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22 SUMMARY:
23 This article provides detailed protocols for inflicting Penetrating Traumatic Brain Injury (PTBI) to
24 adult Drosophila and examining the resulting neurogenesis.
25
26  ABSTRACT:
27  The molecular and cellular mechanisms underlying neurogenesis in response to disease or injury
28 are not well understood. However, understanding these mechanisms is crucial for developing
29  neural regenerative therapies. Drosophila melanogaster is a leading model for studies of neural
30 development but historically has not been exploited to investigate adult brain regeneration. This
31 is primarily because the adult brain exhibits very low mitotic activity. Nonetheless, penetrating
32 traumatic brain injury (PTBI) to the adult Drosophila central brain triggers the generation of new
33  neurons and new glia. The powerful genetic tools available in Drosophila combined with the
34  simple but rigorous injury protocol described here now make adult Drosophila brain a robust
35 model for neural regeneration research. Provided here are detailed instructions for (1)
36 penetrating injuries to the adult central brain and (2) dissection, immunohistochemistry, and
37 imaging post-injury. These protocols yield highly reproducible results and will facilitate additional
38 studies to dissect mechanisms underlying neural regeneration.
39
40 INTRODUCTION:
41  Damage to the brain and nervous system is a major cause of death and disability worldwide.
42  Approximately 1.5 million Americans suffer traumatic brain injuries (TBI) every year?, while an
43  estimated 6 million individuals in the United States alone suffer from neurodegenerative
44  diseases, such as Parkinson's and Alzheimer's Disease?. Both disease and injury to the brain can
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cause neural degeneration, leading to sensory, cognitive, and motor defects3. Developing
therapeutic strategies for brain repair has been difficult due to the complex physiology of the
brain. Model organisms such as Drosophila melanogaster provide a simple system for identifying
the fundamental mechanisms underlying neurodegeneration and potential therapeutic targets®.

The fruit fly Drosophila melanogaster has been a powerful model organism for more than a
century, advancing the fields of genetics, developmental biology, and neuroscience>®. The
Drosophila brain comprises only ~90,000 neurons’, a million-fold fewer than the average human
braing, yet they have many similarities. Both human and fly brains utilize the neurotransmitters
GABA, glutamate, acetylcholine, and the biogenic amines dopamine and serotonin®. Drosophila
and human neurons also function similarly, with a shared synaptic architecture and analogous
neural cell types!®. The smaller brain size of Drosophila and the availability of advanced genetics
techniques, in combination with the conservation of molecular, cellular, and physiological
mechanisms between Drosophila and mammals, permits Drosophila researchers to ask questions
that are impractical or difficult to answer in mammalian models.

Our current understanding of adult neurogenesis in Drosophila, both during homeostasis and
following injury, remains limited. More is known about neurogenesis during normal
development. For example, neurons and glia are created during development from precursor
cells, called neuroblasts'®!1, At least three different types of neuroblasts have been distinguished
in the central brain. Both Type | and Type Il lineage neuroblasts exit the cell cycle ~20-30 h after
puparium formation'2. In contrast, the mushroom body neuroblasts are the last to terminate cell
division and do so via Reaper-dependent apoptosis ~85-90 h after puparium formation?'3.
Following eclosion, the adult Drosophila brain has few dividing cells (~1 cell/brain),
predominantly glia'®. The adult optic lobes possess slowly cycling neuroblasts capable of
neurogenesis®®, while the adult central brain has no known neuroblasts. The scarcity of neural
progenitors and limited cell proliferation strongly resembles the situation in the adult
mammalian brain, underscoring the potential relevance of the mechanisms of adult neurogenesis
in Drosophila to humans.

The discovery of low levels of adult neurogenesis in the adult Drosophila optic lobes after injury®®
led to the hypothesis that the adult Drosophila central brain also might be capable of adult
neurogenesis'®. This protocol describes creating a rigorous, reproducible model of central brain
injury in adult Drosophila that can be used to investigate neurogenesis in the adult central brain.
Given the similarities between human and Drosophila brain architecture and function, these
discoveries could lead to the identification of critical targets for therapeutic neurogenesis in
injured and diseased human brains.

