being neurotoxic and that it produces hyperphosphorylated 4R-Tau protein.24,97

The table below details the fly lines used.

METHOD DETAILS

Sample collection, lifespan, and negative geotaxis assays

Progenies were collected 3 days after the first fly hatched at 18◦C. Flies were allowed to mate for 1 more day at 18◦C. Then, male and

female flies were separated into different cages (150 flies per cage) and incubated at 29◦C. Fly food was changed every 2 days. For

sample collection, fly heads and bodies were dissected at different time points, 10-day, 20-day, and 30-day (after 29◦C incubation

started), put into 1.5ml RNase-free Eppendorf tube, flash-frozen using liquid nitrogen, and then stored at –80◦C. We put 50 heads or

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Drosophila: UAS-Aβ42 (III): yw; P{UAS-APP.Abeta42.B}m17a (III) Chouhan et al.20 N/A

Drosophila: UAS-hTau: w[1118]; UAS-humanTau0N4R/TM3, Sb[1] Wittmann et al.24 N/A

Drosophila: UAS-ssp.3XHA (II) This study N/A

Drosophila: Gr21a:syt-RFP (III) Jones et al.31 N/A

Drosophila: Ldh-GFP: w*; P{Ldh-optGFP}attP40 Bloomington Drosophila

Stock Center

BL94704

Mouse: B6;C3-Tg(Prnp-MAPT*P301S)PS19Vle/J The Jackson Laboratory 008169, RRID:IMSR_JAX:008169

Mouse: B6C3F1/J The Jackson Laboratory 100010, RRID:IMSR_JAX:100010

Software and algorithms

Cell Ranger 6.1.2 10X Genomics https://www.10xgenomics.com/support/

software/cell-ranger/

CellBender 0.2.2 Fleming et al.91 https://github.com/broadinstitute/CellBender

scDblFinder 1.8.0 Germain et al.92 https://bioconductor.org/packages/release/

bioc/html/scDblFinder.html

Scanpy 1.8.2 Wolf et al.93 https://scanpy.readthedocs.io/en/stable/

GOATOOLS 1.2.3 Klopfenstein et al.94 https://github.com/tanghaibao/goatools

GSEApy 1.1.2 Fang et al.95 https://github.com/zqfang/GSEApy

FlyPhoneDB Liu et al.65 https://github.com/liuyifang/FlyPhoneDB

ShinyCell 2.1.0 Ouyang et al.96 https://github.com/SGDDNB/ShinyCell

Fly lines Genotype Source/reference notes

tub-GAL80ts w*;P{tubP-GAL80ts}10;TM2/TM6B, Tb1 BDSC #7108

nSyb-GAL4 y1 w*; P{nSyb-GAL4.S}3 BDSC #51635

UAS-empty w[1118];;UAS-empty/TM6B, Tb1 Moulton et al.10 pGW vector injected to VK33

UAS-Aβ42 (II) yw;P{UAS-APP.Aβ42.B}m26a (II) Chouhan et al.20 Used for most of the crosses

UAS-Aβ42 (III) yw;; P{UAS-APP.Aβ42.B}m17a (III) Chouhan et al.20 Only used for combining with Ldh-GFP (II)

UAS-hTau w[1118];; UAS-humanTau0N4R/TM3, Sb[1] Wittmann et al.24 Isoform 0N4R

UAS-ssp.HA.tag UAS-ssp.3xHA (II) This study See STAR Methods

Gr21a:syt-RFP Gr21a:syt-RFP (III) Jones et al.31

Ldh-GFP w*; P{Ldh-optGFP}attP40 BDSC #94704
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15 bodies in each tube. For longevity assay, dead or censored flies were recorded every 2 days. Female and male flies were counted

separately. Survival rates were calculated from the total population. For negative geotaxis assays, we used a climbing kit (used in

Park et al.98) to compare up to 5 groups at once. 0, 10, 20, or 30-day flies were transferred to an empty vial (20 flies per genotype

per set). The climbing kit was gently tapped to force all flies to the bottom and then videotaped for 10 seconds. Flies climbed 5 times

per set. Climbing height at 10 seconds was measured by the Tracker software (https://tracker.physlets.org/) for the final data. Female

and male flies were separated for this assay. 5 sets of 0-day (n = 100, 40 female and 60 male per genotype), 8 sets of 10-day (n = 160,

80 female and 80 male per genotype), 10 sets of 20-day (n = 200, 100 female and 100 male per genotype), 10 sets of 30-day (n = 200,

100 female and 100 male per genotype). Survival curves and negative geotaxis plots were generated in GraphPad Prism.

