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Abstract 11 
Neuronal injury due to trauma or neurodegeneration is a common feature of aging. The clearance 12 
of damaged neurons by glia is thought to be critical for maintenance of proper brain function. 13 
Sleep loss has been shown to inhibit the motility and function of glia that clear damaged axons 14 
while enhancement of sleep promotes clearance of damaged axons. Despite the potential role of 15 
glia in maintenance of brain function and protection against neurodegenerative disease, 16 
surprisingly little is known about how sleep loss impacts glial function in aged animals. Axotomy 17 
of the Drosophila antennae triggers Wallerian degeneration, where specialized olfactory 18 
ensheathing glia engulf damaged neurites. This glial response provides a robust model system 19 
to investigate the molecular basis for glial engulfment and neuron-glia communication. Glial 20 
engulfment is impaired in aged and sleep-deprived animals, raising the possibility that age-related 21 
sleep loss underlies deficits in glial function. To define the relationship between sleep- and age-22 
dependent reductions in glial function, we restored sleep to aged animals and examined the 23 
effects on glial clearance of damaged axons. Both pharmacological and genetic induction of sleep 24 
restores clearance of damaged neurons in aged flies. Further analysis revealed that sleep 25 
restored post-injury induction of the engulfment protein Draper to aged flies, fortifying the notion 26 
that loss of sleep contributes to reduced glial-mediated debris clearance in aged animals. To 27 
identify age-related changes in the transcriptional response to neuronal injury, we used single-28 
nucleus RNA-seq of the central brains from axotomized young and old flies. We identified broad 29 
transcriptional changes within the ensheathing glia of young flies, and the loss of transcriptional 30 
induction of autophagy-associated genes. We also identify age-dependent loss of transcriptional 31 
induction of 18 transcripts encoding for small and large ribosomal protein subunits following injury 32 
in old flies, suggesting dysregulation of ribosomal biogenesis contributes to loss of glial function. 33 
Together, these findings demonstrate a functional link between sleep loss, aging and Wallerian 34 
degeneration.  35 
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Introduction: 36 
Sleep is a universal behavior that is critical for diverse aspects of brain function [1]. Chronic sleep 37 
disturbances are associated with numerous health consequences including neurodegenerative 38 
disease and cognitive decline [2,3]. Neurite damage due to apoptosis, trauma, or genetic factors 39 
is a common feature of aging, and the clearance of damaged neurons is thought to be critical for 40 
maintenance of proper brain function [4,5]. In the central and peripheral nervous systems, 41 
damaged neurites are cleared by Wallerian degeneration, a process where microglia or 42 
macrophages and Schwan cells are activated and engulf damaged neurites [6]. Despite the 43 
critical role of neurite clearance in maintenance of brain function and protection against 44 
neurodegenerative disease, surprisingly little is known about how life-history traits and 45 
environment modulate neurite clearance [7].  46 
 47 
In flies and mammals, axotomy triggers Wallerian degeneration, where specialized glia engulf 48 
damaged neurites [8]. The genetic accessibility of the Drosophila olfactory system, combined with 49 
powerful genetic tools that allow for cell-type specific manipulation of gene expression, have made 50 
Drosophila a leading model to study injury-induced glial engulfment [9]. In Drosophila, olfactory 51 
ensheathing glia surround the antennal lobe then engulf the damaged olfactory neurons. Genetic 52 
screens in this system have identified numerous novel genetic factors and intercellular signaling 53 
pathways required for glial engulfment including Stat92E, Draper, and Insulin Receptor [10–14]. 54 
Further, numerous factors have been identified that function within neurons to signal neural injury 55 
including loss of the NAD+ synthase Nmat1 and dSarm1 [9,12,15]. Modeling of Wallerian 56 
degeneration in other systems including neurons in the Drosophila wing, larval peripheral neurons, 57 
and mouse peripheral nerves confirm the mechanisms regulating Wallerian degeneration in the 58 
olfactory system are conserved in other Drosophila and mammalian neurons [16–18]. 59 
 60 
Glia play a critical role in the regulation of sleep duration, sleep-mediated neuronal homeostasis, 61 
and clearance of toxic substances during sleep [16–20]. Multiple mechanisms link glia to 62 
neurodegenerative disease including a role for clearance of Amyloid β (Aβ) by the glymphatic 63 
system and pruning of synapses by microglia in Alzheimer’s disease [21–23]. Recent findings 64 
suggest microglia function is inhibited by sleep deprivation in mouse models, raising the possibility 65 
that sleep directly impacts neuronal pruning and clearance within the brain [24]. Despite these 66 
bidirectional interactions between glia and sleep, surprisingly little is known about the 67 
mechanisms through which sleep deprivation impacts glial function, and how this contributes to 68 
neurodegenerative disease.  69 
 70 
Growing evidence suggests sleep loss contributes to many of the functional deficits associated 71 
with aging [25,26]. Sleep loss shortens lifespan and accelerates many factors associated with 72 
aging, while quality and duration are reduced in old individuals  [26,27]. In Drosophila aging, high 73 
calorie diets that accelerate aging, as well as acute sleep loss, all inhibit Draper expression, 74 
resulting in reduced glial plasticity and clearance of injured neurites [28–31]. While the effects of 75 
age and sleep-related factors have largely been studied independently, both result in disrupted 76 
sleep, raising the possibility that reduced sleep quality contributes to age-related decline in glial 77 
function [32–34].  Examining the role of sleep on aging-associated loss of glial engulfment has 78 
potential to guide experimental approaches and therapeutic treatments for age-related decline in 79 
brain function. 80 
 81 
Here, we examine the relationship between sleep and age-dependent changes on glial 82 
engulfment of damaged neurites. Both pharmacological and genetic induction of sleep restore 83 
glial plasticity and Draper induction in aged flies. Further, the sleep-inducing effects of neural 84 
injury are absent in aged flies, revealing bidirectional interactions between sleep and aging. 85 
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Together, these findings suggest sleep loss 86 
plays a critical role in age-dependent loss of 87 
glial cell function.  88 
 89 
Results 90 
Sleep duration and quality are reduced in aged 91 
flies [27,34–37]. To identify the specific 92 
timepoints when sleep duration and quality are 93 
reduced, we compared sleep in flies aged 5, 25 94 
and 40 days.  There was a significant reduction 95 
in sleep in flies aged 25 days, and a greater 96 
loss at 40 days (Fig 1A,B). These changes in 97 
sleep duration are associated with reduced 98 
bout length and increased bout number, 99 
indicating reduced sleep quality (Fig S1A-F). 100 
Therefore, these timepoints were used to 101 
investigate the effects of age-related sleep loss 102 
on Wallerian degeneration.  103 
 104 
Previous findings suggest that glial plasticity 105 
and Draper induction are impaired in aged flies 106 
[29]. To further examine the effects of aging on 107 
glial function we quantified Draper induction, 108 
neurite clearance and glial membrane plasticity 109 
in young and old flies. We ablated the antennae 110 
of flies aged 5, 25, and 40 days, expressing 111 
mCD8:GFP under control of the pan-glial 112 
driver Repo (Fig S1G) [9]. Glial membranes 113 
labeled with GFP robustly innervate the 114 
antennal lobes 24 hours following antennal 115 
ablation in young 5-day-old flies (Fig S1H), 116 
while membrane innervation of the antennal 117 
lobes is diminished in flies injured at 25 days 118 
old, with an additional reduction in 40-day-119 
old injured flies (Fig S1I). To confirm the 120 
phenotypes observed were due to motility of 121 
olfactory ensheathing glia, we selectively 122 
labeled ensheathing glia with MZ0709-123 
GAL4 and quantified antennal lobe 124 
innervation following antennal ablation (Fig 125 
1C), [38].  Similar to results with Repo-126 
GAL4, antennal innervation following injury 127 
was reduced at 25 days, and reduced further 128 
in ablated 40-day-old flies, while there was 129 
no age-dependent differences in intact flies 130 
(Fig 1D,E). These findings confirm that 131 
ensheathing glial innervation of the antennal 132 
lobe is impaired in aged flies. 133 
 134 
Neuronal injury results in upregulation of the 135 
engulfment protein Draper within olfactory 136 
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Figure 1. Glial innervation to neuronal injury is reduced in 
the aged flies. (A,B) Sleep profiles and sleep duration of flies 
at 5 days (white, cycle), 25 days (mauve, square), and 40 days 
of age (purple, diamond), n=32-36. (C) Schematic of 
experimental design for ensheathing glia (EG) response to 
neuronal injury in young (5-day-old) and aged (25-day-old or 
40-day-old) flies. (D) Ensheathing glial innervation following 
antennal ablation in the antennal lobes of MZ0709-
GAL4>mCD8GFP flies at 5, 25 and 40 days of age. Red circle 
indicates the region of the ensheathing glial membrane 
surrounding the antennal lobe that was quantified. (E) 
Quantification of glial innervation reveals a significant increase 
in ablated flies (red box) compared to unablated controls (blue 
box, two-way ANOVA, F(2,84)=77.69, P<0.001). There was an 
age-dependent decline in fluorescence intensity at 25-days 
(P<0.001) and 40-days of age (P<0.001), compared to 5-day 
axotomized flies. (F-I) GFP signal labeled by Or22a::GFP and 
(F’-I’) immunostaining for DRAPER in the antennal lobes of 
intact and ablated flies at 5- and 40-days of age. Hashed red 
circle represents the area of DRAPER quantification 
surrounding the antennal lobe and all fluorescence intensity 
were normalized to the 5-day intact controls.  (J) DRAPER 
expression was significantly elevated in ablated 5-day-old flies 
compared to all other groups (P<0.001). (K) There was a 
significant reduction in GFP intensity in ablated 5-day old flies 
compared to all other groups (P<0.001, two-way ANOVA, 
F(1,44)=21.06). Tukey’s multiple comparison tests: *P<0.05; 
**P<0.01; ***P<0.001. Error bars indicate ± SEM. Scale bar 
denotes 50 μm. 
 



ensheathing glia, leading to clearance of 137 
the damaged neurites [9]. To confirm that 138 
age-related deficits in glial plasticity is 139 
associated with loss of Draper and 140 
reduced neurite engulfment, we 141 
genetically labeled the olfactory receptor 142 
neurons (ORNs) using an Or22a::GFP 143 
transgene that exclusively labels olfactory 144 
receptor neurons (ORNs) from the 145 
antennae, but not the maxillary palp [39]. 146 
The antennae of 5- or 40-day-old flies 147 
were ablated and the brains were 148 
subsequently immunostained for Draper 149 
24 hours following injury. There were no 150 
differences in Draper levels in 5- and 40-151 
day-old intact flies (Fig 1F-I, J).  Antennal 152 
ablation robustly induced Draper within 153 
the antennal lobes of 5-day-old flies, but 154 
not 40-day-old flies, confirming Draper 155 
induction is reduced in aged flies (Fig 1F’-156 
I’, J).  Conversely, in 5-day-old flies, there 157 
was a significant reduction in Or22a::GFP 158 
signal, indicating robust glial engulfment 159 
(Fig 1F,G,K). Or22a::GFP signal was 160 
significantly higher in ablated 40-day-old 161 
flies compared to 5-day-old flies, 162 
revealing reduced glial engulfment of 163 
damaged neurites in aged flies (Fig 164 
1H,I,K).  Together, these findings confirm 165 
that glial motility, Draper induction, and 166 
neurite engulfment in response to injury 167 
are reduced in 40-day-old flies.  168 
 169 
Injury and immune activation are 170 
associated with increased sleep in 171 
Drosophila [18,34]. In flies, sleep is 172 
increased immediately following antennal 173 
ablation, providing a system to examine 174 
the effects of aging on neural injury 175 
response [18].  To examine the effects of 176 
aging on sleep following injury, we 177 
quantified sleep immediately following 178 
injury in 5- and 40-day-old flies (Fig 2A). 179 
In agreement with previous findings, 5-180 
day-old antennal ablated flies slept 181 
significantly more than intact controls (Fig 182 

