
Journal of Visualized Experiments
 

Stimulating and Analyzing Adult Neurogenesis in the Drosophila Central Brain
--Manuscript Draft--

 
Article Type: Invited Methods Article - JoVE Produced Video

Manuscript Number: JoVE63182R1

Full Title: Stimulating and Analyzing Adult Neurogenesis in the Drosophila Central Brain

Corresponding Author: Grace E Boekhoff-Falk, Ph.D.
University of Wisconsin-Madison
Madison, WI UNITED STATES

Corresponding Author's Institution: University of Wisconsin-Madison

Corresponding Author E-Mail: grace.boekhoff@wisc.edu

Order of Authors: Kassi Crocker

Shawn Ahern-Djamali

Grace E Boekhoff-Falk, Ph.D.

Additional Information:

Question Response

Please specify the section of the
submitted manuscript.

Neuroscience

Please indicate whether this article will be
Standard Access or Open Access.

Open Access ($3900)

Please indicate the city, state/province,
and country where this article will be
filmed. Please do not use abbreviations.

Madison, WI, USA

Please confirm that you have read and
agree to the terms and conditions of the
author license agreement that applies
below:

I agree to the Author License Agreement

Please confirm that you have read and
agree to the terms and conditions of the
video release that applies below:

I agree to the Video Release

Please provide any comments to the
journal here.

Powered by Editorial Manager® and ProduXion Manager® from Aries Systems Corporation

https://www.jove.com/files/Article_License_Agreement_1-29-21.pdf
https://www.jove.com/files/Video_Release_1-29-21.pdf


TITLE:  1 
Stimulating and Analyzing Adult Neurogenesis in the Drosophila Central Brain 2 
 3 
AUTHORS AND AFFILIATIONS:  4 
Kassi L. Crocker1,2,3, Shawn Ahern-Djamali3, Grace Boekhoff-Falk1,3* 5 
 6 
1Genetics Graduate Training Program, University of Wisconsin-Madison, School of Medicine and 7 
Public Health, 1111 Highland Avenue, Madison, WI 53705 8 
2Science and Medicine Graduate Research Scholars Program, University of Wisconsin-Madison, 9 
School of Medicine and Public Health, 1111 Highland Avenue, Madison, WI 53705 10 
3Department of Cell and Regenerative Biology, University of Wisconsin-Madison, School of 11 
Medicine and Public Health, 1111 Highland Avenue, Madison, WI 53705 12 
 13 
Email addresses of the authors: 14 
Kassi L. Crocker   (klcrocker@wisc.edu) 15 
Shawn Ahern-Djamali   (aherndjamali@wisc.edu) 16 
Grace Boekhoff-Falk   (grace.boekhoff@wisc.edu) 17 
 18 
*Email address of the corresponding author: 19 
Grace Boekhoff-Falk   (grace.boekhoff@wisc.edu) 20 
 21 
SUMMARY: 22 
This article provides detailed protocols for inflicting Penetrating Traumatic Brain Injury (PTBI)  to 23 
adult Drosophila and examining the resulting neurogenesis. 24 
 25 
ABSTRACT:  26 
The molecular and cellular mechanisms underlying neurogenesis in response to disease or injury 27 
are not well understood. However, understanding these mechanisms is crucial for developing 28 
neural regenerative therapies. Drosophila melanogaster is a leading model for studies of neural 29 
development but historically has not been exploited to investigate adult brain regeneration. This 30 
is primarily because the adult brain exhibits very low mitotic activity. Nonetheless, penetrating 31 
traumatic brain injury (PTBI) to the adult Drosophila central brain triggers the generation of new 32 
neurons and new glia. The powerful genetic tools available in Drosophila combined with the 33 
simple but rigorous injury protocol described here now make adult Drosophila brain a robust 34 
model for neural regeneration research. Provided here are detailed instructions for (1) 35 
penetrating injuries to the adult central brain and (2) dissection, immunohistochemistry, and 36 
imaging post-injury. These protocols yield highly reproducible results and will facilitate additional 37 
studies to dissect mechanisms underlying neural regeneration.  38 
 39 
INTRODUCTION:  40 
Damage to the brain and nervous system is a major cause of death and disability worldwide. 41 
Approximately 1.5 million Americans suffer traumatic brain injuries (TBI) every year1, while an 42 
estimated 6 million individuals in the United States alone suffer from neurodegenerative 43 
diseases, such as Parkinson's and Alzheimer's Disease2. Both disease and injury to the brain can 44 
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cause neural degeneration, leading to sensory, cognitive, and motor defects3. Developing 45 
therapeutic strategies for brain repair has been difficult due to the complex physiology of the 46 
brain. Model organisms such as Drosophila melanogaster provide a simple system for identifying 47 
the fundamental mechanisms underlying neurodegeneration and potential therapeutic targets4.  48 
 49 
The fruit fly Drosophila melanogaster has been a powerful model organism for more than a 50 
century, advancing the fields of genetics, developmental biology, and neuroscience5,6. The 51 
Drosophila brain comprises only ~90,000 neurons7, a million-fold fewer than the average human 52 
brain8, yet they have many similarities. Both human and fly brains utilize the neurotransmitters 53 
GABA, glutamate, acetylcholine, and the biogenic amines dopamine and serotonin9.  Drosophila 54 
and human neurons also function similarly, with a shared synaptic architecture and analogous 55 
neural cell types10. The smaller brain size of Drosophila and the availability of advanced genetics 56 
techniques, in combination with the conservation of molecular, cellular, and physiological 57 
mechanisms between Drosophila and mammals, permits Drosophila researchers to ask questions 58 
that are impractical or difficult to answer in mammalian models. 59 
 60 
Our current understanding of adult neurogenesis in Drosophila, both during homeostasis and 61 
following injury, remains limited. More is known about neurogenesis during normal 62 
development. For example, neurons and glia are created during development from precursor 63 
cells, called neuroblasts10,11. At least three different types of neuroblasts have been distinguished 64 
in the central brain. Both Type I and Type II lineage neuroblasts exit the cell cycle ~20-30 h after 65 
puparium formation12. In contrast, the mushroom body neuroblasts are the last to terminate cell 66 
division and do so via Reaper-dependent apoptosis ~85-90 h after puparium formation13. 67 
Following eclosion, the adult Drosophila brain has few dividing cells (~1 cell/brain), 68 
predominantly glia14. The adult optic lobes possess slowly cycling neuroblasts capable of 69 
neurogenesis15, while the adult central brain has no known neuroblasts. The scarcity of neural 70 
progenitors and limited cell proliferation strongly resembles the situation in the adult 71 
mammalian brain, underscoring the potential relevance of the mechanisms of adult neurogenesis 72 
in Drosophila to humans. 73 
 74 
The discovery of low levels of adult neurogenesis in the adult Drosophila optic lobes after injury15 75 
led to the hypothesis that the adult Drosophila central brain also might be capable of adult 76 
neurogenesis16. This protocol describes creating a rigorous, reproducible model of central brain 77 
injury in adult Drosophila that can be used to investigate neurogenesis in the adult central brain. 78 
Given the similarities between human and Drosophila brain architecture and function, these 79 
discoveries could lead to the identification of critical targets for therapeutic neurogenesis in 80 
injured and diseased human brains.  81 
 82 
PROTOCOL:  83 
This protocol follows the animal care guidelines of UW-Madison.  84 
 85 
1. Generating adult Drosophila for PTBI  86 
 87 