Single-nucleus RNA sequencing

Single-nucleus suspensions were prepared following the protocol we described previously.99 Next, we used the BD AriaIII FACS

sorter to collect nuclei. Nuclei were stained by Hoechst-33342 on ice (1:1000; >5min). Hoechst+ nuclei were collected during sorting.

Since polyploidy is common for many tissue types in Drosophila, we observed different populations of nuclei according to DNA con-

tent (Hoechst signal). In order to include all cell populations with different nuclear sizes, we included all nuclear populations from the

FACS in samples for single-nucleus RNA sequencing. Individual nuclei were collected into one 1.5ml RNase-free Eppendorf tube with

200μl 1x PBS with 0.5% BSA as the receiving buffer (RNase inhibitor added). For each 10x Genomics run, 200k nuclei were collected.

Nuclei were spun down for 10 min at 950g at 4◦C, and then resuspended using 80μl or desired amount of 1x PBS with 0.5% BSA

(RNase inhibitor added). 2μl of nucleus suspension was used for counting the nuclei with hemocytometers to calculate the concen-

tration. We loaded 50-60K nuclei to the 10x controller to target >20k nuclei for each channel.

Next, we performed snRNA-seq using the 10x Genomics platform with the Chromium Next GEM Single Cell 3’ HT (high-

throughput) Reagent Kits v3.1 (Dual Index) with the following settings. All PCR reactions were performed using the BioRad C1000

Touch Thermal cycler with a 96-deep Well Reaction Module. The recommended cycle numbers from the 10x protocol were used

for cDNA amplification and sample index PCR. As per the 10x protocol, 1:10 dilutions of amplified cDNA and final libraries were eval-

uated on a bioanalyzer. The final library was sent to Novogene Corporation Inc. for Illumina NovaSeq PE150 S4 lane sequencing with

the dual index configuration Read 1 28 cycles, Index 1 (i7) 10 cycles, Index 2 (i5) 10 cycles, and Read 2 90 cycles. A PhiX control library

was spiked in at 0.2 to 1% concentration. The sequencing depth is about 30-40K reads per nucleus.

snRNA-seq data processing and clustering

Raw snRNA-seq data, in the form of FASTQ files, underwent alignment to the Drosophila melanogaster reference genome (FlyBase

release 6.31) using the Cell Ranger software (v6.1.2), employing a pre-mRNA gene transfer format (GTF) file generated by the FCA

algorithm.15 Subsequent steps involved the removal of ambient RNA contamination via CellBender91 and the identification and exclu-

sion of potential doublet cells using scDblFinder.92 Quality control criteria necessitated the elimination of cells exhibiting fewer than

200 genes or 500 UMIs. Genes detected in fewer than three nuclei were removed from our analysis. Furthermore, cells with gene or

UMI counts exceeding five median absolute deviations from the median were also excluded from the analysis. Additionally, cells

harboring over 5% of mitochondrial transcripts were eliminated. The majority of the snRNA-seq data analysis was conducted using

the Scanpy package (v1.8.2).93

In this study, t-SNE was primarily used to highlight fine-grained clustering of cell populations, given the complexity and large

number of cell types in our whole Drosophila dataset. While t-SNE excels at preserving local structures and distinguishing distinct

clusters for accurate cell type annotation, UMAP is better suited for visualizing both global and local structures. Therefore, in certain

cases (e.g., Figures 3G and 3H), we applied UMAP to better capture continuous transitions and identity shifts between clusters, espe-

cially where cellular state changes were of primary interest.

Cell-type annotation in AD-FCA

Our approach to annotating cell types in AD-FCA closely mirrored the methodology previously established for AFCA annotations.16

We integrated AD-FCA samples with existing FCA and AFCA datasets, facilitating their co-clustering. To mitigate batch effects and

align dataset variations, the Harmony algorithm100 was applied to the co-clustered data. Subsequent to adjustment, AFCA-derived

cell type labels were assigned to AD-FCA cells using a Logistic Regression classifier, with AFCA serving as the training set and AD-

FCA as the test set. These initial automated annotations were subsequently subjected to manual validation and correction to enhance

reliability.