PROTOCOL:
This protocol follows the animal care guidelines of UW-Madison.

1. Generating adult Drosophila for PTBI
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1.1.  For the standard cross, place 20 virgin y[1] w[1]; UAS-mCD8-GFP;; OK107-GAL4"" adult
females and 10 y[1] w[1]' adult male flies together in vials (see Table of Materials) containing
food. To have large numbers of synchronous offspring, set up 10-20 crosses at the same time.
The standard cross gives rise to F1 progeny of the genotype: y[1] w[1]; UAS-mCD8-GFP/+;; OK107-
GAL4/+.

1.1.1. Place the vials at 25 °C for mating and egg-laying. To maximize progeny, transfer parents
into new vials every 2-4 days, maintaining the earlier vials at 25 °C. Discard each vial 18 days after
the parents were first placed in it to ensure that there is no F2 progeny.

NOTE: 3 sets of offspring ("broods") can be generated from each set of parents.
1.1.2. Check after ~10 days, when the F1 progeny will begin to eclose.

1.2.  For lineage studies, use F1 perma-twin males®® of genotype: w; FRT40A, UAS-CD2-RFP,
UAS-GFP-Mir/FRT40A, UAS-CD8-GFP, UAS-CD2-Mir; tub-GAL80%/act-GAL4 UAS-flp. For
consistency, do this cross in the same direction each time.

1.2.1. To generate perma-twin males, place 20 virgin w; FRT40A, UAS-CD2-RFP, UAS-GFP-Mir;
tub-GAL80*/TM6B females and 10 w; FRT40A, UAS-CD8-GFP, UAS-CD2-Mir; act-GAL4 UAS-
flp/TM6B*> adult males together in vials containing food.

1.2.2. Place the vials at 17 °C for mating and egg-laying. Transfer parents into vials of new food
every 7 days, maintaining all vials at 17 °C. Discard each vial 35 days after the parents were first
placed in it to ensure that there is no F2 progeny.

1.2.3. Check after ~21 days, when the F1 progeny will begin to eclose.
2. Penetrating traumatic brain injury (PTBI; Figure 1)

2.1. Sort newly eclosed F1 flies. Select young males within 6 h post-eclosion. Place these males
in clean vials containing food, with 40 or fewer flies per vial.

NOTE: This is most easily accomplished in mid-morning by anesthetizing flies on the CO; pad and
identifying adult males that still have meconium (visible as a dark greenish spot through the
abdominal wall) in their guts.

2.2. Pre-feed with 5-ethynyl-2’-deoxyuridine (EdU) (see Table of Materials) for 6 h before the
injury if planning to label dividing cells with EdU. See step 3 for details.

2.3.  Sanitize Minutien pins (see Table of Materials) for at least 5 min by placing ~100 pins in a
1.5 mL microcentrifuge tube filled with 70% ethanol. Reuse sharp pins. Place damaged or blunt
pins in a separate 1.5 mL microcentrifuge tube containing 70% ethanol for safe disposal.
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2.4. Sanitize the CO; pad and a paintbrush by spraying 70% ethanol and wipe dry with a clean
lint-free tissue. Once the tools are clean and dry, transfer 40 or fewer sorted F1 males back onto
the clean pad.

2.5. Separate the F1 males into 2 groups on the fly pad. One group will serve as a control,
uninjured flies. The second experimental group will be subjected to PTBI.

2.6.  Using forceps, pull 4-5 new Minutien pins out of the microcentrifuge tube and place them
near the edge of the CO, pad. Under the dissecting scope, choose a straight Minutien pin with a
sharp point.

NOTE: Using a single Minutien pin for an experiment will reduce variability.

2.7. If working with flies from the standard cross, switch on the stereo microscope light-
emitting diode (LED) lamp equipped with the appropriate excitation and emission filters for green
fluorescence protein (GFP). This permits excitation at 440-460 nM and allows visualization of 500-
560 nM.