   

1.1. For the standard cross, place 20 virgin y[1] w[1]; UAS-mCD8-GFP;; OK107-GAL417 adult 88 
females and 10 y[1] w[1]17 adult male flies together in vials (see Table of Materials) containing 89 
food. To have large numbers of synchronous offspring, set up 10-20 crosses at the same time. 90 
The standard cross gives rise to F1 progeny of the genotype: y[1] w[1]; UAS-mCD8-GFP/+;; OK107-91 
GAL4/+. 92 
 93 
1.1.1. Place the vials at 25 °C for mating and egg-laying. To maximize progeny, transfer parents 94 
into new vials every 2-4 days, maintaining the earlier vials at 25 °C. Discard each vial 18 days after 95 
the parents were first placed in it to ensure that there is no F2 progeny.   96 
 97 
NOTE: 3 sets of offspring ("broods") can be generated from each set of parents. 98 
 99 
1.1.2. Check after ~10 days, when the F1 progeny will begin to eclose.  100 
 101 
1.2. For lineage studies, use F1 perma-twin males15 of genotype: w; FRT40A, UAS-CD2-RFP, 102 
UAS-GFP-Mir/FRT40A, UAS-CD8-GFP, UAS-CD2-Mir; tub-GAL80ts/act-GAL4 UAS-flp. For 103 
consistency, do this cross in the same direction each time.  104 
 105 
1.2.1. To generate perma-twin males, place 20 virgin w; FRT40A, UAS-CD2-RFP, UAS-GFP-Mir; 106 
tub-GAL80ts/TM6B females and 10 w; FRT40A, UAS-CD8-GFP, UAS-CD2-Mir; act-GAL4 UAS-107 
flp/TM6B15 adult males together in vials containing food.  108 
 109 
1.2.2. Place the vials at 17 °C for mating and egg-laying. Transfer parents into vials of new food 110 
every 7 days, maintaining all vials at 17 °C. Discard each vial 35 days after the parents were first 111 
placed in it to ensure that there is no F2 progeny.   112 
 113 
1.2.3. Check after ~21 days, when the F1 progeny will begin to eclose.  114 
 115 
2. Penetrating traumatic brain injury (PTBI; Figure 1)  116 
 117 
2.1. Sort newly eclosed F1 flies. Select young males within 6 h post-eclosion. Place these males 118 
in clean vials containing food, with 40 or fewer flies per vial.  119 
 120 
NOTE: This is most easily accomplished in mid-morning by anesthetizing flies on the CO2 pad and 121 
identifying adult males that still have meconium (visible as a dark greenish spot through the 122 
abdominal wall) in their guts. 123 
 124 
2.2. Pre-feed with 5-ethynyl-2’-deoxyuridine (EdU) (see Table of Materials) for 6 h before the 125 
injury if planning to label dividing cells with EdU. See step 3 for details.  126 
 127 
2.3. Sanitize Minutien pins (see Table of Materials) for at least 5 min by placing ~100 pins in a 128 
1.5 mL microcentrifuge tube filled with 70% ethanol. Reuse sharp pins. Place damaged or blunt 129 
pins in a separate 1.5 mL microcentrifuge tube containing 70% ethanol for safe disposal. 130 
 131 