To enrich the diversity of cell types identified within our head samples, this annotation strategy was extended to incorporate two

additional datasets: FCA antenna data and optical lobe data.15,25 This integration enabled the identification of additional cell types

not present in the original Aging Fly Cell Atlas. Specifically, the optical lobe dataset provided more detailed annotations for neuronal

subtypes within the fly’s optical system, and the FCA antenna data allowed for refined subcluster annotations of ORNs that were

absent in the AFCA dataset. Moreover, we manually annotated the "LDH-high cluster," further contributing to the increased cell

type diversity. Through this expanded analysis, we successfully annotated a total of 219 distinct cell types. Note that, although

some clusters (e.g., the subclusters within cluster 106 in Figure S2) appear clearly separated based on their transcriptional profiles,

many of these unannotated subclusters likely correspond to cell types that have yet to be fully characterized. To avoid potentially

misleading classifications, we chose to leave these clusters unannotated.
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Analysis of cell-composition changes

Quantitative assessments of cell composition changes involved counting cell numbers for each cell type across different ages and

genotypes. To calculate the proportion of a given cell type within a specific genotype, the cell count for that cell type and genotype

was normalized to the total cell number of the same genotype. This normalization facilitated the comparison of cell type proportions

between experimental (Aβ42 or hTau flies) and age-matched control groups. The resulting ratios for the experimental groups were

then divided by those of the control groups, with the differences expressed in log2 scale to quantify relative changes in cell compo-

sition. Cell types with more than 700 nuclei were selected for our cell composition analyses.

DEG analysis

To identify genes with altered expression levels in Aβ42 and hTau flies compared to age-matched controls (Figure 1D), we performed

DEG analysis using the Wilcoxon Rank Sum test. Genes were considered differentially expressed if they met a false discovery rate

(FDR) threshold of <0.05. For DEG analysis, we selected cell types containing more than 700 nuclei, including samples from both

male and female flies. To further identify early or late-specific DEGs in Aβ42 flies, we grouped samples by age, incorporating both

sexes, and compared them to their respective age-matched controls (Figures S7D and S7E).

To plot Figure 6B, We conducted a comparative analysis of DEGs by evaluating two sets of comparisons. First, we compared the

gene expression profiles of 20-day hTau flies to those of 20-day control flies to identify DEGs. Next, we performed a comparison

between 30-day control flies and 20-day control flies to obtain a second set of DEGs. Subsequently, we compared the two lists

of DEGs to determine the commonly changed genes between the two comparisons.

Gene ontology and pathway enrichment analysis

Differential expression analysis yielded genotype-specific DEGs, encompassing both upregulated and downregulated genes across

various cell types. These DEGs were subjected to GO analysis using the GOATOOLS software (v1.2.3).94 For this purpose, the gene

association dataset (FB2019_06) was retrieved from FlyBase, with a specific focus on Biological Process (BP) GO terms for our

investigations.

GOs enriched in the human LDH-high cluster were identified using approaches similar to the fly analysis. The human gene asso-

ciation file was downloaded from the GO Consortium website (https://current.geneontology.org/products/pages/downloads.html)

and imported into GOATOOLS for identifying enriched GOs.

Pathway enrichment analysis leveraged the Kyoto Encyclopedia of Genes and Genomes (KEGG) database, with Drosophila-spe-

cific pathways selected to suit our study’s requirements.101 The integration of DEGs with these selected pathways was facilitated

through the GSEApy package,95 enabling the identification of significantly enriched pathways.

Identification of the LDH-high cluster

To delineate marker genes specific to the Drosophila LDH-high cluster, we conducted a differential expression analysis by comparing

cells within the LDH-high cluster to other neuronal populations in the Drosophila dataset. Marker genes were selected based on spe-

cific thresholds: an FDR lower than 0.01 and a log fold change greater than 1, indicating notable enrichment in the LDH-high cluster.