NOTE: With this lamp and filter set, the cell bodies of the mushroom body will fluoresce green
through the head cuticle (Figure 1C). For perma-twin flies or flies of other genotypes, a standard
white light illuminator for the stereo microscope can be used to visualize landmarks on the head
cuticle for targeting the injury to the mushroom body (Figure 1C).

2.8. Use the forceps to pick up and hold the selected Minutien pin in one hand (for right-
handed people, this is usually the right hand) and the paintbrush in the other (usually left) hand.
Choose a fly from the experimental group and position the fly such that you have a dorsal view
of the head capsule with the fly's head to the right. Place the brush on the anterior of the dorsal
thorax and push down gently to stabilize the fly.

2.9. Aim the Minutien pin's tip at the mushroom body's cell bodies on the right side of the
head and penetrate the head capsule. If using landmarks, target the dorsal head cuticle between
the ocelli and the dorsal rim of the eye (Figure 1).

2.10. After completing the injury, use the paintbrush to push the head gently off the Minutien
pin.

2.11. If using the brain for RNA-Seq or gRT-PCR, make a second injury on the left side of the
head.

2.12. Repeat steps 2.8-2.10 to injure all of the flies in the experimental group.

2.13. Once all flies have been injured, place the control and injured flies into labeled, separate
vials containing food. Lay the vials horizontally (i.e., on their sides) while the flies recover from
the anesthesia and during subsequent aging to prevent flies from getting caught in the food.
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2.14. Place standard cross flies at 25 °C, and perma-twin flies at 30 °C to age.
2.15. For flies aged longer than 24 h, place them on clean food every 1-2 days.
3. EdU labeling

3.1.  Prepare a stock of 10 mM 5-ethynyl-2’-deoxyuridine (EdU) in dimethyl sulfoxide (DMSO).
This can be stored at -20 °C for up to 12 months.

3.2. Prepare 50 mM of 200 mL EdU in 10% sucrose. Pre-feed flies with EdU for 6 h before PTBI.

3.3. Place 200 mL of 50 mM EdU in 10% sucrose on a 23 mm round grade 3 filter paper (see
Table of Materials) in an otherwise empty vial.

3.4. Place the flies in the vial. Then seal the vial with a cotton plug.

3.5.  Lay the vial horizontally in a humidified incubator at 25 °C for 6 h.

3.6.  Carry out PTBI as described in steps 2.3-2.10.

3.7.  Place the flies back in the EdU-containing vial. Seal the vial with a cotton plug.

3.8. Lay the vial horizontally in a humidified incubator at 25 °C for up to 24 h. Follow one of
the steps described below (step 3.8.1-3.8.3).

3.8.1. Dissect and fix brains as described in step 4 using fixative, wash buffer, and blocking buffer
without azide and with the EdU detection reaction carried out before antibody staining.

3.8.2. Transfer the flies to a clean vial containing a new filter paper and 50 mM of 200 mL EdU
in 10% sucrose. Lay the vial horizontally in a 25 °C incubator. Repeat every 24 h during the
duration of the labeling. Then, dissect and fix brains as described in step 4 using buffers without
azide with the EdU detection reaction carried out before antibody staining.

3.8.3. To pulse-chase label with EdU, feed EdU for the pulse period, transfer the flies every 24 h
to a clean vial containing a new filter paper and 50 mM of 200 mL EdU in 10% sucrose. After the
pulse period (e.g., 4 days), transfer the flies to a vial containing standard Drosophila food. Place
the vial on its side in a 25 °C incubator for an additional 3 days. Then, dissect and fix brains as
described in step 4 using buffers without azide with the EdU detection reaction carried out before
antibody staining.

4. Dissection, immunohistochemistry, and mounting
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4.1.  Prepare 1.5 mL microcentrifuge tubes with 100 mL fixative: 4% formaldehyde in PEM (100
mM piperazine-N,N’-bis(2-ethanesulfonic acid) [PIPES], 1 mM EGTA, 1 mM MgSQOa, pH 7.0) (see
Table of Materials) and place on ice.