   

2.4. Sanitize the CO2 pad and a paintbrush by spraying 70% ethanol and wipe dry with a clean 132 
lint-free tissue. Once the tools are clean and dry, transfer 40 or fewer sorted F1 males back onto 133 
the clean pad.  134 
 135 
2.5. Separate the F1 males into 2 groups on the fly pad. One group will serve as a control, 136 
uninjured flies. The second experimental group will be subjected to PTBI.  137 
 138 
2.6. Using forceps, pull 4-5 new Minutien pins out of the microcentrifuge tube and place them 139 
near the edge of the CO2 pad. Under the dissecting scope, choose a straight Minutien pin with a 140 
sharp point.  141 
 142 
NOTE: Using a single Minutien pin for an experiment will reduce variability.  143 
 144 
2.7. If working with flies from the standard cross, switch on the stereo microscope light-145 
emitting diode (LED) lamp equipped with the appropriate excitation and emission filters for green 146 
fluorescence protein (GFP). This permits excitation at 440-460 nM and allows visualization of 500-147 
560 nM.  148 
 149 
NOTE: With this lamp and filter set, the cell bodies of the mushroom body will fluoresce green 150 
through the head cuticle (Figure 1C). For perma-twin flies or flies of other genotypes, a standard 151 
white light illuminator for the stereo microscope can be used to visualize landmarks on the head 152 
cuticle for targeting the injury to the mushroom body (Figure 1C). 153 
 154 
2.8. Use the forceps to pick up and hold the selected Minutien pin in one hand (for right-155 
handed people, this is usually the right hand) and the paintbrush in the other (usually left) hand. 156 
Choose a fly from the experimental group and position the fly such that you have a dorsal view 157 
of the head capsule with the fly's head to the right. Place the brush on the anterior of the dorsal 158 
thorax and push down gently to stabilize the fly.   159 
 160 
2.9. Aim the Minutien pin's tip at the mushroom body's cell bodies on the right side of the 161 
head and penetrate the head capsule. If using landmarks, target the dorsal head cuticle between 162 
the ocelli and the dorsal rim of the eye (Figure 1).  163 
 164 
2.10. After completing the injury, use the paintbrush to push the head gently off the Minutien 165 
pin.  166 
 167 
2.11. If using the brain for RNA-Seq or qRT-PCR, make a second injury on the left side of the 168 
head.  169 
 170 
2.12. Repeat steps 2.8-2.10 to injure all of the flies in the experimental group. 171 
 172 
2.13. Once all flies have been injured, place the control and injured flies into labeled, separate 173 
vials containing food. Lay the vials horizontally (i.e., on their sides) while the flies recover from 174 
the anesthesia and during subsequent aging to prevent flies from getting caught in the food.  175 



   

 176 
2.14. Place standard cross flies at 25 °C, and perma-twin flies at 30 °C to age.  177 
 178 
2.15. For flies aged longer than 24 h, place them on clean food every 1-2 days.   179 
 180 
3. EdU labeling 181 
 182 
3.1. Prepare a stock of 10 mM 5-ethynyl-2’-deoxyuridine (EdU) in dimethyl sulfoxide (DMSO). 183 
This can be stored at -20 °C for up to 12 months.  184 
 185 
3.2. Prepare 50 mM of 200 mL EdU in 10% sucrose. Pre-feed flies with EdU for 6 h before PTBI.  186 
 187 
3.3. Place 200 mL of 50 mM EdU in 10% sucrose on a 23 mm round grade 3 filter paper (see 188 
Table of Materials) in an otherwise empty vial.  189 
 190 
3.4. Place the flies in the vial. Then seal the vial with a cotton plug. 191 
 192 
3.5. Lay the vial horizontally in a humidified incubator at 25 °C for 6 h.  193 
 194 
3.6. Carry out PTBI as described in steps 2.3-2.10.  195 
 196 
3.7. Place the flies back in the EdU-containing vial. Seal the vial with a cotton plug. 197 
 198 
3.8. Lay the vial horizontally in a humidified incubator at 25 °C for up to 24 h. Follow one of 199 
the steps described below (step 3.8.1-3.8.3). 200 
 201 
3.8.1. Dissect and fix brains as described in step 4 using fixative, wash buffer, and blocking buffer 202 
without azide and with the EdU detection reaction carried out before antibody staining.  203 
 204 
3.8.2. Transfer the flies to a clean vial containing a new filter paper and 50 mM of 200 mL EdU 205 
in 10% sucrose. Lay the vial horizontally in a 25 °C incubator. Repeat every 24 h during the 206 
duration of the labeling. Then, dissect and fix brains as described in step 4 using buffers without 207 
azide with the EdU detection reaction carried out before antibody staining. 208 
 209 
3.8.3. To pulse-chase label with EdU, feed EdU for the pulse period, transfer the flies every 24 h 210 
to a clean vial containing a new filter paper and 50 mM of 200 mL EdU in 10% sucrose.  After the 211 
pulse period (e.g., 4 days), transfer the flies to a vial containing standard Drosophila food. Place 212 
the vial on its side in a 25 °C incubator for an additional 3 days.  Then, dissect and fix brains as 213 
described in step 4 using buffers without azide with the EdU detection reaction carried out before 214 
antibody staining. 215 
 216 
4. Dissection, immunohistochemistry, and mounting 217 
 218 