To define the LDH-high cluster across species, we first performed an unbiased identification of marker genes in the fly LDH-high

cluster and then determined their orthologs in both mice and humans using the DRSC Integrative Ortholog Prediction Tool (DIOPT)

version 9.0 with a score threshold of ≥5.102 The top 10 marker genes from flies, which had orthologs in humans and mice, were sub-

sequently used to calculate the LDH module score (Table S2). This was done using the score_genes() function from the Scanpy pack-

age. The LDH score for mouse and human neurons was computed based on the expression of genes orthologous to the top 10 fly

LDH-high cluster marker genes. Notably, the LDH module scores in mice and humans exhibited lower specificity and enrichment

compared to those in flies. This reduced specificity likely results from the expansion of orthologous gene families in mammals, where

some orthologs may have diverged in expression patterns relative to their fly counterparts. Additionally, transcriptional rewiring

across species may contribute to the observed differences, as certain mouse and human orthologs may not be preferentially ex-

pressed in LDH-high neurons. To further validate the conservation of these markers, we manually examined the expression of key

genes, including Ldh (orthologous to LDHA and LDHB), crc (orthologous to ATF4), and cnc (orthologous to NFE2L1) (Figures 4,

S8, and S9).

Mouse single-nucleus RNA-seq data processing

Gene expression matrices of mouse single-nucleus RNA sequencing data were obtained from the Gene Expression Omnibus (GEO;

accession number GSE140511). We followed the same preprocessing pipeline as employed in our fly data analysis, which involved

filtering out potential doublets and ambiguous nuclei. Neuronal populations were annotated using well-established markers for excit-

atory and inhibitory neurons, specifically Slc17a7 and Gad1, respectively. After annotation, neuronal cells were sub-clustered, and

the LDH module scores and expression levels of the Ldha and Ldhb genes, orthologs of the fly Ldh, were analyzed to identify the

LDH-high cluster in the mouse dataset.
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Human single-nucleus RNA-seq data processing

Processed human single-nucleus RNA sequencing data files in the.h5ad format were obtained for two human Alzheimer’s disease

datasets from the GEO (accession number GSE254205) and the corresponding author’s website at MIT, respectively (https://

compbio.mit.edu/ad_aging_brain/).41,42 First, we reassessed and re-annotated the major cell types within these datasets using

the marker genes defined in Haney et al.’s publication. Subsequently, neuronal cell populations were further sub-clustered. Within

these sub-clusters, we identified the LDH-high cluster based on the LDH module scores and elevated expression of the human or-

thologs of fly Ldh, specifically LDHA and LDHB. Additionally, for comparative analysis, we incorporated a dataset comprising

neuronal data from the prefrontal cortex of young, non-AD individuals. This dataset was retrieved from the Human Cell Atlas portal.18

Identification of conserved marker genes across species

To identify marker genes of the human LDH-high cluster, we applied the same differential expression strategy used in Drosophila,

comparing LDH-high neurons to all other neuronal populations. Genes with FDR lower than 0.01 and log fold change larger than

1 were considered significant markers. To evaluate conservation from Drosophila to humans, we utilized DIOPT v9.0 to identify hu-

man orthologs of all Drosophila LDH-high marker genes via the DIOPT API. Genes with a DIOPT score ≥ 2 were classified as

conserved markers, while genes lacking an identified fly ortholog or those not enriched in the human LDH-high cluster were consid-

ered non-conserved.

Convergent trajectory of LDH-high cluster in human AD samples

Trajectory analysis of excitatory neurons and the LDH-high cluster was performed using the partition-based graph abstraction

(PAGA) function in Scanpy. To infer the original cell identity of excitatory neurons, we utilized three excitatory neuron subtype

markers: CAMK2N1, RORB and HS3ST4. The LDH-high population within this subset was highlighted by computing the LDH score.

For pseudotime analysis, excitatory neurons were designated as the root, allowing for the visualization of lineage trajectories and

potential shifts toward the LDH-high state in the context of Alzheimer’s disease.

Gut snRNA-seq trajectory analysis

Trajectory analysis of the gut cells was performed using Scanpy. The intestinal stem cell lineage was extracted from the data, which

included the intestinal stem cells, enteroblasts, adult differentiating enterocytes, enteroendocrine cells, anterior enterocytes of the

adult midgut epithelium, and posterior enterocytes of the adult midgut epithelium. The pseudotime of the clusters was inferred using

the PAGA function, and then the ForceAtlas2 algorithm was implemented to overlay the cells spatially onto the PAGA plot. To

compare the cell compositions of each genotype (control, Aβ42, and hTau), the genotypes were subset separately from the final

pseudotime plot.