NOTE: As many as 20 brains of a single genotype and condition can be processed in a single tube.

4.2. Prepare a dissection plate with one small pool (~100 uL) of 70% ethanol and three small
pools of phosphate-buffered saline (PBS; 100 mM of K;HPO4, 140 mM of NaCl, pH 7.0).

4.3. Anesthetize ~10 control or experimental flies on a CO; pad that has been sanitized with
70% ethanol.

4.4. Separate the head from the trunk of each fly using a scalpel.

4.5. Collect the heads with a paintbrush wetted in 70% ethanol and place heads for 2-5 min in
the ethanol pool on the dissection plate.

NOTE: This slightly dehydrates the brains and makes them easier to dissect away from the head
cuticle.

4.6. Transfer the heads to a ~100 uL pool of PBS and dissect out the brains, moving each brain
to a clean ~100 pL pool of PBS. Perform this using two pairs of Watchmakers forceps to open the
back of the head cuticle and holding the cuticle with one pair of forceps while gently prying the
brain out of the cuticle using the closed tip of the second pair of forceps.

4.7.  Transfer the dissected brains to a microcentrifuge tube containing 100 uL of the fixing
solution using a P200 pipettor equipped with a plastic tip that has been cut and beveled to permit
entry of the brains.

4.8.  Fix for 20-25 min at room temperature. Carefully remove the fix with either a P200 or a
glass pipette.

4.9.  Wash the fixed brains four times with 1 mL of 'PT' (PBS plus 0.1% Triton X-100), allowing
the brains to settle for several minutes between each wash.

NOTE: If brains do not settle rapidly between the washes, they are likely to have still fat body
and/or trachea attached.

4.10. Block samplesin 1 mL of PBS plus 0.1% Triton X-100 and 2% bovine serum albumin (PBT)
for ~1 h at room temperature.

4.11. Remove the blocking solution and incubate samples with 100 pL of primary antibody
solution overnight at 4 °C in PBT. The primary antibodies used in this study are rabbit anti-PH3
(1:500) and mouse anti-Fasiclin 11 (1:20) (see Table of Materials).
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4.12. Wash samples five times with 1 mL of PT, allowing the brains to settle for several minutes
between each wash.

4.13. Remove the final wash and incubate in 100 pL of secondary antibody solution overnight
at 4 °C. The secondary antibodies used here are anti-rabbit 568 (1:400) and anti-mouse Cy5
(1:100) (see Table of Materials).

4.14. Wash samples five times with 1 mL of PT, allowing the brains to settle for several minutes
between each wash. During the final wash, add 4',6-Diamidino-2-Phenylindole, Dihydrochloride
(DAPI; 1:100 of a 10 uM solution) for 10 min to stain the nuclei. Remove the wash, leaving 50-
100 plL in each tube.

4.15. Prepare microscope slides by placing a single, self-adhesive reinforcement label on the
middle of each slide and a 50 L droplet of anti-fade mounting media in the center of each label
(see Table of Materials). The reinforcement label holds the coverslip slightly above the slides and
prevents the mounted brains from becoming overly flattened.

4.16. Carefully transfer the brains from each microcentrifuge tube to a prepared slide with as
little wash buffer as possible using a P200 equipped with a cut and beveled plastic tip. As many
as 10 brains can be mounted on a single slide.

4.17. Use forceps to gently reposition the brains before placing a coverslip on each slide and
sealing the slide with nail polish. Orient the brains with either posterior side up or anterior side

up but should not be touching one another.

NOTE: Because it is difficult to obtain high-quality confocal images through an entire brain, some
brains should be mounted in each orientation.

4.18. Store prepared slides flat and in the dark at 4 °C until imaging. For longer-term storage
(up to 1 year), slides may be stored at -20 °C.

5. Confocal imaging

NOTE: Image brains using a laser-scanning confocal microscope with excitation lasers and
emission filter cubes appropriate to DAPI and the fluorescent secondary antibodies (i.e., 405 nm,
488 nm, and 568 nm, 633 nm, respectively).