   

4.1. Prepare 1.5 mL microcentrifuge tubes with 100 mL fixative: 4% formaldehyde in PEM (100 219 
mM piperazine-N,N’-bis(2-ethanesulfonic acid) [PIPES], 1 mM EGTA, 1 mM MgSO4, pH 7.0) (see 220 
Table of Materials) and place on ice.  221 
 222 
NOTE: As many as 20 brains of a single genotype and condition can be processed in a single tube.  223 
 224 
4.2. Prepare a dissection plate with one small pool (~100 μL) of 70% ethanol and three small 225 
pools of phosphate-buffered saline (PBS; 100 mM of K2HPO4, 140 mM of NaCl, pH 7.0).  226 
 227 
4.3. Anesthetize ~10 control or experimental flies on a CO2 pad that has been sanitized with 228 
70% ethanol. 229 
 230 
4.4. Separate the head from the trunk of each fly using a scalpel. 231 
 232 
4.5. Collect the heads with a paintbrush wetted in 70% ethanol and place heads for 2-5 min in 233 
the ethanol pool on the dissection plate.  234 
 235 
NOTE: This slightly dehydrates the brains and makes them easier to dissect away from the head 236 
cuticle.  237 
 238 
4.6. Transfer the heads to a ~100 μL pool of PBS and dissect out the brains, moving each brain 239 
to a clean ~100 μL pool of PBS. Perform this using two pairs of Watchmakers forceps to open the 240 
back of the head cuticle and holding the cuticle with one pair of forceps while gently prying the 241 
brain out of the cuticle using the closed tip of the second pair of forceps.  242 
 243 
4.7. Transfer the dissected brains to a microcentrifuge tube containing 100 μL of the fixing 244 
solution using a P200 pipettor equipped with a plastic tip that has been cut and beveled to permit 245 
entry of the brains.  246 
 247 
4.8. Fix for 20-25 min at room temperature. Carefully remove the fix with either a P200 or a 248 
glass pipette.  249 
 250 
4.9. Wash the fixed brains four times with 1 mL of 'PT' (PBS plus 0.1% Triton X-100), allowing 251 
the brains to settle for several minutes between each wash.  252 
 253 
NOTE: If brains do not settle rapidly between the washes, they are likely to have still fat body 254 
and/or trachea attached.  255 
 256 
4.10. Block samples in 1 mL of PBS plus 0.1% Triton X-100 and 2% bovine serum albumin (PBT) 257 
for ~1 h at room temperature. 258 
 259 
4.11. Remove the blocking solution and incubate samples with 100 μL of primary antibody 260 
solution overnight at 4 °C in PBT. The primary antibodies used in this study are rabbit anti-PH3 261 
(1:500) and mouse anti-Fasiclin II (1:20) (see Table of Materials). 262 



   