Correlation analysis of UMI numbers and nuclear ratios

To evaluate the correlation of UMI numbers across cell types, we initially determined the median UMI counts for each cell type within

individual samples. These median UMI counts were then compared across various samples to calculate ratios that reflect differences

attributable to genotype or age. We utilized Pearson’s or Spearman’s correlation coefficients to identify groups exhibiting similar

trends in UMI number alterations. Furthermore, we extended our correlation analysis to encompass nuclear ratios. These ratios

were derived by comparing nuclear counts between pairs of samples, as outlined in the "Analysis of Cell Composition Changes" sec-

tion. Subsequently, we compared these nuclear ratios across different groups to discern patterns and trends consistent among

various comparisons.

Analysis of cell-cell communication

Our investigation into CCC was guided by the foundational principles delineated in FlyPhoneDB, an algorithm that calculates cell-cell

interaction scores in Drosophila based on ligand-receptor pairs from major signaling pathways65 with specific adaptations. As some

pairs documented in the fly neural system are not included in the FlyPhoneDB database (196 pairs), we expanded the list to include 44

additional pairs based on previous publications and FlyBase annotations. We extracted a collection of genes linked to the GO term

"homophilic cell adhesion via plasma membrane adhesion molecules" from FlyBase. This was followed by a manual curation pro-

cess, resulting in the selection of 44 genes that were subsequently incorporated into the existing ligand-receptor list within the

FlyPhoneDB framework (Table S4). Although we refer to these as ‘‘ligand-receptor pairs’’, this database consists of both typical

ligand-receptor interactions (e.g., Pvf3-Pvr, dpp-tkv), as well as atypical surface protein-surface protein interactions (e.g., CadN-

CadN, Dscam2–Dscam2), as both can mediate cell-cell interactions.

By querying our snRNA-seq data from both fly heads and whole body, we selected a subset of 102 cell types (all characterized with

more than 700 nuclei) and assessed 622,080 possible neuron-to-periphery communications which involve 54 neuronal cell types, 48

peripheral cell types, and 240 ligand-receptor pairs. This facilitated the computation of CCC metrics within each genotype under

investigation. Only CCCs exhibiting a p-value less than 0.05 in control or hTau samples were retained for subsequent analyses,

ensuring statistical relevance. A total of 93,524 CCC scores (p-value < 0.05) were detected from hTau and control flies, where

each score corresponds to one unique ligand-receptor pair, with the ligand originating from neuronal cells and the receptor from pe-

ripheral cells. Particular emphasis was placed on CCCs emanating from neurons and targeting peripheral cells, enabling an
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exploration of the communicative alterations induced by neuronal hTau expression. To quantitatively assess these changes, we

computed the ‘Delta scores’ by subtracting control CCC scores from those of the hTau samples. These Delta scores were then stan-

dardized to Z scores based on their corresponding standard deviations. CCCs with absolute Z scores exceeding 2 were classified as

differential CCCs, denoting statistically significant communication differences between hTau and control cohorts.

While CCC analysis provides valuable insights, it is also important to acknowledge some limitations, such as potential false positive

hits. Further refinement of this analysis, such as incorporating a spatial transcriptome approach, could help address these limitations

and provide more accurate results.

AD-FCA data portal website

The AD-FCA web platform was constructed utilizing the Shiny package (version 1.6.0) within the R programming environment

(version 4.0.5), facilitating interactive web application development. The platform hosts two principal datasets: the Head dataset

and the Body dataset, which encompass snRNA-Seq analytical outcomes derived from head and body tissues, respectively.

For the ‘Cell Type’ and ‘Gene Expression’ interface components, data handling and visual representation were executed employ-

ing the Tidyverse package (version 1.3.0) and the ggplot2 package (version 3.3.3) in R, ensuring a robust and efficient data processing

pipeline. Additionally, the ‘Custom Analysis’ section of the platform is enriched by the functionalities provided by the ShinyCell pack-

age (version 2.1.0),96 offering users an enhanced and tailored analytical experience.