5.1.  Turn on the power of the microscope, lasers, controller, and computer.

5.2.  Open the Acquisition software.

5.3.  Inthe Acquisition mode, select up to four channels and set the parameter for sequential
scanning of the desired channels. Increase the laser power for each channel to 5-10%.
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5.4. Place aslide on the microscope.

5.5. Choose a brain to be imaged using the epifluorescence attachment (see Table of
Materials).

5.6. Inthe Acquisition mode, select 1024 x 1024 pixels as the frame dimension.

5.7. In the Acquisition mode, select the Z-stack option, indicate Z-stack should be taken at 2
pum sections, and focus through the sample, selecting the top and bottom focal planes to be
imaged.

5.8.  Collect Z-stack images of entire brains using a 20x objective and specific brain regions
such as the mushroom body using a 60x objective.

6. Data analysis

6.1.  Quantify the proliferating cells and the numbers of perma-twin clones manually and/or
using the image analysis software (see Table of Materials). When using software, select regions
of interest (ROIs) with areas of at least 10 um.

REPRESENTATIVE RESULTS:

PTBI stimulates cell proliferation

To determine the extent of neurogenesis after a central brain PTBI, the proliferative response
was measured in young adult males collected and injured within 6 h of eclosion. A significant
increase in proliferation was observed 24 h post-injury using anti-phosphohistone 3 (PH3), a
marker for cells actively undergoing mitosis. Approximately 3 PH3+ cells in control central brains
and 11 PH3+ cells in the injured central brains are observed 24 h post-PTBI (Figure 2A-D). The
majority of the dividing cells are located near the injury site. A second assay for cell division was
used to quantify the cumulative cell proliferation from a single injury and to assess the extent to
which the newly created cells survived. 5-ethynyl-2’-deoxyuridine (EdU) is a thymidine analog
that can be incorporated into newly synthesized DNA and permanently label cells that have
undergone DNA synthesis. Flies were given a 4-day pulse of EdU, followed by a 3-day chase. This
revealed that the labeled cells were viable and survived at least 3 days after proliferation. By 7
days, there were an average of 2 EdU+ cells in control central brains and an average of 11 EdU+
cells in the injured central brains, respectively (Figure 2E). This is similar to the results obtained
24 h post-injury using the PH3 antibody. When cell proliferation is measured at 14 days, the
uninjured controls averaged 1 EdU+ cell per central brain, while the injured brains averaged 29
EdU+ cells (Figure 2E), demonstrating that cell proliferation continues at least into the second
week following a PTBI.

Cell proliferation is age-dependent
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The most excellent proliferative response in the central brain was observed within the first 24 h
after eclosion (Figure 3). By 7 days post-eclosion, a penetrating injury still causes a significant
increase in proliferation, with an average of 6 PH3+cells per central brain. Still, by 14 days post-
eclosion, the ability for cells to divide following PTBI decreases significantly to 1 dividing cell,
similar to that of control brains (Figure 3). Thus, the potential for cell proliferation post-PTBI is
age-dependent.

Newly created neurons can project to correct target areas

To evaluate neural regeneration post-PTBI, the perma-twin labeling system® was used. Perma-
twin lineage tracing permanently labels dividing cells and their progeny with a green fluorescent
protein (GFP) or red fluorescent protein (RFP)'°. More perma-twin clones were detected in
injured samples, at 2 days and 2 weeks, than in controls (Figure 4A-E). Notably, there were new
mushroom body neurons in ~50% of the PTBI brains 2 weeks post-injury (Figure 4N). These new
neurons projected their dendrites appropriately to the mushroom body calyx and their axons
appropriately to the mushroom body lobes (Figure 4D,F,G). This indicates that the newly created
cells may be functional neurons involved in the repair of the damaged mushroom bodies. Other
areas of the brain that appeared to regenerate include the ellipsoid body (EB) (Figure 4H,l), the
antennal lobes (AL) (Figure 4J,K), and the lateral horn (LH) (Figure 4L,M) which possessed large
clones approximately 26%, 26%, and 20% of the time, respectively (Figure 4N). These results
underscore the utility of this system for the investigation of adult neurogenesis. A proposed
model for the sequence of events following PTBI and leading to the generation of new neurons
is shown in Figure 5.