 263 
4.12. Wash samples five times with 1 mL of PT, allowing the brains to settle for several minutes 264 
between each wash. 265 
 266 
4.13. Remove the final wash and incubate in 100 μL of secondary antibody solution overnight 267 
at 4 °C. The secondary antibodies used here are anti-rabbit 568 (1:400) and anti-mouse Cy5 268 
(1:100) (see Table of Materials). 269 
 270 
4.14. Wash samples five times with 1 mL of PT, allowing the brains to settle for several minutes 271 
between each wash. During the final wash, add 4',6-Diamidino-2-Phenylindole, Dihydrochloride 272 
(DAPI; 1:100 of a 10 μM solution) for 10 min to stain the nuclei.  Remove the wash, leaving 50-273 
100 μL in each tube.  274 
 275 
4.15. Prepare microscope slides by placing a single, self-adhesive reinforcement label on the 276 
middle of each slide and a 50 μL droplet of anti-fade mounting media in the center of each label 277 
(see Table of Materials). The reinforcement label holds the coverslip slightly above the slides and 278 
prevents the mounted brains from becoming overly flattened.  279 
 280 
4.16. Carefully transfer the brains from each microcentrifuge tube to a prepared slide with as 281 
little wash buffer as possible using a P200 equipped with a cut and beveled plastic tip. As many 282 
as 10 brains can be mounted on a single slide.  283 
 284 
4.17. Use forceps to gently reposition the brains before placing a coverslip on each slide and 285 
sealing the slide with nail polish. Orient the brains with either posterior side up or anterior side 286 
up but should not be touching one another.  287 
 288 
NOTE: Because it is difficult to obtain high-quality confocal images through an entire brain, some 289 
brains should be mounted in each orientation.  290 
 291 
4.18. Store prepared slides flat and in the dark at 4 °C until imaging. For longer-term storage 292 
(up to 1 year), slides may be stored at -20 °C.  293 
 294 
5. Confocal imaging  295 
 296 
NOTE: Image brains using a laser-scanning confocal microscope with excitation lasers and 297 
emission filter cubes appropriate to DAPI and the fluorescent secondary antibodies (i.e., 405 nm, 298 
488 nm, and 568 nm, 633 nm, respectively).  299 
 300 
5.1. Turn on the power of the microscope, lasers, controller, and computer.  301 
 302 
5.2. Open the Acquisition software.  303 
 304 
5.3. In the Acquisition mode, select up to four channels and set the parameter for sequential 305 
scanning of the desired channels. Increase the laser power for each channel to 5-10%.  306 



   

 307 
5.4. Place a slide on the microscope. 308 
 309 
5.5. Choose a brain to be imaged using the epifluorescence attachment (see Table of 310 
Materials).  311 
 312 
5.6. In the Acquisition mode, select 1024 x 1024 pixels as the frame dimension.  313 
 314 
5.7. In the Acquisition mode, select the Z-stack option, indicate Z-stack should be taken at 2 315 
μm sections, and focus through the sample, selecting the top and bottom focal planes to be 316 
imaged.  317 
 318 
5.8. Collect Z-stack images of entire brains using a 20x objective and specific brain regions 319 
such as the mushroom body using a 60x objective.  320 
 321 
6. Data analysis 322 
 323 
6.1. Quantify the proliferating cells and the numbers of perma-twin clones manually and/or 324 
using the image analysis software (see Table of Materials). When using software, select regions 325 
of interest (ROIs) with areas of at least 10 μm. 326 
 327 
REPRESENTATIVE RESULTS:  328 
 329 
PTBI stimulates cell proliferation 330 
To determine the extent of neurogenesis after a central brain PTBI, the proliferative response 331 
was measured in young adult males collected and injured within 6 h of eclosion. A significant 332 
increase in proliferation was observed 24 h post-injury using anti-phosphohistone 3 (PH3), a 333 
marker for cells actively undergoing mitosis. Approximately 3 PH3+ cells in control central brains 334 
and 11 PH3+ cells in the injured central brains are observed 24 h post-PTBI  (Figure 2A-D). The 335 
majority of the dividing cells are located near the injury site. A second assay for cell division was 336 
used to quantify the cumulative cell proliferation from a single injury and to assess the extent to 337 
which the newly created cells survived. 5-ethynyl-2’-deoxyuridine (EdU) is a thymidine analog 338 
that can be incorporated into newly synthesized DNA and permanently label cells that have 339 
undergone DNA synthesis. Flies were given a 4-day pulse of EdU, followed by a 3-day chase. This 340 
revealed that the labeled cells were viable and survived at least 3 days after proliferation. By 7 341 
days, there were an average of 2 EdU+ cells in control central brains and an average of 11 EdU+ 342 
cells in the injured central brains, respectively (Figure 2E). This is similar to the results obtained 343 
24 h post-injury using the PH3 antibody. When cell proliferation is measured at 14 days, the 344 
uninjured controls averaged 1 EdU+ cell per central brain, while the injured brains averaged 29 345 
EdU+ cells (Figure 2E), demonstrating that cell proliferation continues at least into the second 346 
week following a PTBI.  347 
 348 
Cell proliferation is age-dependent 349 



   