Comparison of AD-FCA hTau and hTau[P301] fly brain single-cell transcriptome

Brain scRNA-seq data from hTau[P301L] flies71 were obtained from GEO (accession GSE223626). Neuronal cells were identified

based on the original annotations provided by that study. To characterize hTau[P301L]-associated transcriptional changes, we

compared neurons from hTau[P301L] flies against neurons from control flies, yielding a set of DEGs specific to hTau[P301L]. These

neuronal DEGs were then analyzed using GOATOOLS to determine GO enrichments, and the top 10 GO terms were compared with

the top GO terms from our AD-FCA hTau DEGs (Figures S12A and S12D). Additionally, DEGs from the AD-FCA hTau ventral nerve

system were compared with the corresponding genes from hTau[P301L] neurons to assess overall transcriptomic similarity

(Figure S12E). It is important to note that technical and genetic differences exist among various tauopathy datasets, including the

hTau[P301L] model and our AD-FCA hTau flies. These differences should be considered when interpreting and comparing datasets

across different studies.

Detection of vacuoles in the brain

To detect vacuoles in the brain, fly heads were fixed in fresh Carnoy’s solution (ethanol:chloroform:acetic acid at 6:3:1) at 4◦C for at

least 24 hours, washed, serially dehydrated with ethanol, and paraffin-embedded using standard histological procedures.103 Serial

5 μm sections were stained with hematoxylin and eosin and examined under a light microscope. Images were taken with a Nikon NiU

Eclipse Upright Microscope.

Whole-brain dissection and immunofluorescence

Fly brains were dissected in 1X PBS using Dumont #55 forceps (FST, 11255-20), placed into 0.2ml PCR strip tubes, and fixed with 4%

paraformaldehyde (PFA) in 1X PBS for 20 min at room temperature (RT). The brains were thoroughly washed with 0.3% PBST (1X

PBS + 0.3% Triton-X100) and blocked with a brain-blocking buffer (5% normal goat serum (NGS) in 0.3% PBST) for 2 hours at

RT. After blocking, the brains were incubated with primary antibodies (see below) in the brain-blocking buffer at 4◦C overnight.

The brains were thoroughly rinsed with 0.2% PBST and incubated with secondary antibodies (see below) in the brain-blocking buffer

at RT for 2 hours. The brains were thoroughly rinsed with 0.3% PBST and 1X PBS, and mounted with SlowFade™ Gold Antifade

Mountant (Thermo Fisher, S36936). Images were obtained with Leica STELLARIS 5 confocal microscope as Z series with the

same interval. Z series images were merged by ImageJ (Image-Stacks-Z projection-Max Intensity or SUM slices), and then the signal

intensity and area were measured using ImageJ. Quantification graphs were generated in GraphPad Prism. P-values were computed

using the parametric unpaired t-test. For Ldh-GFP brains, endogenous GFP signal was imaged without antibody staining. Illustra-

tions of brain regions were generated using FlyWire.104 For Figure 2I, the mean RFP signal intensity/area in the V region was quantified

from SUM intensity images by averaging measurements from both sides of the antennal lobes.

Primary antibodies

mouse anti-Aβ42 (1:100, BioLegend, #805509)

mouse anti-hyperphosphorylated-Tau (AT8) (1:500, ThermoFisher, #MN1020)

rat anti-NCad (1:40, DSHB, DN-Ex #8)

rabbit anti-dsRed(RFP) (1:500, Takara, #632496)

guinea pig anti-BiP(Hsc70-3) (1:1000, gift from Dr. Hermann Steller)90

mouse anti-HA 16B12 (1:1000, BioLegend, #901501)

rabbit anti-Cleaved Caspase-3 (1:100, Cell Signaling Technology, #9661)

Secondary antibodies (all 1:250 dilution)

Alexa Fluor 647 AffiniPure Donkey Anti-Guinea Pig (Jackson ImmunoResearch, 706-605-148)

Alexa Fluor 647 AffiniPure Goat Anti-Rat (Jackson ImmunoResearch, 112-605-167)
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Alexa Fluor 488 AffiniPure Donkey Anti-Mouse (Jackson ImmunoResearch, 715-545-151)