2B) [18]. Conversely, there was no increase in daytime sleep following ablation in 40-day-old 183 
ablated flies (Fig 2C,D, S2A).  In 40-day-old flies there was an increase in nighttime sleep 12 184 
hours from injury, suggesting a reduced and delayed response (Fig S2A). At day two following 185 
ablation sleep did not differ from controls for both young and old flies, revealing the immediate 186 
effects of injury do not result in long-lasting changes (Fig 2B,C). The increased sleep following 187 
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Figure 2. Antennal ablation-induced sleep response is 
absent in aged flies. (A) Diagram of experimental design for 
sleep response to neuronal injury in young (5-day-old) and 
aged (40-day-old) flies. (B,C) Sleep profiles prior to and 
following axonal injury in control unablated and ablated flies at 
(B) 5 days and (C) 40 days of age. Arrow denotes the time of 
antennal ablation, with the grey box (ZT0-2) representing a 
subsequent one-hour recovery period. White and gray boxes 
denote daytime and nighttime. (D) Daytime sleep duration was 
significantly increased in ablated flies following injury at 5 days 
of age but not at 40 days (P=0.0002 and P=0.4956, 
respectively). (E) Daytime wake probability, P(Wake) was 
significantly reduced in 5-day-old flies but not in 40-day-old 
flies (P<0.001 and P=0.8644, respectively). (F) Daytime sleep 
probability, (P)Doze, was significantly increased in 5-day-old 
flies following axotomy but not in 40-day-old flies (P=0.0003 
and P=0.0843, respectively). n=30-35. *P<0.05; **P<0.01; 
***P<0.001. Error bars indicate ± SEM. 
 



injury in 5-day-old flies is due to longer bout 188 
lengths, consistent with greater sleep 189 
consolidation (Fig 2D, S2D-K).  190 
 191 
We applied a Markov model that 192 
determines propensity to remain asleep 193 
(pDoze), an indicator of sleep depth [40].  194 
Sleep propensity (pDoze) was elevated 195 
and wake propensity (pWake) was 196 
reduced in 5-day-old flies, but not 40-day-197 
old flies, following injury, supporting the 198 
notion that sleep drive is lost in aged flies 199 
(Fig 2E,F; Fig S2B-C).  Further, ablation 200 
induced an increase in average bout length 201 
during the day but not night in 5-day-old, 202 
but not 40-day-old flies (Fig S2F-G, S2J-K).  203 
Therefore, aging disrupts sleep-induction 204 
following injury.  These findings support the 205 
notion that both reduced levels of basal 206 
sleep, and impaired sleep induction 207 
following injury contribute to age-related 208 
loss of glial activation and Wallerian 209 
degeneration. 210 
 211 
The engulfment phenotypes observed in 212 
aged flies phenocopy those previously 213 
reported in response to acute sleep 214 
deprivation, raising the possibility that 215 
sleep deficits contribute to the age-related 216 
decline in glial engulfment [30]. To examine 217 
whether age-associated sleep loss 218 
contributes to loss of ensheathing glial 219 
response to injury, we pharmacologically 220 
enhanced sleep in young and old flies 221 
following antennal ablation and measured 222 
the effects on glial plasticity and axon 223 
engulfment [36,41]. Five- or 40-day old flies 224 
were fed the sleep-inducing GABA agonist 225 
gaboxadol for 48 hours following injury, 226 
followed by the quantification of Wallerian 227 
degeneration (Fig 3A; Fig S3A) [41]. 228 
Gaboxadol treatment significantly 229 
increased sleep in both young and old flies 230 
by increasing the average bout length (Fig 231 
3B,C; Fig S3B,C). Signal from 232 
Or22a::GFP-labeled neurites was 233 
significantly reduced in ablated 5- and 40-234 

day-old flies treated with Gaboxadol compared to solvent treated controls revealing that 235 
pharmacological induction of sleep restores glial engulfment to old flies (Fig 3D,E; Fig S3D,E). In 236 
both 5- and 40-day-old flies there was no effect of gaboxadol treatment on unablated controls, 237 
confirming that gaboxadol does not promote axonal engulfment in uninjured flies controls (Fig 3F; 238 
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Figure 3.  Gaboxadol treatment restores glial engulfment 
in aged flies.  (A) Diagram of gaboxadol treatment and 
subsequent behavior monitoring and sample preparation. 
(B) Sleep profile of 40-day control and gaboxadol treated 
flies. (C) Total sleep and (C’) average bout length was 
significantly increased by gaboxadol treatment in 40-day-old 
flies (P<0.0001 and P<0.0001, respectively). while (C’’) bout 
number significantly decreased (P<0.001). n=30-35. (C) 
Total sleep and (C’) average bout length was significantly 
increased by gaboxadol treatment in 40-day-old flies 
(P<0.0001 and P<0.0001, respectively). while (C’’) bout 
number significantly decreased (P<0.001). (D-G) GFP signal 
labeled by Or22a::GFP and (D’-G’) immunostaining for 
DRAPER in the antennal lobes in gaboxadol treated and 
untreated intact or axotomized 40-day-old flies. Scale bar 
denotes 50 μm. (H) GFP quantification revealed no 
difference between gaboxadol treated (dark dots) and 
control (white dots) intact flies (P=0.8833). There was a 
significant reduction in GFP intensity in ablated gaboxadol 
treated flies compared to all other groups (P<0.001). (I) 
Draper levels were significantly elevated in ablated 40-day-
old gaboxadol treated flies compared to all other groups 
(P<0.001). n=13-15. ***P<0.001 by one-way ANOVA 
followed by Turkey’s post-hoc tests. Error bars indicate ± 
SEM.  
 



Fig S3F). Similarly, Draper levels were elevated in both 5 and 40-day-old ablated flies treated with 239 
gaboxadol compared to age-matched untreated controls, while there was no effect of gaboxadol 240 
on Draper levels in flies with intact antennae (Fig 3F’,G’,I; Fig S3F’,G’,I). Together, these findings 241 
reveal that sleep restores age-related deficits in neurite clearance and glial activation. 242 
 243 
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Figure 4.  Robust Draper recruitment restores glial engulfment in aged flies through genetic induction of 
sleep. (A) Diagram of sleep induction by thermogenetic activation of 23E10 neurons and subsequent sleep 
measurement and quantification of glial engulfment. (B-D) Elevated temperature significantly induced sleep in 5-day-
old (B) and 40-day-old (C) 23E10-GAL4>TrpA1 flies compared to TrpA1/+ or 23E10-GAL4/+ controls. (D) Total sleep 
was significantly increased after two-day thermo-activation of 23E10 neurons in both 5-day-old (P=0.0022) and 40-
day-old (P=0.0001). n=30-35. (E) Immunostaining for Draper levels in the antennal lobes in control 
(23E10/+,TrpA1/+) and experimental (23E10>TrpA1) 5-day-old flies. (F) There were no differences in Draper levels 
in intact flies (P=0.8455), while Draper levels were significantly elevated in 23E10>TrpA1 ablated flies, compared to 
ablated flies without sleep induction (P=0.0072). (G) Immunostaining for Draper levels in the antennal lobes in control 
(23E10/+,TrpA1/+) and experimental (23E10>TrpA1) 40-day-old flies. (H) There were no differences in Draper levels 
in intact flies (P=0.7409), while Draper levels were significantly elevated in 23E10>TrpA1 ablated flies, compared to 
ablated flies without sleep induction (P=0.0003). n=10-14. Scale bar denotes 50 μm. *P<0.05, **P<0.01, ***P<0.001. 
Error bars indicate ± SEM.  
 



It is possible that the effects of gaboxadol on glial activation and neurite engulfment are due to 244 
activation of GABA signaling rather than induction of sleep per se. To differentiate between these 245 
possibilities, we genetically activated R23E10 neurons that label sleep promoting neurons in the 246 
brain and/or the ventral nerve cord [42–44] and measured the effect on engulfment of damaged 247 
neurite s. Briefly, we ablated the antennae of flies expressing the thermosensitive cation channel 248 
TrpA1 in R23E10 neurons (R23E10-GAL4>TrpA1), and increased the temperature from 22°C to 249 
29°C for 48 hours following injury. Following sleep induction, brains were immunostained for 250 
Draper levels (Fig 4A). Consistent with previous findings in young flies, thermogenetic activation 251 
of 23E10 neurons increased sleep in 5- and 40-day-old flies (Fig 4B-D; Fig S4A-E) [42]. Induction 252 
of sleep enhanced Draper levels in 5-day-old flies compared to genetic controls (Fig 4E,F). There 253 
was no effect of sleep induction on Draper levels in intact 5-day-old flies, suggesting the effects 254 
of sleep on Draper is specific to post-injury response (Fig 4F). Similarly, in 40-day-old flies, genetic 255 
induction of sleep increased Draper levels in ablated flies but not in unablated controls (Fig 4G,H). 256 
Together, these findings confirm that genetic induction of sleep is sufficient to restore post-injury 257 
Draper induction in old flies. 258 
 259 
Numerous genetic pathways have been identified as contributing to glial activation and increased 260 
Draper levels following axotomy, yet much less is known about how aging impacts glial function 261 
[8]. To identify age-dependent changes in ensheathing glia we performed single-nucleus RNA-262 
sequencing (snRNA-seq) on the central brains of both young and old flies under intact and 263 
axotomized conditions (Figure 5A). We dissected 120-140 central brains of intact or ablated flies 264 
at 5 and 40 days of age.  This yielded at least 295k nuclei for each of the four experimental groups, 265 
resulting in 68,361 nuclei that met the criteria for inclusion in analysis (see methods). There were 266 
no significant differences in nuclei number between any of the groups tested, suggesting 267 
consistency between sample collections.  We were able to classify nuclei into diverse types of 268 
brain cell types based on known markers (Fig S5A-D). Clustering analysis revealed six distinct 269 
populations including cortex glia, ensheathing glia, astrocyte-like glia, perineural glia, 270 
subperineural glia and chiasm giant glia, and one unannotated group. (Fig 5B-D and Fig S5E).  271 
The total number, and types of glia did not vary significantly across experimental conditions, 272 
supporting the notion that loss of neurite engulfment in aged flies is not due to an overall loss of 273 
ensheathing glia (Fig 5E, S5F). 274 
 275 
 276 
 277 