The most excellent proliferative response in the central brain was observed within the first 24 h 350 
after eclosion (Figure 3). By 7 days post-eclosion, a penetrating injury still causes a significant 351 
increase in proliferation, with an average of 6 PH3+cells per central brain. Still, by 14 days post-352 
eclosion, the ability for cells to divide following PTBI decreases significantly to 1 dividing cell, 353 
similar to that of control brains (Figure 3). Thus, the potential for cell proliferation post-PTBI is 354 
age-dependent. 355 
 356 
Newly created neurons can project to correct target areas 357 
To evaluate neural regeneration post-PTBI, the perma-twin labeling system15 was used.  Perma-358 
twin lineage tracing permanently labels dividing cells and their progeny with a green fluorescent 359 
protein (GFP) or red fluorescent protein (RFP)15. More perma-twin clones were detected in 360 
injured samples, at 2 days and 2 weeks, than in controls (Figure 4A-E). Notably, there were new 361 
mushroom body neurons in ~50% of the PTBI brains 2 weeks post-injury (Figure 4N). These new 362 
neurons projected their dendrites appropriately to the mushroom body calyx and their axons 363 
appropriately to the mushroom body lobes (Figure 4D,F,G). This indicates that the newly created 364 
cells may be functional neurons involved in the repair of the damaged mushroom bodies. Other 365 
areas of the brain that appeared to regenerate include the ellipsoid body (EB) (Figure 4H,I), the 366 
antennal lobes (AL) (Figure 4J,K), and the lateral horn (LH) (Figure 4L,M) which possessed large 367 
clones approximately 26%, 26%, and 20% of the time, respectively (Figure 4N). These results 368 
underscore the utility of this system for the investigation of adult neurogenesis. A proposed 369 
model for the sequence of events following PTBI and leading to the generation of new neurons 370 
is shown in Figure 5.  371 
 372 
FIGURE LEGENDS:  373 
 374 
Figure 1: Penetrating Traumatic Brain Injury (PTBI) to the adult Drosophila central brain. (A) 375 
Schematic of the exterior of an adult fly head. This is a frontal view. Thus, the right side of the 376 
animal is to the viewer's left. (B) Schematic of the interior of an adult Drosophila head with the 377 
injury trajectory indicated in grey. This is a posterior view. Thus, in this image and subsequent 378 
figures, the right side of the brain is to the right. Central brain PTBI impacts multiple brain 379 
structures, including the mushroom body (green) and tissues outside the brain, including the fat 380 
body (blue) and hemocytes (red). CB = central brain region. OL= optic lobe region. (C) Dorsal view 381 
of a live adult head in which mushroom bodies (arrowheads) are labeled with a green fluorescent 382 
protein (GFP). This is the 'standard genotype' (see text for details). The PTBI protocol reproducibly 383 
results in injury to the mushroom bodies. This Figure has been adapted from Reference16. 384 
 385 
Figure 2: PTBI stimulates cell proliferation. Uninjured control (A) and PTBI (B) schematics. The 386 
blue boxes in the upper right corners indicate the brain regions shown at higher magnification in 387 
panels (C) and (D). (C,D) PH3 antibody (red) was used to assay cell proliferation 24 h after injury. 388 
In control brains (C), there are few PH3+ cells and none near the MB. However, in PTBI brains (D), 389 
there are PH3+ cells near the MB. (E) Quantification of proliferating cells. The numbers reflect 390 
proliferating cells throughout entire brains, not only in the vicinity of the mushroom body. At 24 391 
h, uninjured control brains had an average of 3 PH3+ cells/brain (n = 11 brains, 28 cells), while 24 392 
h post-PTBI, brains had an average of 11 PH3+ cells/brain (n = 17 brains, 181 cells). At 7 days, 393 



   

uninjured controls have few EdU+ cells, with an average of 2 EdU+ cells/brain (n = 15 brains, 24 394 
cells), while 7-day post-PTBI brains had an average of 11 EdU+ cells/brain (n = 22 brains, 238 395 
cells). At 14 days, uninjured controls have an average of 1 EdU+ cell/brain (n = 8 brains,11 cells), 396 
while 14-day post-PTBI brains have an average of 29 EdU+ cells/brain (n = 14 brains, 400 cells). 397 
For this set of experiments, young adult males within 6 h of eclosion were used. Unpaired t-tests 398 
of control and PTBI samples at the 3-time points yield values of p<0.0001, p<0.0001, and 399 
p<0.0002, respectively. Error bars reflect the standard deviation (SD). This Figure has been 400 
adapted from Reference16. 401 
 402 
Figure 3: The proliferative response to PTBI decreases with age. To explore whether age impacts 403 
the amount of cell proliferation that occurs post-injury, newly eclosed adult males were 404 
compared to animals aged to 7 days, 14 days, and 28 days before PTBI, using anti-PH3 to assay 405 
cell proliferation 24 h after injury. Flies injured within 6 h of eclosion had an average of 11 PH3+ 406 
cells/brain (n = 17 brains, 182 cells) compared to an average of 3 PH3+ cells/brain in age-matched 407 
controls (n = 11 brains, 28 cells). Flies aged to 7 days, then subjected to PTBI, had an average of 408 
6 PH3+ cells/brain (n = 11 brains, 65 cells) compared to age-matched controls with an average of 409 
2 PH3+ cells/brain (n = 5 brains, 12 cells). When flies were aged to 14 days before PTBI and 410 
assayed 24 h later, there was an average of 1 PH3+ cell/brain (n = 8 brains, 11 cells) similar to 411 
age-matched controls, which also averaged 1 PH3+ cell/brain (n = 4 brains, 2 cells). 28-day 412 
uninjured control (n = 4, 1 cell) and PTBI (n = 3, 1 cell) flies both averaged 0 PH3+cells/brain. 413 
Unpaired t-tests for PTBI to control comparisons at these 4-time points are p<0.0001, p<0.04, 414 
p<0.07, and p<0.84, respectively. This Figure has been adapted from Reference16. 415 
 416 
Figure 4: Perma-twin lineage tracing demonstrates brain regeneration and appropriate 417 
targeting of axons following PTBI. The perma-twin lineage-tracing system15 was utilized to 418 
analyze neurogenesis after PTBI. This system permanently labels dividing cells and progeny with 419 
a green fluorescent protein (GFP) or red fluorescent protein (RFP). Flies were reared at 17 °C to 420 
keep the system off during development. F1 males carrying perma-twin transgenes were 421 
collected upon eclosion, then injured and placed at 30 °C to recover for 2 or 14 days. (A) In 2-day 422 
uninjured controls, there are some GFP+ cells scattered throughout the brain. (B) At 14 days, 423 
there are relatively few GFP+ cells present in the control central brain. (C) In comparison, 2-day 424 
injured brains have more GFP+ cells that tend to cluster near the injury (arrowhead). (D) At 14 425 
days post-injury, there are large clones near the site of injury. Some of these clones have axons 426 
that project along the mushroom body tracts (arrowhead).  Only the GFP channel is shown here; 427 
there were similar RFP+ clones in the PTBI samples. (E) The number of clones increases over time 428 
post-PTBI. Control uninjured brains (n = 13) have an average of 10 clones at 2 days, while 2-day 429 
PTBI brains (n = 20) have an average of 23 clones (p<0.00002). At 7 days, control brains had an 430 
average of 9 clones per brain (n = 18), while 7-day PTBI brains had an average of 39 clones per 431 
brain (n = 16) (p-value<0.00000002). This is significantly more than the number of clones seen at 432 
2 days post-injury (p-value<0.0009). In 14-day control brains, there is an average of 10 clones per 433 
brain, which is not significantly different from the 2-day and 7-day controls. However, at 14 days 434 
post-PTBI, there is an average of 66 GFP+ clones, which is significantly more than either age-435 
matched controls (p<0.0000003) or 2-day post-PTBI brains (p-value<0.0001). Error bars reflect 436 
SD. (F-M) PTBI stimulates clone formation in multiple regions in the brain. Panels on the left side 437 