FIGURE LEGENDS:

Figure 1: Penetrating Traumatic Brain Injury (PTBI) to the adult Drosophila central brain. (A)
Schematic of the exterior of an adult fly head. This is a frontal view. Thus, the right side of the
animal is to the viewer's left. (B) Schematic of the interior of an adult Drosophila head with the
injury trajectory indicated in grey. This is a posterior view. Thus, in this image and subsequent
figures, the right side of the brain is to the right. Central brain PTBI impacts multiple brain
structures, including the mushroom body (green) and tissues outside the brain, including the fat
body (blue) and hemocytes (red). CB = central brain region. OL= optic lobe region. (C) Dorsal view
of a live adult head in which mushroom bodies (arrowheads) are labeled with a green fluorescent
protein (GFP). This is the 'standard genotype' (see text for details). The PTBI protocol reproducibly
results in injury to the mushroom bodies. This Figure has been adapted from Reference?®.

Figure 2: PTBI stimulates cell proliferation. Uninjured control (A) and PTBI (B) schematics. The
blue boxes in the upper right corners indicate the brain regions shown at higher magnification in
panels (C) and (D). (C,D) PH3 antibody (red) was used to assay cell proliferation 24 h after injury.
In control brains (C), there are few PH3+ cells and none near the MB. However, in PTBI brains (D),
there are PH3+ cells near the MB. (E) Quantification of proliferating cells. The numbers reflect
proliferating cells throughout entire brains, not only in the vicinity of the mushroom body. At 24
h, uninjured control brains had an average of 3 PH3+ cells/brain (n = 11 brains, 28 cells), while 24
h post-PTBI, brains had an average of 11 PH3+ cells/brain (n = 17 brains, 181 cells). At 7 days,
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uninjured controls have few EdU+ cells, with an average of 2 EdU+ cells/brain (n = 15 brains, 24
cells), while 7-day post-PTBI brains had an average of 11 EdU+ cells/brain (n = 22 brains, 238
cells). At 14 days, uninjured controls have an average of 1 EdU+ cell/brain (n = 8 brains,11 cells),
while 14-day post-PTBI brains have an average of 29 EdU+ cells/brain (n = 14 brains, 400 cells).
For this set of experiments, young adult males within 6 h of eclosion were used. Unpaired t-tests
of control and PTBI samples at the 3-time points yield values of p<0.0001, p<0.0001, and
p<0.0002, respectively. Error bars reflect the standard deviation (SD). This Figure has been
adapted from Reference?®.

Figure 3: The proliferative response to PTBI decreases with age. To explore whether age impacts
the amount of cell proliferation that occurs post-injury, newly eclosed adult males were
compared to animals aged to 7 days, 14 days, and 28 days before PTBI, using anti-PH3 to assay
cell proliferation 24 h after injury. Flies injured within 6 h of eclosion had an average of 11 PH3+
cells/brain (n =17 brains, 182 cells) compared to an average of 3 PH3+ cells/brain in age-matched
controls (n = 11 brains, 28 cells). Flies aged to 7 days, then subjected to PTBI, had an average of
6 PH3+ cells/brain (n = 11 brains, 65 cells) compared to age-matched controls with an average of
2 PH3+ cells/brain (n = 5 brains, 12 cells). When flies were aged to 14 days before PTBI and
assayed 24 h later, there was an average of 1 PH3+ cell/brain (n = 8 brains, 11 cells) similar to
age-matched controls, which also averaged 1 PH3+ cell/brain (n = 4 brains, 2 cells). 28-day
uninjured control (n = 4, 1 cell) and PTBI (n = 3, 1 cell) flies both averaged 0 PH3+cells/brain.
Unpaired t-tests for PTBI to control comparisons at these 4-time points are p<0.0001, p<0.04,
p<0.07, and p<0.84, respectively. This Figure has been adapted from Reference®®.