To identify genes that are transcriptionally regulated in response to neural injury in young and old 278 
flies, we compared gene expression 279 
across experimental groups within 280 
the ensheathing glia cluster. We first 281 
sought to specifically identify the 282 
olfactory ensheathing glia based on 283 
the expression of repo and the Toll-1 284 
receptor dSARM, and Draper, all of 285 
which are highly expressed in 286 
olfactory ensheathing glia post 287 
neural injury[45–47]. We specifically 288 
analyzed the ensheathing glia group. 289 
Of these, 16.31% co-expressed 290 
Draper and Sarm, and were 291 
therefore defined as olfactory 292 
ensheathing glia (Fig 6A and S6A). 293 
This subset was further examined for 294 
differential gene expression.  295 
 296 
To determine the differences in gene 297 
expression between young and old 298 
individuals in response to neuronal 299 
injury, we compared the 300 
transcriptional changes in genes 301 
between the young and old groups of 302 
olfactory ensheathing glial nuclei, 303 
using Seurat’s FindMarkers function. 304 
In the comprehensive gene 305 
expression analysis, we observed 306 
distinct patterns of differential gene 307 
regulation between intact and 308 
ablated groups in young and old 309 
cohorts separately. In young 310 
individuals, the ablated group 311 
exhibited a notable divergence, with 312 
927 genes significantly upregulated 313 
and 670 genes significantly 314 
downregulated compared to the 315 
intact group (Fig S6B). This robust 316 
response suggests a pronounced 317 
compensatory mechanism for 318 
engulfment of damaged neurites or 319 
altered developmental trajectory in 320 
response to ablation. Conversely, in 321 
aged individuals, the ablated flies 322 
displayed a distinct profile, with 877 323 
genes significantly upregulated, of 324 
which 325 overlapped with those 325 

upregulated in the young group. This overlap indicates a subset of genes that maintain their 326 
function throughout the lifespan in response to neuronal injury (Fig S6B). However, among the 327 
602 uniquely upregulated genes in the young ablated group, there were some key candidates 328 

Figure 5. snRNA-sequencing of central brains in young and aged 
intact or ablated flies. (A) Schematic of tissue collection and snRNA-
sequencing workflow. Axotomy of the third segment of antenna was 
performed for the adult flies at 5- or 40-days of age. After 24 hr of 
recovery following the axotomy, the central brains of intact or ablated 
flies were dissected and dissociated to collect single nuclei. (B) t-
distributed Stochastic Neighbor Embedding (t-SNE) visualization of 
the 7 distinct subclusters of glial cells from the integrated nuclei of 5-
day intact/ablated and 40-day intact/ablated pooled replicate 
samples. Each color corresponds to a unique cluster, and each dot 
represents a single nucleus. EG, ensheathing glia; CG, cortex glia; 
PG, perineurial glia; SPG, subperineurial glia; ALG, astrocyte-like glia; 
CGG, chiasm giant glia; Unannotated, unannotated glial types. (C) 
Dotplot of marker genes for each glial subtype that were used for 
annotation. (D) t-SNE visualization of selective EG marker genes, 
rumpel (left) and dSLC22a3 (right), on glia cohort. (E) Percentage of 
glial subtypes among four group samples. 
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such as autophagy related genes Atg 12, Atg 8a, Rab 10, Rab 14, Rab 7 and Rab3GAP1, and a 329 
set of ribosome subunit genes, as well as Draper and Sarm, which may play pivotal roles in the 330 
efficient neurite engulfment within 24 hours post injury and warrant further investigation for their 331 
functional implications in development and aging (Fig 6B-C). 332 
 333 
Next, we performed pseudobulk differential expression analysis on olfactory EG cell cluster from 334 
the raw count data and subsequently used z-score clustering expression to identify different 335 
patterns of gene expression across all four experimental groups (Fig S6C). We identified 1356 336 
genes in cluster 2 that were selectively upregulated in young flies following ablation but not old 337 
flies. Through these two different analyses and overlapping the 602 gene list with genes in cluster 338 
2, we specifically focused analysis on the genes that were upregulated in the young cohort, but 339 
not in aged flies post neural injury (Fig S6B-D). These candidate genes included a set of ribosome 340 
subunit genes, and some autophagy genes related to phagocytosis and engulfment pathways, all 341 
fall into this expression pattern (Fig 6D-E, S6D).  Strikingly, 7 large ribosomal protein subunit (RpL) 342 
and 5 small ribosomal subunit protein (RpS) transcripts were significantly upregulated following 343 
ablation in young flies, but not old flies (Fig 6D-E). These genes provide numerous potential 344 
candidate regulators of glial engulfment and injury response and highlight a role for an increase 345 
in ribosomal subunits following injury. Gene ontology analysis revealed an enrichment for multiple 346 
aspects of ribosome function, as well as autophagy, suggesting this group known and novel 347 
cellular processes associated with Wallerian degeneration. Notably, we cannot deny that other 348 
glial subpopulations, apart from olfactory ensheathing glia, are not involved in this process, 349 
as some cells from other glial subtypes also co-expressed Sarm and draper after being 350 
ablated (Fig S6E-H).Together, these analyses identify numerous genes that are transcriptionally 351 
regulated by both neural injury and aging, providing candidate regulators for age-dependent loss 352 
of Wallerian degeneration. 353 
 354 
  355 
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Figure 6. Differential gene expression analysis of Sarm and draper positive olfactory ensheathing glia in 
young and aged intact or ablated flies. (A) t-SNE visualization of Sarm and draper positive olfactory ensheathing 
glial nuclei. Nuclei that express Sarm (Sarm+) are highlighted in blue, while nuclei that express draper (draper+) are 
highlighted in red. Sarm and draper co-expressed olfactory EG were merged in pink with a color box indicated the 
expression levels of Sarm or draper in ensheathing glial cell. (B) Volcano plot showing the differential gene 
expression in Sarm+ and draper+ olfactory ensheathing glial nuclei between 5-day ablated and intact treatments. 
(C) Volcano plot showing the differential gene expression in Sarm+ and draper+ olfactory ensheathing glial nuclei 
between 40-day ablated and intact groups. The dashed lines represent the thresholds for significance. Genes with 
significant differential expression were highlighted in dark colors, while non-significant genes are shown in lime 
green with blue background for downregulated genes and pink background for upregulated (activated response to 
neural injury) genes. Promising candidate genes were highlighted in red dots. (D) Gene expression levels of 
candidate genes across each treatment. (E) Ribosomal protein subunit genes and autophagy and phagocytosis 
replated pathways were significantly enriched in 5-day-old flies post neural injury.  
 



Discussion 360 
Here, we show a link between reduced sleep and age-dependent loss of Wallerian degeneration 361 
in Drosophila.  Both aging and acute sleep loss are associated with reduced brain function 362 
including changes in structural plasticity, long-term potentiation, memory, and elevated oxidative 363 
stress levels [25,27,31,48]. Previous work in mice and flies has shown that both aging and sleep 364 
loss impair glial engulfment, but the relationship between sleep loss and aging has been 365 
unclear[29,30]. Here, we show that pharmacological and genetic induction of sleep restores 366 
induction of Draper and glial-mediated engulfment to aged flies.  These findings reveal a critical 367 
role for sleep-loss in age-dependent loss of glial function.   368 
 369 
Age-related loss of glial function is associated with many aspects of declining brain function. In 370 
flies and mammals, the clearance of debris and toxic substances from the brain is critical for 371 
healthy aging. In mammals, both the overactivation and reduced function of microglia is 372 
associated with neurodegeneration[24,49,50], while the glymphatic systems play a critical role in 373 
regulating the clearance of amyloid beta from cerebral spinal fluid [22]. In Drosophila, loss of the 374 
ensheathing glia is associated with lipid accumulation and reduced lifespan, while genetically 375 
increasing ensheathing glia number is protective in a model of Alzheimer’s disease [51]. Further, 376 
loss of glial function accelerates age-related changes in memory [52]. These findings suggest 377 
ensheathing glia are critical for healthy aging. Here, we find that age-related sleep loss contributes 378 
to reduced glial function. These findings raise the possibility that loss of glia function may 379 
contribute to the negative impacts of aging. 380 
 381 
There are many functional parallels between Drosophila and mammalian glia and their roles in 382 
sleep regulation. Both astrocytes and microglia are essential for normal brain function in animals 383 
ranging from flies to mice. These effects appear to be highly conserved because astrocytic-like 384 
and microglia-like ensheathing glia also regulate sleep in Drosophila [16,53,54]. In some cases, 385 
glia appear to impact global brain function, such as regulation of synaptic strength and neural 386 
excitability, while in other cases glia appear to modulate levels of specific sleep transmitters or 387 
neural circuits [55–58]. It is possible that the effects of sleep and aging in modulating glia function 388 
extend beyond olfactory ensheathing glia, to other types of glia in the brain.  Future studies 389 
examining the effects of aging on astrocyte-like, cortex glia, and non-olfactory ensheathing glia is 390 
critical to understand whether aging and sleep loss impact all types of glia or are specific to the 391 
engulfing properties of olfactory ensheathing glia. 392 
 393 
Drosophila increase sleep immediately following ablation injury to the antennae or wing 394 
suggesting this is a naturally occurring mechanism to promote recovery and glial-mediated 395 
engulfment[18]. The degree of post-injury sleep is thought to directly result from synaptic pruning, 396 
because expression of neuroprotective factors in the olfactory neurons blunt sleep following injury 397 
[18].  Here, we show that post-injury sleep is reduced in aged flies, consistent with the notion that 398 
pruning promotes sleep following injury. These findings raise the possibility that bi-directional 399 
interactions between neurite clearance and sleep are both impacted by aging. The effects were 400 
greatest in the first 12 hours following injury. These findings raise the possibility that greater 401 
upregulation of neuroprotective factors contribute to the blunted sleep response. Because ORN 402 
cell bodies are removed in the process, we are unable to address this using our sn-RNAseq 403 
protocol.  However, future work specifically examining interactions between post-injury sleep 404 
induction and neuroprotective factors in aged flies may be informative.  405 
 406 
Transcriptional regulation in glia is modulated by sleep, circadian timing, and age [59,60]. These 407 
molecular factors directly impact glial function including engulfment of debris, regulation of 408 
neurotransmitter release, and secretion of sleep-regulating factors [54,61].  For example, insulin 409 
signaling promotes sleep and activates ensheathing glia phagocytotic mechanisms in Drosophila, 410 