   

are schematics of brain regions where large clones were found 14 days post-PTBI (A, H, J, L). 438 
Panels on the right show high magnifications of representative brains (G, I, K, M). Many 14-day 439 
brains had clones that projected to particular target areas. These included the mushroom body 440 
(MB) (F,G), the ellipsoid body (EB) (H,I), the antennal lobe (AL) (J,K), and the lateral horn (LH) 441 
(L,M). (N) Both clone number and clone size increase with time post-PTBI. The proportions of 442 
brain regions with large clones were calculated at 2, 7, and 14 days in controls and injured brains. 443 
At 2 days, ~8% of control brains (n = 13) showed AL clones, while there were no AL clones in 2-444 
day injured brains (n = 20). In 7-day control brains (n = 18), 6% had AL and 6% had EB clones. At 445 
7 days post-PTBI (n = 16), 6% of brains also had AL clones, 6% had EB clones, and 19% had large 446 
MB clones. At 14 days, control brains (n = 9) did not exhibit any specific areas with clones, while 447 
47% of PTBI brains (n = 15) had MB clones, 20% of PTBI brains had AL clones, and 27% of PTBI 448 
brains had EB clones, and 27% had LH clones. This Figure has been adapted from Reference16. 449 
 450 
Figure 5: Summary model for regeneration following penetrating traumatic brain injury (PTBI). 451 
In young adult Drosophila, there are quiescent neuroblast-like cells within the central brain that 452 
lack expression of canonical neuroblast genes. By 24 h post-PTBI, the quiescent neuroblast-like 453 
cells are activated, express neuroblast genes, and have begun to proliferate. At both 4 h and 24 454 
h post-PTBI, there is a wave of cell death16. At 7 days, the proliferation rate is still high, and many 455 
of the new cells have adopted mature cell identities, becoming neurons or glia. At 14 days post-456 
PTBI, large clones of new neurons with axons and dendrites correctly projecting to their 457 
respective target areas. Locomotor defects are also restored by 14 days, suggesting that adult 458 
Drosophila can regenerate functionally and structurally. This Figure has been adapted from 459 
Reference16. 460 
 461 
DISCUSSION: 462 
Although penetrating injuries to the adult Drosophila brain have been described previously15,17,18, 463 
these injuries focused on the optic lobes and not the central brain. Further, detailed instructions 464 
for how to carry out the injuries are thus far lacking. This protocol describes a model for 465 
penetrating injury to the adult Drosophila central brain that reproduces statistically significant 466 
evidence for adult neurogenesis after PTBI.  467 
 468 
The reproducibility of this PTBI protocol is due, in part, to the mushroom body as the injury target 469 
region. The mushroom body is large, consisting of ~2200 neurons with complex dendrite and 470 
axon arbors in large and highly stereotyped arrays18. The cell bodies of mushroom body neurons 471 
lie near the brain's surface and can be visualized through the head cuticle using the expression 472 
of green fluorescent protein (GFP) (Figure 1C). Mushroom body precursors are the last neural 473 
stem cells to undergo apoptosis during development13,12,19. Thus, many mushroom body neurons 474 
are pretty young at the time of eclosion. This led to the hypothesis that the mushroom body 475 
might have more mitotic potential than other brain regions16. In addition, the mushroom body is 476 
critical for learning and memory18. This allows one to ask whether PTBI-triggered neurogenesis 477 
leads to functional recovery.  478 
 479 
Other factors that contribute to the reproducibility of the results include using outcrossed flies 480 
of consistent genotypes, performing crosses in the same direction each time, precisely controlling 481 