Figure 4: Perma-twin lineage tracing demonstrates brain regeneration and appropriate
targeting of axons following PTBI. The perma-twin lineage-tracing system'®> was utilized to
analyze neurogenesis after PTBI. This system permanently labels dividing cells and progeny with
a green fluorescent protein (GFP) or red fluorescent protein (RFP). Flies were reared at 17 °C to
keep the system off during development. F1 males carrying perma-twin transgenes were
collected upon eclosion, then injured and placed at 30 °C to recover for 2 or 14 days. (A) In 2-day
uninjured controls, there are some GFP+ cells scattered throughout the brain. (B) At 14 days,
there are relatively few GFP+ cells present in the control central brain. (C) In comparison, 2-day
injured brains have more GFP+ cells that tend to cluster near the injury (arrowhead). (D) At 14
days post-injury, there are large clones near the site of injury. Some of these clones have axons
that project along the mushroom body tracts (arrowhead). Only the GFP channel is shown here;
there were similar RFP+ clones in the PTBI samples. (E) The number of clones increases over time
post-PTBI. Control uninjured brains (n = 13) have an average of 10 clones at 2 days, while 2-day
PTBI brains (n = 20) have an average of 23 clones (p<0.00002). At 7 days, control brains had an
average of 9 clones per brain (n = 18), while 7-day PTBI brains had an average of 39 clones per
brain (n = 16) (p-value<0.00000002). This is significantly more than the number of clones seen at
2 days post-injury (p-value<0.0009). In 14-day control brains, there is an average of 10 clones per
brain, which is not significantly different from the 2-day and 7-day controls. However, at 14 days
post-PTBI, there is an average of 66 GFP+ clones, which is significantly more than either age-
matched controls (p<0.0000003) or 2-day post-PTBI brains (p-value<0.0001). Error bars reflect
SD. (F-M) PTBI stimulates clone formation in multiple regions in the brain. Panels on the left side
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are schematics of brain regions where large clones were found 14 days post-PTBI (A, H, J, L).
Panels on the right show high magnifications of representative brains (G, I, K, M). Many 14-day
brains had clones that projected to particular target areas. These included the mushroom body
(MB) (F,G), the ellipsoid body (EB) (H,l), the antennal lobe (AL) (J,K), and the lateral horn (LH)
(L,Mm). (N) Both clone number and clone size increase with time post-PTBI. The proportions of
brain regions with large clones were calculated at 2, 7, and 14 days in controls and injured brains.
At 2 days, ~8% of control brains (n = 13) showed AL clones, while there were no AL clones in 2-
day injured brains (n = 20). In 7-day control brains (n = 18), 6% had AL and 6% had EB clones. At
7 days post-PTBI (n = 16), 6% of brains also had AL clones, 6% had EB clones, and 19% had large
MB clones. At 14 days, control brains (n = 9) did not exhibit any specific areas with clones, while
47% of PTBI brains (n = 15) had MB clones, 20% of PTBI brains had AL clones, and 27% of PTBI
brains had EB clones, and 27% had LH clones. This Figure has been adapted from Reference?®.

Figure 5: Summary model for regeneration following penetrating traumatic brain injury (PTBI).
In young adult Drosophila, there are quiescent neuroblast-like cells within the central brain that
lack expression of canonical neuroblast genes. By 24 h post-PTBI, the quiescent neuroblast-like
cells are activated, express neuroblast genes, and have begun to proliferate. At both 4 h and 24
h post-PTBI, there is a wave of cell death?®. At 7 days, the proliferation rate is still high, and many
of the new cells have adopted mature cell identities, becoming neurons or glia. At 14 days post-
PTBI, large clones of new neurons with axons and dendrites correctly projecting to their
respective target areas. Locomotor defects are also restored by 14 days, suggesting that adult
Drosophila can regenerate functionally and structurally. This Figure has been adapted from
Reference®®.