while diet induced insulin resistance inhibits neurite clearance, revealing a critical role for insulin 411 
signaling in debris clearance [13,28]. To identify new factors that contribute to age related 412 
changes in sleep we performed sn-RNAseq in the brains of old and young flies with ablated 413 
antennae.  We find numerous genes previously known to be under transcriptional regulation 414 
including Draper and the autophagy regulators Atg8a and Rab5 are not upregulated following 415 
axotomy in aged flies. Altered autophagy is associated with sleep, with autophagosome levels 416 
accumulating during periods of wakefulness, and sleep loss is associated with reduced 417 
proteostasis and ultimately neurodegeneration [62,63].  418 
 419 
Our findings that aging inhibits induction of ribosomal subunit transcription in glia is consistent 420 
with studies ranging from C. elegans to humans revealing age-associated loss of ribosomal 421 
protein subunits [64,65]. Therefore, the loss of ribosomal biogenesis may inhibit the structural and 422 
functional plasticity required to engulf aging neurites.  It is possible that the injury-induced 423 
ribosomal subunits are generally required for enhanced translation following injury, or that the 424 
subunits confer unique functions.  In Drosophila, selective loss of individual ribosomal subunits is 425 
associated with defects in development and cellular function [66–68] Furthermore, the TOR 426 
pathway has been implicated more generally in age-associated loss of ribosomal biogenesis 427 
including reduced TOR signaling [69]. Therefore, it is possible that pharmacological enhancement 428 
of ribosomal biogenesis through these pathways has potential to ameliorate the cellular, and 429 
possibly functional, effects of age-related sleep loss [70].  430 
 431 
Taken together, our findings reveal a role for sleep in age-related loss of glial-mediated 432 
phagocytosis.  Sleep is sufficient to restore glial membrane plasticity, induction of Draper, and 433 
neurite engulfment in aged flies. Our findings provide a system to examine the effects of sleep on 434 
glial-mediated phagocytosis and broader aspects of how sleep and aging impact glial function.  435 
Given the many aspects of glial function, including roles in regulating many aspects of brain health 436 
and function, are conserved from flies to mammals, this system has potential to advance our 437 
understanding of changes in glial function across the lifespan. 438 
 439 
  440 
Materials and Methods 441 
Fly stocks and maintenance 442 
Flies were reared and maintained on a 12:12 light–dark cycle in humidified incubators at 25°C 443 
and 65% humidity (Percival Scientific, Perry, IA, USA). The following fly lines were obtained from 444 
the Bloomington Stock Center: UAS-mCD8GFP (#32186; [71]) Repo-GAL4 (#7415; [72]), 445 
OR22a::GFP (#52620; [73]), 23E10-GAL4 (#49032); UAS-TrpA1 (#26263; Paul Garrity). The 446 
background control line used in this study was w1118 (BL# 5905; [74]) and all experimental stocks 447 
were either generated in this background or outcrossed to w1118 for a minimum of six generations 448 
prior to testing. Unless indicated otherwise, mated females reared on standard Drosophila food 449 
media (Bloomington Formulation, Nutri-fly, #66-113, Genesee Scientific) were used for all 450 
experiments. For aging experiments, flies were isolated 1 day post-eclosion, sorted by sex into 451 
vials of ~30 flies, and then transferred to new vials three times per week until they reached the 452 
indicated age. Unless otherwised noted, all experiments were performed on male flies. 453 
 454 
Fly axotomy 455 
Fly axotomoy was performed as previously described[30]. Flies of the indicated age and genotype 456 
were gently anesthetized on CO2 for less than one minute at ZT0-2. Next, using forceps, the third 457 
segments of both antennae were removed. Controls received the same treatment without ablation.  458 
Unless indicated otherwise, control and ablated flies were maintained on standard food for 24 459 
hours prior to dissection. 460 
 461 



Drug treatment 462 
Gaboxadol (4,5,6,7-retrahydroisoxazolo[5,4-c] pyridin-3-ol hydrochloride, THIP hydrochloride; 463 
Sigma Aldrich, St. Louis, MO, USA, #T101) was dissolved in dH2O at 1 mg/ml, then mixed to 0.01 464 
mg/ml in cooled, standard fly food, as previously described [41,75]. Axotomized and intact control 465 
flies were placed on gaboxadol-laced food immediately following axotomy, where they remained 466 
for the duration of the experiment. 467 
 468 
Measurements of sleep behavior 469 
Sleep behavior was measured using the Drosophila Activity Monitoring (DAM) system (Trikinetics, 470 
Waltham, MA), which detects activity by monitoring infrared beam crossings of individually housed 471 
flies. The number of beam-breaks is used to determine the amount of sleep, along with associated 472 
sleep metrics, by identifying 5-min bouts of quiescence using the Drosophila Sleep Counting 473 
Macro [76,77]. All experiments were performed in incubators at the same temperature and 474 
humidity mentioned above. For sleep experiment in aging flies, flies of the indicated age were 475 
briefly anesthetized with CO2 and loaded individually in DAMs tubes with standard fly food. Flies 476 
were acclimated for a minimum of 24 hours prior to the start of behavioral analysis. Measurements 477 
of sleep were then measured over a 24 hr period starting at ZT0. For sleep experiments in 478 
axotomized flies, sleep was measured for 24 hr as described in aging flies, however at ZT 0-2 the 479 
following day, individual flies were removed, axotomized, and then returned to their respective 480 
tube and monitor, in which sleep was recorded for the subsequent 48 hours post axotomy. Control 481 
flies received the same treatment without ablation. For sleep-induction experiments, sleep was 482 
measured in flies fed 0.01 mg/ml Gaboxadol. For 23E10-GAL4 activation experiments, sleep was 483 
measured at the permissive temperature of 29°C. 484 
 485 
Immunohistochemistry and imaging 486 
Brains of the indicated age and treatment were dissected in cold phosphate buffer solution (PBS) 487 
and fixed in 4% paraformaldehyde in PBS containing 0.5% Triton-X100 [PBT], for 40 minutes at 488 
room temperature (RT). After three washes (15 min each) with PBT and rinsing overnight at 4°C, 489 
the brains were incubated with relevant primary antibody, anti-GFP (1:1500; #PA1-980A, Fisher 490 
Scientific) or anti-DRAPER 5D14 (1:500; #draper, AB_2618105, Developmental Studies 491 
Hybridoma Bank), for 48 hr at 4°C with rotation. After three 15-min washes in PBT at RT, the 492 
brains were incubated with secondary antibody for 90 min at RT: (Alexa Fluor 555 donkey anti-493 
mouse IgG, Invitrogen, Carlsbad, CA, USA, #A31570; Alexa Fluor 488 goat anti-rabbit IgG, 494 
Invitrogen, Carlsbad, CA, USA, #A11008), and then washed three times (30 min each) in PBT, 495 
followed by a final overnight wash in PBT. Brains were mounted in Vectashield (H1000, Vector 496 
Labs, Burlingame, CA, USA). Fluorescence images were acquired on a Nikon A1R laser-scanning 497 
confocal microscope. Brains were imaged using the 561 nm and 488 nm lasers sequentially, with 498 
imaging settings (e.g., laser power, gain, and zoom) kept constant throughout the entire 499 
experiment. Image stacks were acquired using the ND Sequence Acquisition function, imaging 500 
from the above to below the antennal lobes using a 2-μm step size. 501 
 502 
Quantification of fluorescence intensity 503 
Quantification of OR22a::GFP fluorescence intensity was performed by generating a sum 504 
intensity projection of the OR22a-labeled neurons and quantifying the sum fluorescence GFP 505 
intensity using the Nikon AR Image Analysis software (Nikon, Melville, NY, USA), as previously 506 
described [9]. Repo-GAL4>UAS-mcD8GFP, MZ0709-GAL4>UAS-mCD8GFP and anti-DRAPER 507 
were quantified using a standardized ROI of the outer, dorsal-medial antennal lobe membrane. 508 
The mean of the intensity averaged from each slice was used. Images are presented as the Z-509 
stack projection through the entire brain and processed using Fiji [78]. 510 
 511 
Single nuclei sequencing 512 



Tissue collection, nuclei isolation, library preparation, and sequencing: Central brains from either 513 
axotomized or intact flies were dissected at the age of 5 and 40 days and then placed into 1.5 mL 514 
RNase-free Eppendorf tubes, flash-frozen in liquid nitrogen, and then stored at -80°C. All 515 
dissections were performed between ZT0 and ZT4. Approximately 120-140 central brains were 516 
collected for each treatment and stored on dry ice. Nuclei isolation and snRNAseq were 517 
performed by Singulomics Corporation (Singulomics.com; New York). Briefly, tissue was 518 
homogenized and lysed with Triton X-100 in RNase-free water to isolate nuclei. The nuclei were 519 
then purified, centrifuged, resuspended in PBS with RNase Inhibitor, and then diluted to ~700 520 
nuclei/µL. Next, standardized 10x capture and library preparation were performed using the 10x 521 
Genomics Chromium Next GEM 3’ Single Cell Reagent kit v3.1 (10x Genomics; Pleasanton, CA). 522 
The prepared libraries were then sequenced using Illumina NovaSeq 6000 (Illumina; San Diego, 523 
CA). The snRNA-seq raw sequencing files were processed using CellRanger 6.0 (10x Genomics; 524 
Pleasanton, CA) and then mapped to the Drosophila reference genome (Flybase r6.31). 525 
 526 
Data normalization and integration: All analysis of snRNA-seq data was performed in R (v4.3) 527 
using the package Seurat (v5.0.2; [79]). Unless otherwise noted, default parameters were used 528 
for all operations. Each sample was independently normalized using the SCTransform function 529 
(v2;) [80,81]. After normalization, integration features were selected using the 530 
SelectIntegrationFeatures function, with nFeatures = 3000. Normalized data was prepared for 531 
integration with the PrepSCTIntegration function. Integration anchors were identified using the 532 
FindIntegrationAnchors function, with normalization.method = “SCT”. Lastly, using these anchors, 533 
the data was integrated with the IntegrateData command. 534 
 535 
Following integration, Principal Component Analysis was performed using the RunPCA function, 536 
with npcs = 30. The resulting PCs were used to identify clusters, with a resolution of 0.2, resulting 537 
in 27 total clusters. The integrated data was prepared for marker identification by running the 538 
PrepSCTFindMarkers function, and then markers were identified with the FindAllMarkers 539 
command, using the MAST statistical test [82], which has been found to perform well on single-540 
cell data sets [83]. 541 
 542 
The list of marker genes was used to annotate cluster identity. First, we compared the marker 543 
genes for each cluster to previously generated datasets in Drosophila, using the Cell Marker 544 
Enrichment tool (DRscDB; https://www.flyrnai.org/tools/single_cell/web/enrichment [84]). 545 
Wherever possible, we refined our labels by comparing marker genes with published literature 546 
marking known cell types [85]. 547 
 548 
Differential gene expression analysis: To identify genes within nuclei that are differentially 549 
expressed between each of the different treatments, we applied the FindMarkers function on 550 
these cells, again using the MAST statistical test, and set group.by= ‘treatment’, separately in the 551 
you or old cohort. Genes with an adjusted P value less than 0.05 and an average Log2 Fold 552 
Change greater than 0.25 or less than -0.25 were considered differentially expressed and used 553 
for downstream analysis. To comprehensively compare gene expression within the same cell type 554 
across young and old samples under both intact and ablation conditions, as well as to validate 555 
the differential expression genes (DEGs) identified by the FindMarkers function, pseudobulk 556 
differential expression analysis was performed as needed. First we use AggregateExpression() 557 
function to sum together gene counts of all the cells from the same sample for each cell type. This 558 
involves generating matching metadata at the sample level for each cell type. Then we normalized 559 
the pseudobulk count matrix and performed DE analysis using DESeq2 package (v1.46.0) to 560 
identify genes that are differentially expressed between experimental conditions. Variance-561 
stabilizing transformation (VST) was applied to the count data to stabilize the variance across 562 
different expression levels and makes the data more suitable for downstream analysis. To 563 