Alexa Fluor 647 AffiniPure Donkey Anti-Mouse (Jackson ImmunoResearch, 715-605-150)

Cy3 AffiniPure Donkey Anti-Mouse (Jackson ImmunoResearch, 715-165-151)

Cy3 AffiniPure Donkey Anti-Rabbit (Jackson ImmunoResearch, 711-165-152)

Antenna dissection and imaging

For Gr21a:syt-RFP and Ldh-GFP antenna, endogenous RFP/GFP signals were imaged without antibody staining. The 2nd and 3rd

segments of antenna were dissected together, mounted with SlowFade™ Gold Antifade Mountant, and imaged immediately with Le-

ica STELLARIS 5 confocal microscope as Z series with the same interval. RFP+/GFP+ cell bodies were counted from whole Z planes.

Representative images were merged by ImageJ (Image-Stacks-Z projection-Max Intensity). Quantification graphs are generated in

GraphPad Prism. P-values were computed using the parametric unpaired t-test.

For auditory sensory neuron nuclei detection, the 2nd and 3rd segments of antenna were dissected together, placed into 0.2ml

PCR tubes, and fixed with 4% PFA in 3% PBST (1X PBS + 3% Triton-X100) for 20 min at RT. The antennae were thoroughly washed

with 3% PBST and blocked with an antenna-blocking buffer (5% normal goat serum (NGS) in 3% PBST) for 2 hours at RT. After block-

ing, the brains were incubated with mouse anti-Elav (1:40, DSHB, 9F8A9) in the antenna-blocking buffer at 4◦C for 2 days. The

antennae were thoroughly rinsed with 3% PBST and incubated with Alexa Fluor 488 AffiniPure Donkey Anti-Mouse (1:250, Jackson

ImmunoResearch, 715-545-151) in the antenna blocking buffer at RT for 2 hours. The antennae were thoroughly rinsed with 3%

PBST, incubated with DAPI stain (1:1000) for 20 min, washed with 1X PBS, and mounted with SlowFade™ Gold Antifade Mountant

(Thermo Fisher, S36936). Images were obtained with Leica STELLARIS 5 confocal microscope as Z series with the same interval.

Elav+ cell bodies were counted from whole Z planes. Representative images were merged by ImageJ (Image-Stacks-Z projec-

tion-Max Intensity). Quantification graphs were generated in GraphPad Prism. P-values were computed using the parametric un-

paired t-test.

Fat body dissection and LD staining

For fat body dissection, fly abdomen filets were dissected in 1X PBS using Vannas Spring Scissors (FST, 3mm Cutting Edge, 15000-

00) and forceps. The abdomen filets were placed into 1.5ml Eppendorf tubes, fixed with 4% PFA for 20 min at RT, and washed with 1X

PBS. Filets were incubated in Nile Red buffer (1:1,000 dilution of 1 mg/ml Nile Red (Sigma) in 1X PBS) for 10 min at RT, thoroughly

rinsed with 1X PBS, and mounted with SlowFade™ Gold Antifade Mountant. Images were obtained with Leica STELLARIS 5 confocal

microscope as Z series with the same interval. Z series images were merged by ImageJ (Image-Stacks-Z projection-Max Intensity).

The size and number of LD were measured from the same area of each sample by the ImageJ StarDist2D plugin (see StarDist2D

quantification).

Gut dissection and immunofluorescence

Fly guts (15-20 females) were dissected in cold 1X PBS, placed into a 24-well plate, and fixed with 4% PFA in 1X PBS for 45 min at RT.

The guts were thoroughly washed with 0.2% PBST (1X PBS + 0.2% Triton-X100) and blocked with a gut-blocking buffer (5% normal

goat serum (NGS) in 0.2% PBST) for one hour at 4◦C. After blocking, the guts were incubated with primary antibodies, rabbit anti-pH3

(1:1000, Cell Signaling Technology, #9701) and a combination cocktail of mouse anti-armadillo (1:100, DSHB, N2 7A1) and mouse

anti-prospero (1:250, DSHB, MR1A), in the gut blocking buffer at 4◦C overnight. For hindgut enteric neuron staining, we used mouse

anti-Ast7 (allatostatin) (1:100, DSHB, 5F10105). The guts were thoroughly rinsed with 0.2% PBST and incubated with secondary an-

tibodies, Cy3 AffiniPure Donkey Anti-Rabbit (1:250, Jackson ImmunoResearch, 711-165-152) and Alexa Fluor 647 AffiniPure Donkey

Anti-Mouse (Jackson ImmunoResearch, 715-605-150) in gut blocking buffer, at RT for 2 hours. The guts were thoroughly rinsed with

0.2% PBST and incubated with DAPI stain (1:1000) for 20 min at 4◦C. The guts were mounted SlowFade™ Gold Antifade Mountant.