   

the rearing and aging temperatures, and analyzing males and females separately. Using F1 flies 482 
from an outcross reduces the probability of analyzing brains homozygous for spontaneous 483 
mutations. The standard cross of y[1] w[1]; UAS-mCD8-GFP;; OK107-GAL4 adult females to y[1] 484 
w[1] adult male flies results in F1 progeny of the genotype y[1] w[1]; UAS-mCD8-GFP/+;; OK107-485 
GAL4/+.  OK107-GAL4 is expressed in all intrinsic neurons of the mushroom body and drives 486 
expression of the membrane-bound reporter UAS-mCD8-GFP permitting visualization of 487 
mushroom bodies and their projections. For the perma-twin crosses, crosses must remain at 17 488 
°C at all times to keep the lineage tracing system switched off. This ensures that no dividing cells 489 
are labeled during development and that only adult-born neurons and glia are labeled. To this 490 
end, the fly room can also be maintained at 17 °C. Although the initial description of the perma-491 
twin system15 recommended rearing flies at 18 °C, this can lead to significant background 492 
labeling. 493 
 494 
For consistency, it also is recommended to keep the control uninjured flies on the CO2 pad as one 495 
carries out the PTBI. This ensures that both sets of flies have identical anesthetic exposure. In 496 
addition, it is desirable for reproducibility to completely penetrate the head. However, care must 497 
be taken not to bend the tip of the pin against the pad, making it unusable for future injuries. For 498 
skilled practitioners, there is little unintended harm to PTBI flies. Nonetheless, pressing too hard 499 
on the thorax to stabilize the fly during injury can be lethal. One way to assess the extent of the 500 
unintended injury is to quantify the mortality of PTBI flies 24 h post-injury. For unilaterally injured 501 
flies, this can be 50% or higher for beginners. Therefore, to ensure that observed outcomes are 502 
due to PTBI and not to unintended injury, it is advised that beginners practice administering PTBI 503 
on ~20 flies daily over several weeks and do not analyze the resulting brains until the 24 h 504 
mortality is consistently <10%.  505 
 506 
To quantify the amount of proliferation stimulated by central brain PTBI, both anti-507 
phosphohistone H3 (PH3) immunostaining and 5-ethynyl-2´-deoxyuridine (EdU) incorporation 508 
can be employed. Anti-PH3 labels cells before and throughout metaphase, limiting detection to 509 
only a fraction of the actively dividing cells. Thus, anti-PH3 staining provides only a partial glimpse 510 
of proliferation. EdU is a thymidine analog that can be incorporated into newly synthesized DNA. 511 
By feeding flies EdU before and after injury, it is possible to gain a more complete picture of the 512 
cells that are either dividing or have divided following the injury. The fact that any cells that divide 513 
are permanently marked is helpful both for the identification of slowly cycling cells and assay the 514 
survival of cells after initial proliferation. For unclear reasons, but maybe due to limited 515 
permeability of the blood-brain barrier, EdU labeling is inefficient and under-reports cell 516 
proliferation in the adult brain. This is evidenced by the similar numbers of PH3+ and EdU+ cells 517 
in both control and experimental brains at 24 h post-PTBI and by observing that only a subset of 518 
new cells in perma-twin clones incorporate EdU16. For maximal labeling, it is essential to pre-feed 519 
the flies with EdU because injured flies do not resume feeding for several hours post-PTBI. 520 
Feeding was assessed by adding food coloring to the EdU solution and monitoring the amount of 521 
dye in the gut through the abdominal cuticle16.  522 
 523 
It is to be noted that while we have provided a brain dissection protocol in step 4, alternative 524 
techniques may be used. Several of these are available in previously published protocols 20-22. 525 



   

Drosophila melanogaster offers a low-cost model with powerful genetic and molecular tools that 526 
can be used to study the mechanisms underlying regeneration of multiple tissues, including the 527 
gut and components of the nervous system. A novel and reproducible injury model that can be 528 
used to study the response to brain injury is outlined here. Data obtained using these protocols 529 
support the idea that the adult Drosophila central brain retains the proliferative ability, 530 
generating new neurons in response to injury. These observations warrant further investigation 531 
of both the extent of adult neurogenesis and its underlying molecular mechanisms. Once the 532 
components involved in neural regeneration are identified in this system, we can convert our 533 
knowledge of adult Drosophila neurogenesis to humans.  534 
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