visualize gene expressions in different patterns, we normalized the expression data by calculating 564 
z-scores for each gene across samples and then used ClusterGVis package (v0.0.2) for clustering 565 
and visualizing gene expression trends. 566 
 567 
Subclustering glia clusters: We first identified all clusters labeled as ‘Glia’ through UMAP analysis 568 
of our entire data set and extracted these cells for further analysis. Subsequently, PCA was 569 
conducted exclusively on these glial cells. The two principal components (PCs) that were found 570 
to be significant were then utilized to carry out a new round of dimensionality reduction, which 571 
was guided by Jackstraw analysis. The resolution for clustering was set at 2.5, which was 572 
determined by visually inspecting the distinct UMAP populations and ensuring that they could be 573 
clearly identified as separate clusters. Finally, differential expression analysis was performed 574 
between each of the different treatments in each glial subtype clusters, employing the same 575 
FindMarkers function as previously described. 576 
 577 
Gene Ontology Analysis: To identify the overarching GO terms of the resulting lists of significant 578 
ablation markers, we used clusterProfiler package (v4.8.3), as custom background, to conduct 579 
gene set enrichment analyses. The log2 fold change (log2FC) values were calculated for each 580 
gene expressed in the cell population of interest, comparing the young ablated and intact groups. 581 
The sorted log2FC list was then input into the gseGO function with the following parameters: 582 
ontology set to 'Biological Process' (ont = 'BP'), gene identifier type set to 'SYMBOL' (keyType = 583 
'SYMBOL'), minimum gene set size set to 3 (minGSSize = 3), maximum gene set size set to 800 584 
(maxGSSize = 800), organism database set to org.Dm.eg.db (OrgDb = org.Dm.eg.db), and p-585 
value cutoff set to 0.01 (pvalueCutoff = 0.01). GO terms were subsequently grouped according to 586 
parent terms based on semantic similarity as calculated using the mgoSim() function of the 587 
GOSemSim R package (v.2.20.0) and the reduceSimMatrix() function in the rrvgo package 588 
(v.1.6.0)[86].  589 
 590 
Statistical Analysis 591 
All data of sleep duration and florescence intensity are presented as box plots with ± SEM error 592 
bar. Unless stated otherwise, A one-way analysis of variance (ANOVA) was employed for 593 
comparisons involving two or more genotypes subjected to a single treatment, whereas a two-594 
way ANOVA was utilized for comparisons involving two or more genotypes subjected to two 595 
treatments. Post hoc analyses were conducted using Sidak’s multiple comparisons test. Each 596 
experiment was conducted with a minimum of two independent runs, and the sample size for 597 
each genotype and treatment combination is detailed in the respective figure legends. All 598 
statistical analyses were performed using InStat software GraphPad Prism (version 10.3.0 for 599 
Windows, Boston, Massachusetts USA), where N denotes the number of biological samples 600 
tested. 601 
 602 
Acknowledgements 603 
The authors are grateful to members of the Keene Lab for technical assistance and helpful 604 
discussion.  This manuscript was supported by the National Institutes of Health (NIH) grants 605 
R01NS131628 and R01HL143790 to ACK and R00AG071833 to EBB.  The authors thank Dr. 606 
Akhila Rajan (Fred Hutchinson Cancer Institute) and James Cai (Texas A&M) for helpful 607 
suggestions and feedback. 608 
 609 
Author Contributions 610 
ACK designed experiments, with guidance from IF. J.Z conducted experiments; J.Z and E.B.B. 611 
and E.L. conducted data analysis. J.Z. designed figures.  All authors played a role in designing 612 
experiments, interpreting data, and writing the paper.  613 
 614 



Declaration of interests 615 
The authors declare no competing interests. 616 
  617 



References 618 
1.  Hartmann EL. The Functions of Sleep. Yale University Press; 1973.  619 
2.  Abbott SM, Videnovic A. Chronic sleep disturbance and neural injury: Links to 620 

neurodegenerative disease. Nat Sci Sleep. 2016; 55–61. doi:10.2147/NSS.S78947 621 
3.  Mattis J, Sehgal A. Circadian Rhythms, Sleep, and Disorders of Aging. Trends in 622 

Endocrinology & Metabolism. 2016;27: 192–203. 623 
doi:https://doi.org/10.1016/j.tem.2016.02.003 624 

4.  Tarasoff-Conway JM, Carare RO, Osorio RS, Glodzik L, Butler T, Fieremans E, et al. 625 
Clearance systems in the brain—implications for Alzheimer disease. Nat Rev Neurol. 626 
2015;11: 457–470. doi:10.1038/nrneurol.2015.119 627 

5.  Liu J, Guo Y, Zhang C, Zeng Y, Luo Y, Wang G. Clearance Systems in the Brain, From 628 
Structure to Function. Front Cell Neurosci. 2022;15. doi:10.3389/fncel.2021.729706 629 

6.  Conforti L, Gilley J, Coleman MP. Wallerian degeneration: An emerging axon death 630 
pathway linking injury and disease. Nat Rev Neurosci. 2014; 394–409. 631 
doi:10.1038/nrn3680 632 

7.  Madore C, Yin Z, Leibowitz J, Butovsky O. Microglia, Lifestyle Stress, and 633 
Neurodegeneration. Immunity. 2020;52: 222–240. doi:10.1016/j.immuni.2019.12.003 634 

8.  Freeman MR. Signaling mechanisms regulating Wallerian degeneration. Curr Opin 635 
Neurobiol. 2014; 224–31. doi:10.1016/j.conb.2014.05.001 636 

9.  MacDonald JM, Beach MG, Porpiglia E, Sheehan AE, Watts RJ, Freeman MR. The 637 
Drosophila Cell Corpse Engulfment Receptor Draper Mediates Glial Clearance of Severed 638 
Axons. Neuron. 2006;50: 869–81. doi:10.1016/j.neuron.2006.04.028 639 

10.  Farley JE, Burdett TC, Barria R, Neukomm LJ, Kenna KP, Landers JE, et al. Transcription 640 
factor Pebbled/RREB1 regulates injury-induced axon degeneration. Proceedings of the 641 
National Academy of Sciences. 2018;115: 1358–1363. doi:10.1073/pnas.1715837115 642 

11.  Osterloh JM, Yang J, Rooney TM, Fox AN, Adalbert R, Powell EH, et al. dSarm/Sarm1 is 643 
required for activation of an injury-induced axon death pathway. Science (1979). 644 
2012;337: 481–4. doi:10.1126/science.1223899 645 

12.  Neukomm LJ, Burdett TC, Seeds AM, Hampel S, Coutinho-Budd JC, Farley JE, et al. Axon 646 
Death Pathways Converge on Axundead to Promote Functional and Structural Axon 647 
Disassembly. Neuron. 2017;95: 78-91.e5. doi:10.1016/j.neuron.2017.06.031 648 

13.  Musashe DT, Purice MD, Speese SD, Doherty J, Logan MA. Insulin-like Signaling Promotes 649 
Glial Phagocytic Clearance of Degenerating Axons through Regulation of Draper. Cell Rep. 650 
2016;16: 1838–50. doi:10.1016/j.celrep.2016.07.022 651 

14.  Neukomm LJ, Burdett TC, Gonzalez MA, Züchner S, Freeman MR. Rapid in vivo forward 652 
genetic approach for identifying axon death genes in Drosophila. Proc Natl Acad Sci U S 653 
A. 2014;111: 9965–70. doi:10.1073/pnas.1406230111 654 

15.  Hoopfer ED, McLaughlin T, Watts RJ, Schuldiner O, O’Leary DDM, Luo L. Wlds Protection 655 
Distinguishes Axon Degeneration following Injury from Naturally Occurring 656 
Developmental Pruning. Neuron. 2006;50: 883–95. doi:10.1016/j.neuron.2006.05.013 657 

16.  Stahl BA, Peco E, Davla S, Murakami K, Caicedo Moreno NA, van Meyel DJ, et al. The 658 
Taurine Transporter Eaat2 Functions in Ensheathing Glia to Modulate Sleep and 659 
Metabolic Rate. Current Biology. 2018;28: 3700–3708. doi:10.1016/j.cub.2018.10.039 660 



17.  Bjorness TE, Dale N, Mettlach G, Sonneborn A, Sahin B, Fienberg AA, et al. An Adenosine-661 
Mediated Glial-Neuronal Circuit for Homeostatic Sleep. The Journal of Neuroscience. 662 
2016;36: 3709–3721. doi:10.1523/jneurosci.3906-15.2016 663 

18.  Singh P, Donlea JM. Bidirectional Regulation of Sleep and Synapse Pruning after Neural 664 
Injury. Current Biology. 2020;30: 1063-1076.e3. doi:10.1016/j.cub.2019.12.065 665 

19.  Stanhope BA, Jaggard JB, Gratton M, Brown EB, Keene AC. Sleep Regulates Glial Plasticity 666 
and Expression of the Engulfment Receptor Draper Following Neural Injury. Current 667 
Biology. 2020;30: 1092-1101.e3. doi:10.1016/j.cub.2020.02.057 668 

20.  Artiushin G, Zhang SL, Tricoire H, Sehgal A. Endocytosis at the Drosophila blood–brain 669 
barrier as a function for sleep. Elife. 2018; e43326. doi:10.7554/elife.43326 670 

21.  Paolicelli RC, Jawaid A, Henstridge CM, Valeri A, Merlini M, Robinson JL, et al. TDP-43 671 
Depletion in Microglia Promotes Amyloid Clearance but Also Induces Synapse Loss. 672 
Neuron. 2017;95: 297-308.e6. doi:10.1016/j.neuron.2017.05.037 673 

22.  Xie L, Kang H, Xu Q, Chen MJ, Liao Y, Thiyagarajan M, et al. Sleep drives metabolite 674 
clearance from the adult brain. Science (1979). 2013;342: 373–377. 675 
doi:10.1126/science.1241224 676 

23.  Musiek ES, Xiong DD, Holtzman DM. Sleep, circadian rhythms, and the pathogenesis of 677 
Alzheimer disease. Exp Mol Med. 2015;47: e148. doi:10.1038/emm.2014.121 678 

24.  Tuan L, Lee L. Microglia-mediated Synaptic Pruning Is Impaired In Sleep-deprived 679 
Adolescent Mice. Neurobiol Dis. 2019;130. doi:10.1093/sleep/zsy061.033 680 