Images were obtained with Leica STELLARIS 5 confocal microscope as Z series with the same interval. Z series images were merged

on half of the Z-stacks (merged = total z-stacks with the gut visible/2) by ImageJ (Image-Stacks-Z projection-Max Intensity), and the

DAPI channel was extracted from the image for quantification. The size of each nucleus was measured from the same area of each

sample by ImageJ StarDist2D plugin (see StarDist2D quantification).

StarDist2D quantification for LD and gut nuclei

To measure the number and area of fat body LD or gut nuclei for each sample, the ImageJ (Fiji) plugin, StarDist2D, was imple-

mented.106 Nile Red or DAPI channel was extracted from the images. The StarDist2D plugin parameters were variable between im-

ages, but the most accurate settings were applied on a per-image basis. Images were manually curated to remove false positives and

add false negatives. The tables of LD/nuclei number and area were produced by the ImageJ measure function. For LD quantification,

mean LD size and >300μm2 LD count were calculated from each sample using Excel. Quantification graphs were generated by

GraphPad Prism. P-values were computed using the parametric unpaired t-test. For gut nuclei size quantification, frequency distri-

bution analysis in GraphPad Prism was used (Parameters: Relative frequency percentages. Bin width 2μm2, Bin each replicate,

Bar graph).
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Male fecundity assay

Individual 20-day male fly (N>25 per genotype, control or hTau flies) was crossed with 3 young wild-type female virgin flies. After mat-

ing at 29◦C for 3 days, female flies were separated into individual vials (one female/vial) and incubated at 25◦C. Fly vials were changed

every 3 days. Total numbers of progenies from each cross were counted, including the mating vial, and divided by the number of

female flies. Dead flies during mating were censored.

Mouse adipose tissue histology

All protocols involving mice were approved by the Institutional Animal Care and Use Committee of Baylor College of Medicine. PS19

(Tau) mice were obtained from Jackson Labs (008169).54 Heterozygote PS19 mice were bred to B6C3F1/J wild-type mice to maintain

the line. 5-month-old and 9-month-old heterozygote PS19 male mice were used and compared to wild-type male siblings for adipose

tissue histology. After the mice were euthanized, the tissue was immediately excised, fixed overnight in 10% PBS-buffered formalin,

and then stored in 50% ethanol. Tissues were sectioned at 5 μm thickness, rehydrated, and stained with hematoxylin and eosin (H&E)

at the Pathology Core at Baylor College of Medicine. Microscopic images were taken on a ZEISS Axioscan scanner. Adipocyte sizes

were quantified using AdipoQ software version 1.16.107

Generation of UAS-ssp.HA.tag transgenic fly lines

A transgenic construct that allows overexpression of a neutral 3xHA polypeptide with a signal sequence under the control of the

UAS/GAL4 system108 was generated as follows. We PCR amplified the rat Preproenkephalin signal sequence (SSP:

MAQFLRLCIWLLALGSCLLATVQA) from pUAST-SSP::Aβ4221 (a gift from Dr. Koichi Iijima) with primers to add a Drosophila codon

optimized 3xHA tag (YPYDVPDYAYPYDVPDYAYPYDVPDYA) at its C-terminus. Restriction enzyme sites (BglII and XhoI) were

also added for cloning purposes. The amplified fragment was first cloned into pGEM-T Easy plasmid (Promega) via TA cloning

and subsequently shuttled to the pUAST.attB plasmid.109 A Sanger sequence-validated clone was injected into the VK37 docking

site on the 2nd chromosome.110 This fly line is available upon request.

Figure design and illustration tools

All figures were made using Adobe Illustrator program. The graphical abstract and Figures 1A and 1E contain graphical elements

created with Biorender.com.
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