25.  Carroll JE, Prather AA. Sleep and Biological Aging: A Short Review. Curr Opin Endocr 681 
Metab Res. 2021;18: 159–164. doi:10.1016/j.coemr.2021.03.021 682 

26.  Arble DMDM, Bass J, Behn CDCD, Butler MPMP, Challet E, Czeisler C, et al. Impact of 683 
Sleep and Circadian Disruption on Energy Balance and Diabetes : A Summary of 684 
Workshop Discussions. Sleep. 2015;38: 1849–1860. doi:10.5665/sleep.5226 685 

27.  Bushey D, Hughes KA, Tononi G, Cirelli C. Sleep, aging, and lifespan in Drosophila. BMC 686 
Neurosci. 2010;11: 56. doi:10.1186/1471-2202-11-56 687 

28.  Alassaf M, Rajan A. Diet-Induced Glial Insulin Resistance Impairs The Clearance Of 688 
Neuronal Debris. BioRxiv. 2023.  689 

29.  Purice MD, Speese SD, Logan MA. Delayed glial clearance of degenerating axons in aged 690 
Drosophila is due to reduced PI3K/Draper activity. Nat Commun. 2016; 12871. 691 
doi:10.1038/ncomms12871 692 

30.  Stanhope BA, Jaggard JB, Gratton M, Brown EB, Keene AC. Sleep Regulates Glial Plasticity 693 
and Expression of the Engulfment Receptor Draper Following Neural Injury. Current 694 
Biology. 2020;30: 1092-1101.e3. doi:10.1016/j.cub.2020.02.057 695 

31.  Mattis J, Sehgal A. Circadian Rhythms, Sleep, and Disorders of Aging. Trends in 696 
Endocrinology and Metabolism. 2016;27: 192–203. doi:10.1016/j.tem.2016.02.003 697 

32.  Catterson JH, Knowles-Barley S, James K, Heck MMS, Harmar AJ, Hartley PS. Dietary 698 
Modulation of Drosophila Sleep-Wake Behaviour. PLoS One. 2010;5: e12062. 699 
doi:10.1371/journal.pone.0012062 700 

33.  Yamazaki M, Tomita J, Takahama K, Ueno T, Mitsuyoshi M, Sakamoto E, et al. High 701 
calorie diet augments age-associats sleep impairment in Drosophila. Biochem Biophys 702 
Res Commun. 2012;417: 812–816. doi:10.1016/j.bbrc.2011.12.041 703 



34.  Koh K, Evans JM, Hendricks JC, Sehgal A. A Drosophila model for age-associated changes 704 
in sleep:wake cycles. Proc Natl Acad Sci U S A. 2006;103: 13843–13847. 705 
doi:10.1073/pnas.0605903103 706 

35.  Brown EB, Zhang J, Lloyd E, Lanzon E, Botero V, Tomchik S, et al. Neurofibromin 1 707 
mediates sleep depth in Drosophila. PLoS Genet. 2023;19: e1011049. 708 
doi:10.1371/journal.pgen.1011049 709 

36.  Yap MHW, Grabowska MJ, Rohrscheib C, Jeans R, Troup M, Paulk AC, et al. Oscillatory 710 
brain activity in spontaneous and induced sleep stages in flies. Nat Commun. 2017;8: 711 
1815. doi:10.1038/s41467-017-02024-y 712 

37.  Faville R, Kottler B, Goodhill G, Shaw PJ, van Swinderen B. How deeply does your mutant 713 
sleep? Probing arousal to better understand sleep defects in Drosophila. Science Reports. 714 
2015;13: 8454.  715 

38.  Doherty J, Logan MA, Taşdemir OE, Freeman MR. Ensheathing glia function as 716 
phagocytes in the adult Drosophila brain. J Neurosci. 2009;29: 4768–81. 717 
doi:10.1523/JNEUROSCI.5951-08.2009 718 

39.  Dobritsa AA, van der Goes van Naters W, Warr CG, Steinbrecht RA, Carlson JR. 719 
Integrating the Molecular and Cellular Basis of Odor Coding in the Drosophila Antenna. 720 
Neuron. 2003;37: 827–841. doi:10.1016/S0896-6273(03)00094-1 721 

40.  Wiggin TD, Goodwin PR, Donelson NC, Liu C, Trinh K, Sanyal S, et al. Covert sleep-related 722 
biological processes are revealed by probabilistic analysis in Drosophila. Proc Natl Acad 723 
Sci U S A. 2020;117: 10024–10034. doi:10.1073/pnas.1917573117 724 

41.  Dissel S, Angadi V, Kirszenblat L, Suzuki Y, Donlea J, Klose M, et al. Sleep Restores 725 
Behavioral Plasticity to Drosophila Mutants. Current Biology. 2015;25: 1270–1281. 726 
doi:10.1016/j.cub.2015.03.027 727 

42.  Pimentel D, Donlea JM, Talbot CB, Song SM, Thurston AJF, Miesenböck G. Operation of a 728 
homeostatic sleep switch. Nature. 2016;536: 333–337. doi:10.1038/nature19055 729 

43.  De J, Wu M, Lambatan V, Hua Y, Joiner WJ. Re-examining the role of the dorsal fan-730 
shaped body in promoting sleep in Drosophila. Current Biology. 2023;33: 3660-3668.e4. 731 
doi:10.1016/j.cub.2023.07.043 732 

44.  Jones JD, Holder BL, Eiken KR, Vogt A, Velarde AI, Elder AJ, et al. Regulation of sleep by 733 
cholinergic neurons located outside the central brain in Drosophila. PLoS Biol. 2023;21: 734 
e3002012. doi:10.1371/journal.pbio.3002012 735 

45.  Freeman MR. Drosophila central nervous system glia. Cold Spring Harb Perspect Biol. 736 
2015;7: pii: a020552. doi:10.1101/cshperspect.a020552 737 

46.  Osterloh JM, Yang J, Rooney TM, Fox AN, Adalbert R, Powell EH, et al. dSarm/Sarm1 is 738 
required for activation of an injury-induced axon death pathway. Science. 2012;337: 739 
481–4. doi:10.1126/science.1223899 740 

47.  Yildirim K, Winkler B, Pogodalla N, Mackensen S, Baldenius M, Garcia L, et al. Redundant 741 
functions of the SLC5A transporters Rumpel, Bumpel, and Kumpel in ensheathing glial 742 
cells. Biol Open. 2022;11. doi:10.1242/bio.059128 743 

48.  Maynard S, Fang EF, Scheibye-Knudsen M, Croteau DL, Bohr VA. DNA Damage, DNA 744 
Repair, Aging, and Neurodegeneration. Cold Spring Harb Perspect Med. 2015;5: a025130. 745 
doi:10.1101/cshperspect.a025130 746 



49.  Bellesi M, de Vivo L, Chini M, Gilli F, Tononi G, Cirelli C. Sleep Loss Promotes Astrocytic 747 
Phagocytosis and Microglial Activation in Mouse Cerebral Cortex. The Journal of 748 
Neuroscience. 2017;37: 5263–5273. doi:10.1523/JNEUROSCI.3981-16.2017 749 

50.  Wisor JP, Schmidt MA, Clegern WC. Evidence for neuroinflammatory and microglial 750 
changes in the cerebral response to sleep loss. Sleep. 2011;34: 261–272. 751 
doi:10.1093/sleep/34.3.261 752 

51.  Sheng L, Shields EJ, Gospocic J, Sorida M, Ju L, Byrns CN, et al. Ensheathing glia promote 753 
increased lifespan and healthy brain aging. Aging Cell. 2023;22: e13803. 754 
doi:10.1111/acel.13803 755 

52.  Yamazaki D, Horiuchi J, Ueno K, Ueno T, Saeki S, Matsuno M, et al. Glial dysfunction 756 
causes age-related memory impairment in Drosophila. Neuron. 2014;84: 753–63. 757 
doi:10.1016/j.neuron.2014.09.039 758 

53.  Vanderheyden WM, Goodman AG, Taylor RH, Frank MG, Van Dongen HPA, Gerstner JR. 759 
Astrocyte expression of the Drosophila TNF-alpha homologue, Eiger, regulates sleep in 760 
flies. PLoS Genet. 2018;14: e1007724. doi:10.1371/journal.pgen.1007724 761 

54.  Sengupta S, Crowe LB, You S, Roberts MA, Jackson FR. A Secreted Ig-Domain Protein 762 
Required in Both Astrocytes and Neurons for Regulation of Drosophila Night Sleep. 763 
Current Biology. 2019;29: 2547-2554.e2. doi:10.1016/j.cub.2019.06.055 764 

55.  Vanderheyden WM, Van Dongen HPA, Frank MG, Gerstner JR. Sleep pressure regulates 765 
mushroom body neural-glial interactions in Drosophila. Matters Sel. 2019;2019. 766 
doi:10.19185/matters.201903000008 767 

56.  Li Y, Haynes P, Zhang SL, Yue Z, Sehgal A. Ecdysone acts through cortex glia to regulate 768 
sleep in Drosophila. Elife. 2023;12. doi:10.7554/eLife.81723 769 

57.  Chaturvedi R, Stork T, Yuan C, Freeman MR, Emery P. Astrocytic GABA transporter 770 
controls sleep by modulating GABAergic signaling in Drosophila circadian neurons. Curr 771 
Biol. 2022;32: 1895-1908.e5. doi:10.1016/j.cub.2022.02.066 772 

58.  Vaughen JP, Theisen E, Rivas-Serna IM, Berger AB, Kalakuntla P, Anreiter I, et al. Glial 773 
control of sphingolipid levels sculpts diurnal remodeling in a circadian circuit. Neuron. 774 
2022;110: 3186-3205.e7. doi:10.1016/j.neuron.2022.07.016 775 

59.  Lu T-C, Brbić M, Park Y-J, Jackson T, Chen J, Kolluru SS, et al. Aging Fly Cell Atlas identifies 776 
exhaustive aging features at cellular resolution. Science. 2023;380: eadg0934. 777 
doi:10.1126/science.adg0934 778 

60.  Dopp J, Ortega A, Kristofer D, Poovathingal S, El-Sayed B, Liu S. Single-cell transcriptomics 779 
reveals that glial cells integrate homeostatic and circadian processes to drive sleep-wake 780 
cycles. BioRxiv. 2023;03: 533159.  781 

61.  Ng FS, Sengupta S, Huang Y, Yu AM, You S, Roberts MA, et al. TRAP-seq profiling and 782 
RNAi-based genetic screens identify conserved glial genes required for adult drosophila 783 
behavior. Front Mol Neurosci. 2016;9: 146. doi:10.3389/fnhum.2016.00146 784 

62.  Bedont JL, Toda H, Shi M, Park CH, Quake C, Stein C, et al. Short and long sleeping 785 
mutants reveal links between sleep and macroautophagy. Elife. 2021;10. 786 
doi:10.7554/eLife.64140 787 

63.  Ortiz-Vega N, Lobato AG, Canic T, Zhu Y, Lazopulo S, Syed S, et al. Regulation of 788 
proteostasis by sleep through autophagy in Drosophila models of Alzheimer’s disease. 789 
Life Sci Alliance. 2024;7: e202402681. doi:10.26508/lsa.202402681 790 



64.  Di Fraia D, Marino A, Lee JH, Kelmer Sacramento E, Baumgart M, Bagnoli S, et al. 791 
Impaired biogenesis of basic proteins impacts multiple hallmarks of the aging brain. 792 
bioRxiv. 2024. doi:10.1101/2023.07.20.549210 793 

65.  Walther DM, Kasturi P, Zheng M, Pinkert S, Vecchi G, Ciryam P, et al. Widespread 794 
Proteome Remodeling and Aggregation in Aging C. elegans. Cell. 2017;168: 944. 795 
doi:10.1016/j.cell.2016.12.041 796 

66.  Bakhshalizadeh S, Hock DH, Siddall NA, Kline BL, Sreenivasan R, Bell KM, et al. Deficiency 797 
of the mitochondrial ribosomal subunit, MRPL50, causes autosomal recessive syndromic 798 
premature ovarian insufficiency. Hum Genet. 2023;142: 879–907. doi:10.1007/s00439-799 
023-02563-z 800 

67.  Casad ME, Abraham D, Kim I-M, Frangakis S, Dong B, Lin N, et al. Cardiomyopathy is 801 
associated with ribosomal protein gene haplo-insufficiency in Drosophila melanogaster. 802 
Genetics. 2011;189: 861–70. doi:10.1534/genetics.111.131482 803 

68.  Cheng Z, Mugler CF, Keskin A, Hodapp S, Chan LY-L, Weis K, et al. Small and Large 804 
Ribosomal Subunit Deficiencies Lead to Distinct Gene Expression Signatures that Reflect 805 
Cellular Growth Rate. Mol Cell. 2019;73: 36-47.e10. doi:10.1016/j.molcel.2018.10.032 806 

69.  McCormick MA, Tsai S-Y, Kennedy BK. TOR and ageing: a complex pathway for a complex 807 
process. Philos Trans R Soc Lond B Biol Sci. 2011;366: 17–27. doi:10.1098/rstb.2010.0198 808 

70.  Donlea JM, Pimentel D, Miesenböck G. Neuronal machinery of sleep homeostasis in 809 
Drosophila. Neuron. 2014;81: 860–872. doi:10.1016/j.neuron.2013.12.013 810 

71.  Pfeiffer BD, Ngo TTB, Hibbard KL, Murphy C, Jenett A, Truman JW, et al. Refinement of 811 
tools for targeted gene expression in Drosophila. Genetics. 2010;186: 735–755. 812 
doi:10.1534/genetics.110.119917 813 

72.  Sepp KJ, Schulte J, Auld VJ. Peripheral Glia Direct Axon Guidance across the CNS/PNS 814 
Transition Zone. Dev Biol. 2001;238: 47–63. doi:10.1006/dbio.2001.0411 815 

73.  Couto A, Alenius M, Dickson BJ. Molecular, anatomical, and functional organization of 816 
the Drosophila olfactory system. Current Biology. 2005;15: 1535–47. 817 
doi:10.1016/j.cub.2005.07.034 818 

74.  Levis R, Hazelrigg T, Rubin GM. Effects of genomic position on the expression of 819 
transduced copies of the white gene of Drosophila. Science. 1985;229: 558–561. 820 
doi:10.1126/science.2992080 821 

75.  Brown EB, Klok J, Keene AC. Measuring metabolic rate in single flies during sleep and 822 
waking states via indirect calorimetry. J Neurosci Methods. 2022;376: 109606. 823 
doi:10.1016/j.jneumeth.2022.109606 824 

76.  Pfeiffenberger C, Lear BC, Keegan KP, Allada R. Processing sleep data created with the 825 
Drosophila Activity Monitoring (DAM) System. Cold Spring Harb Protoc. 2010;2010: 826 
pdb.prot5520. doi:10.1101/pdb.prot5520 827 

77.  Pfeiffenberger C, Lear BC, Keegan KP, Allada R. Locomotor activity level monitoring using 828 
the Drosophila activity monitoring (DAM) system. Cold Spring Harb Protoc. 2010;5. 829 
doi:10.1101/pdb.prot5518 830 

78.  Schindelin J, Arganda-Carreras I, Frise E, Kaynig V, Longair M, Pietzsch T, et al. Fiji: an 831 
open-source platform for biological-image analysis. Nat Methods. 2012;9: 676–682. 832 
doi:10.1038/nmeth.2019 833 



79.  Hao Y, Hao S, Andersen-Nissen E, Mauck III WM, Zheng S, Butler A, et al. Integrated 834 
analysis of multimodal single-cell data. Cell. 2021;184: 3573-3587.e29. 835 
doi:10.1016/j.cell.2021.04.048 836 

80.  Hafemeister C, Satija R. Normalization and variance stabilization of single-cell RNA-seq 837 
data using regularized negative binomial regression. Genome Biol. 2019;20: 296. 838 
doi:10.1186/s13059-019-1874-1 839 

81.  Choudhary S, Satija R. Comparison and evaluation of statistical error models for scRNA-840 
seq. Genome Biol. 2022;23: 27. doi:10.1186/s13059-021-02584-9 841 

82.  Finak G, McDavid A, Yajima M, Deng J, Gersuk V, Shalek AK, et al. MAST: a flexible 842 
statistical framework for assessing transcriptional changes and characterizing 843 
heterogeneity in single-cell RNA sequencing data. Genome Biol. 2015;16: 278. 844 
doi:10.1186/s13059-015-0844-5 845 

83.  Luecken MD, Theis FJ. Current best practices in single-cell RNA-seq analysis: a tutorial. 846 
Mol Syst Biol. 2019;15: e8746. doi:https://doi.org/10.15252/msb.20188746 847 

84.  Hu Y, Tattikota SG, Liu Y, Comjean A, Gao Y, Forman C, et al. DRscDB: A single-cell RNA-848 
seq resource for data mining and data comparison across species. Comput Struct 849 
Biotechnol J. 2021;19: 2018–2026. doi:https://doi.org/10.1016/j.csbj.2021.04.021 850 

85.  Prelic S, Pal Mahadevan V, Venkateswaran V, Lavista-Llanos S, Hansson BS, Wicher D. 851 
Functional Interaction Between Drosophila Olfactory Sensory Neurons and Their Support 852 
Cells. Front Cell Neurosci. 2022;15. Available: 853 
https://www.frontiersin.org/articles/10.3389/fncel.2021.789086 854 

86.  Wang JZ, Du Z, Payattakool R, Yu PS, Chen C-F. A new method to measure the semantic 855 
similarity of GO terms. Bioinformatics. 2007;23: 1274–1281. 856 
doi:10.1093/bioinformatics/btm087 857 

  858 
  859 



Figure Legends 860 

 861 
Figure 1. Glial innervation to neuronal injury is reduced in the aged flies. (A,B) Sleep profiles and 862 
sleep duration of flies at 5 days (white, cycle), 25 days (mauve, square), and 40 days of age (purple, 863 
diamond), n=32-36. (C) Schematic of experimental design for ensheathing glia (EG) response to neuronal 864 
injury in young (5-day-old) and aged (25-day-old or 40-day-old) flies. (D) Ensheathing glial innervation 865 
following antennal ablation in the antennal lobes of MZ0709-GAL4>mCD8GFP flies at 5, 25 and 40 days 866 
of age. Red circle indicates the region of the ensheathing glial membrane surrounding the antennal lobe 867 
that was quantified. (E) Quantification of glial innervation reveals a significant increase in ablated flies (red 868 
box) compared to unablated controls (blue box, two-way ANOVA, F(2,84)=77.69, P<0.001). There was an 869 
age-dependent decline in fluorescence intensity at 25-days (P<0.001) and 40-days of age (P<0.001), 870 
compared to 5-day axotomized flies. (F-I) GFP signal labeled by Or22a::GFP and (F’-I’) immunostaining 871 
for DRAPER in the antennal lobes of intact and ablated flies at 5- and 40-days of age. Hashed red circle 872 
represents the area of DRAPER quantification surrounding the antennal lobe and all fluorescence intensity 873 
were normalized to the 5-day intact controls.  (J) DRAPER expression was significantly elevated in ablated 874 
5-day-old flies compared to all other groups (P<0.001). (K) There was a significant reduction in GFP 875 
intensity in ablated 5-day old flies compared to all other groups (P<0.001, two-way ANOVA, F(1,44)=21.06). 876 
Tukey’s multiple comparison tests: *P<0.05; **P<0.01; ***P<0.001. Error bars indicate ± SEM. Scale bar 877 
denotes 50 μm. 878 
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 879 
Figure 2. Antennal ablation-induced sleep response is absent in aged flies. (A) Diagram of 880 
experimental design for sleep response to neuronal injury in young (5-day-old) and aged (40-day-old) flies. 881 
(B,C) Sleep profiles prior to and following axonal injury in control unablated and ablated flies at (B) 5 days 882 
and (C) 40 days of age. Arrow denotes the time of antennal ablation, with the grey box (ZT0-2) representing 883 
a subsequent one-hour recovery period. White and gray boxes denote daytime and nighttime. (D) Daytime 884 
sleep duration was significantly increased in ablated flies following injury at 5 days of age but not at 40 days 885 
(P=0.0002 and P=0.4956, respectively). (E) Daytime wake probability, P(Wake) was significantly reduced 886 
in 5-day-old flies but not in 40-day-old flies (P<0.001 and P=0.8644, respectively). (F) Daytime sleep 887 
probability, (P)Doze, was significantly increased in 5-day-old flies following axotomy but not in 40-day-old 888 
flies (P=0.0003 and P=0.0843, respectively). n=30-35. *P<0.05; **P<0.01; ***P<0.001. Error bars indicate 889 
± SEM. 890 
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 891 
Figure 3.  Gaboxadol treatment restores glial engulfment in aged flies.  (A) Diagram of gaboxadol 892 
treatment and subsequent behavior monitoring and sample preparation. (B) Sleep profile of 40-day control 893 
and gaboxadol treated flies. (C) Total sleep and (C’) average bout length was significantly increased by 894 
gaboxadol treatment in 40-day-old flies (P<0.0001 and P<0.0001, respectively). while (C’’) bout number 895 
significantly decreased (P<0.001). n=30-35. (C) Total sleep and (C’) average bout length was significantly 896 
increased by gaboxadol treatment in 40-day-old flies (P<0.0001 and P<0.0001, respectively). while (C’’) 897 
bout number significantly decreased (P<0.001). (D-G) GFP signal labeled by Or22a::GFP and (D’-G’) 898 
immunostaining for DRAPER in the antennal lobes in gaboxadol treated and untreated intact or axotomized 899 
40-day-old flies. Scale bar denotes 50 μm. (H) GFP quantification revealed no difference between 900 
gaboxadol treated (dark dots) and control (white dots) intact flies (P=0.8833). There was a significant 901 
reduction in GFP intensity in ablated gaboxadol treated flies compared to all other groups (P<0.001). (I) 902 
Draper levels were significantly elevated in ablated 40-day-old gaboxadol treated flies compared to all other 903 
groups (P<0.001). n=13-15. ***P<0.001 by one-way ANOVA followed by Turkey’s post-hoc tests. Error bars 904 
indicate ± SEM.  905 
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 906 
Figure 4.  Robust Draper recruitment restores glial engulfment in aged flies through genetic 907 
induction of sleep. (A) Diagram of sleep induction by thermogenetic activation of 23E10 neurons and 908 
subsequent sleep measurement and quantification of glial engulfment. (B-D) Elevated temperature 909 
significantly induced sleep in 5-day-old (B) and 40-day-old (C) 23E10-GAL4>TrpA1 flies compared to 910 
TrpA1/+ or 23E10-GAL4/+ controls. (D) Total sleep was significantly increased after two-day thermo-911 
activation of 23E10 neurons in both 5-day-old (P=0.0022) and 40-day-old (P=0.0001). n=30-35. (E) 912 
Immunostaining for Draper levels in the antennal lobes in control (23E10/+,TrpA1/+) and experimental 913 
(23E10>TrpA1) 5-day-old flies. (F) There were no differences in Draper levels in intact flies (P=0.8455), 914 
while Draper levels were significantly elevated in 23E10>TrpA1 ablated flies, compared to ablated flies 915 
without sleep induction (P=0.0072). (G) Immunostaining for Draper levels in the antennal lobes in control 916 
(23E10/+,TrpA1/+) and experimental (23E10>TrpA1) 40-day-old flies. (H) There were no differences in 917 
Draper levels in intact flies (P=0.7409), while Draper levels were significantly elevated in 23E10>TrpA1 918 
ablated flies, compared to ablated flies without sleep induction (P=0.0003). n=10-14. Scale bar denotes 50 919 
μm. *P<0.05, **P<0.01, ***P<0.001. Error bars indicate ± SEM.  920 
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 921 
Figure 5.  snRNA-sequencing of central brains in young and aged intact or ablated flies. (A) 922 
Schematic of tissue collection and snRNA-sequencing workflow. Axotomy of the third segment of antenna 923 
was performed for the adult flies at 5- or 40-days of age. After 24 hr of recovery following the axotomy, the 924 
central brains of intact or ablated flies were dissected and dissociated to collect single nuclei. (B) t-925 
distributed Stochastic Neighbor Embedding (t-SNE) visualization of the 7 distinct subclusters of glial cells 926 
from the integrated nuclei of 5-day intact/ablated and 40-day intact/ablated pooled replicate samples. Each 927 
color corresponds to a unique cluster, and each dot represents a single nucleus. EG, ensheathing glia; CG, 928 
cortex glia; PG, perineurial glia; SPG, subperineurial glia; ALG, astrocyte-like glia; CGG, chiasm giant glia; 929 
Unannotated, unannotated glial types. (C) Dotplot of marker genes for each glial subtype that were used 930 
for annotation. (D) t-SNE visualization of selective EG marker genes, rumpel (left) and dSLC22a3 (right), 931 
on glia cohort. (E) Percentage of glial subtypes among four group samples. 932 
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 933 
Figure 6. Differential gene expression analysis of Sarm and draper positive olfactory ensheathing 934 
glia in young and aged intact or ablated flies. (A) t-SNE visualization of Sarm and draper positive 935 
olfactory ensheathing glial nuclei. Nuclei that express Sarm (Sarm+) are highlighted in blue, while nuclei 936 
that express draper (draper+) are highlighted in red. Sarm and draper co-expressed olfactory EG were 937 
merged in pink with a color box indicated the expression levels of Sarm or draper in ensheathing glial cell. 938 
(B) Volcano plot showing the differential gene expression in Sarm+ and draper+ olfactory ensheathing glial 939 
nuclei between 5-day ablated and intact treatments. (C) Volcano plot showing the differential gene 940 
expression in Sarm+ and draper+ olfactory ensheathing glial nuclei between 40-day ablated and intact 941 
groups. The dashed lines represent the thresholds for significance. Genes with significant differential 942 
expression were highlighted in dark colors, while non-significant genes are shown in lime green with blue 943 
background for downregulated genes and pink background for upregulated (activated response to neural 944 
injury) genes. Promising candidate genes were highlighted in red dots. (D) Gene expression levels of 945 
candidate genes across each treatment. (E) Ribosomal protein subunit genes and autophagy and 946 
phagocytosis replated pathways were significantly enriched in 5-day-old flies post neural injury.  947 
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Supplementary Figures 949 

 950 
Supplementary Figure 1. Pan-glial innervation response to neuronal injury is reduced in aged flies. 951 
(A,B) Reduced average bout length (ABL) and increased bout number in 25 day and 40 day indicated sleep 952 
became much more fragmented as flies aged. (C,D) Wake probability, P(Wake), significantly increased with 953 
age both during the (C) day and (D) night (P<0.001 and P<0.001, respectively). (E,F) Sleep probability, 954 
P(Dose), significantly decreased with age both the (E) day and (F) night (P=0.0087 and P<0.001, 955 
respectively). (G) Schematic of experimental design for pan-glia response to neuronal injury in young (5-956 
day-old) and aged (25-day-old or 40-day-old) flies. (H) Pan-glial innervation of the antennal lobes in Repo-957 
GAL4>mCD8GFP flies at 5-, 25- and 40-days of age. Scale bar denotes 50 μm. (I) Pan-glial response post 958 
injury is significantly reduced in ablated flies at 25- (P<0.001) and 40-days of age (P<0.001). Tukey’s 959 
multiple comparison tests: *P<0.05; **P<0.01; ***P<0.001. Error bars indicate ± SEM.  960 
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 965 
Supplementary Figure 2. Sleep architectures differ from 5-day- and 40-day-old flies post neuronal 966 
injury. (A) Nighttime sleep duration was significantly increased in 40-day ablated flies following antennal 967 
axotomy (P=0.0002) but not in 5-day ablated flies (P=0.6031). (B) Nighttime wake probability, P(Wake), 968 
significantly decreased following ablation in 40-day-old flies (P=0.0003), but not 5-day-old flies (P=0.1171). 969 
(C) Nighttime sleep probability, (P)Doze, significantly increased following ablation in 40-day-old flies 970 
(P=0.0057) but not 5-day-old flies (P=0.6501). (D-G) Sleep architecture in 5-day-old flies post neuronal 971 
injury. Day average bout length (ABL, ZT2-ZT12 on the injury day) was significantly elevated (D, P=0.0007) 972 
but night ABL (ZT12-ZT0 on the injury day) was not significantly changed (F, P=0.4128). Day bout number 973 
(ZT2-ZT12 on the injury day) was declined (E, P=0.0369) but night bout number (ZT12-ZT0 on the injury 974 
day) was not significantly changed (G, P=0.8378). (H-K) Sleep architecture in 40-day-old flies post neuronal 975 
injury. Day ABL (ZT2-ZT12 on the injury day) was not significantly changed (H, P=0.3508) but night ABL 976 
was significantly elevated (J, P<0.0001). Day bout number (ZT2-ZT12 on the injury day) was not 977 
significantly changed (I, P=0.6056) but night bout number (ZT12-ZT0 on the injury day) was significantly 978 
increased (K, P<0.001). Gray boxes denote nighttime. *P<0.05; **P<0.01; ***P<0.001. Error bars indicate 979 
± SEM. 980 
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 981 
Supplementary Figure 3.  Gaboxadol treatment elevates glia-mediated clearance in 5-day-old flies. 982 
(A) Diagram of gaboxadol treatment and subsequent behavior monitoring and sample preparation. (B) 983 
Sleep profile of 5-day control and gaboxadol treated flies. (C) Total sleep and (C’) average bout length was 984 
significantly increased by gaboxadol treatment in 5-day-old flies (P<0.001 and P=0.0005, respectively), 985 
while no significant difference in (C’’) bout number (P=0.1652). (D-G) GFP signal labeled by Or22a::GFP 986 
and (D’-G’) immunostaining for DRAPER in the antennal lobes in gaboxadol treated and untreated intact 987 
or axotomized 5-day-old flies. Scale bar denotes 50 μm. (H) There was a significant reduction in GFP 988 
intensity in ablated 5-day-old gaboxadol treated flies compared to all other groups (P=0.0400). (I) Draper 989 
levels were significantly elevated in ablated 5-day-old gaboxadol treated flies compared to all other groups 990 
(P=0.0493). *P<0.05; **P<0.01; ***P<0.001. Error bars indicate ± SEM.  991 
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 992 
Supplementary Figure 4.  Sleep architectures in 5- and 40-day-old flies by genetic sleep induction. 993 
(A) Diagram of sleep induction by thermogenetic activation of 23E10 neurons and subsequent sleep 994 
measurement and quantification of glial engulfment. (B,C) Compared to controls, average bout length (ABL, 995 
B) significantly increased (P=0.0138) in 5-day-old 23E10>TrpA1 flies (P=0.0065), while (C) bout number 996 
did not significantly differ (P=0.2762). (D,E) Compared to controls, average bout length (ABL, B) 997 
significantly increased (P=0.0138) in 40-day-old 23E10>TrpA1 flies (P=0. 0002), while (C) bout number 998 
significantly decreased (P=0.0086). n=30-35. *P<0.05; **P<0.01; ***P<0.001. Error bars indicate ± SEM.  999 
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1002 
Supplementary Figure 5.  snRNA-sequencing of central brains in young and aged intact or ablated 1003 
flies. (A) Number of nuclei collected from each pooled replicate. (B) t-SNE visualization of the 3 unique 1004 
clusters: glial cells, Kenyon cells and neurons. (C) Maker genes expressed across the three cell types. (D) 1005 
Percentage of cells for each of the three main groups for each sample. (E) Number of nuclei in each of 1006 
seven glial cell subtypes. (F) t-SNE visualization of glial cells by four group samples. 1007 
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 1009 
Supplementary Figure 6. Differential gene expression clustering via pseudobulk analysis for 1010 
olfactory ensheathing glia cells across 5- and 40-day-old intact and ablated flies. (A) The percentage 1011 
of ensheathing glia across four sample groups and proportion of Sarm and draper co-expressed cells in 1012 
each group. (B) Number of genes significantly upregulated in young or old ablated flies compared to intact 1013 
controls. (C) Expression pattern clustering of all genes expressed in olfactory ensheathing glia via 1014 
pseudobulk differential gene expression analysis. (D) Expression heatmap of selected candidate genes 1015 
from the overlapping list of 602 unique 5-day ablation markers and genes in Cluster 2. (E-H) t-SNE 1016 
visualization of selective marker genes for other glial subtypes on glia cohort, cortex glia (E, CG), perineural 1017 
glia (F, PG), subperineural glia (G, SPG) and astrocyte-like glia (H, ALG). (E’-H’) Sarm and draper co-1018 
expressed cells highlighted on other glial subtypes, including CG (E’), PG (F’), SPG (G’) and ALG (H’). 1019 
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