DISCUSSION:

Although penetrating injuries to the adult Drosophila brain have been described previously*>7/1,
these injuries focused on the optic lobes and not the central brain. Further, detailed instructions
for how to carry out the injuries are thus far lacking. This protocol describes a model for
penetrating injury to the adult Drosophila central brain that reproduces statistically significant
evidence for adult neurogenesis after PTBI.

The reproducibility of this PTBI protocol is due, in part, to the mushroom body as the injury target
region. The mushroom body is large, consisting of ~2200 neurons with complex dendrite and
axon arbors in large and highly stereotyped arrays'8. The cell bodies of mushroom body neurons
lie near the brain's surface and can be visualized through the head cuticle using the expression
of green fluorescent protein (GFP) (Figure 1C). Mushroom body precursors are the last neural
stem cells to undergo apoptosis during development!3121%, Thus, many mushroom body neurons
are pretty young at the time of eclosion. This led to the hypothesis that the mushroom body
might have more mitotic potential than other brain regions?®. In addition, the mushroom body is
critical for learning and memory*8. This allows one to ask whether PTBI-triggered neurogenesis
leads to functional recovery.

Other factors that contribute to the reproducibility of the results include using outcrossed flies
of consistent genotypes, performing crosses in the same direction each time, precisely controlling
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the rearing and aging temperatures, and analyzing males and females separately. Using F1 flies
from an outcross reduces the probability of analyzing brains homozygous for spontaneous
mutations. The standard cross of y[1] w[1]; UAS-mCD8-GFP,; OK107-GAL4 adult females to y[1]
w/[1] adult male flies results in F1 progeny of the genotype y[1] w[1]; UAS-mCD8-GFP/+;; OK107-
GAL4/+. OK107-GAL4 is expressed in all intrinsic neurons of the mushroom body and drives
expression of the membrane-bound reporter UAS-mCD8-GFP permitting visualization of
mushroom bodies and their projections. For the perma-twin crosses, crosses must remain at 17
°C at all times to keep the lineage tracing system switched off. This ensures that no dividing cells
are labeled during development and that only adult-born neurons and glia are labeled. To this
end, the fly room can also be maintained at 17 °C. Although the initial description of the perma-
twin system?> recommended rearing flies at 18 °C, this can lead to significant background
labeling.

For consistency, it also is recommended to keep the control uninjured flies on the CO; pad as one
carries out the PTBI. This ensures that both sets of flies have identical anesthetic exposure. In
addition, it is desirable for reproducibility to completely penetrate the head. However, care must
be taken not to bend the tip of the pin against the pad, making it unusable for future injuries. For
skilled practitioners, there is little unintended harm to PTBI flies. Nonetheless, pressing too hard
on the thorax to stabilize the fly during injury can be lethal. One way to assess the extent of the
unintended injury is to quantify the mortality of PTBI flies 24 h post-injury. For unilaterally injured
flies, this can be 50% or higher for beginners. Therefore, to ensure that observed outcomes are
due to PTBI and not to unintended injury, it is advised that beginners practice administering PTBI
on ~20 flies daily over several weeks and do not analyze the resulting brains until the 24 h
mortality is consistently <10%.

To quantify the amount of proliferation stimulated by central brain PTBI, both anti-
phosphohistone H3 (PH3) immunostaining and 5-ethynyl-2'-deoxyuridine (EdU) incorporation
can be employed. Anti-PH3 labels cells before and throughout metaphase, limiting detection to
only a fraction of the actively dividing cells. Thus, anti-PH3 staining provides only a partial glimpse
of proliferation. EdU is a thymidine analog that can be incorporated into newly synthesized DNA.
By feeding flies EdU before and after injury, it is possible to gain a more complete picture of the
cells that are either dividing or have divided following the injury. The fact that any cells that divide
are permanently marked is helpful both for the identification of slowly cycling cells and assay the
survival of cells after initial proliferation. For unclear reasons, but maybe due to limited
permeability of the blood-brain barrier, EdU labeling is inefficient and under-reports cell
proliferation in the adult brain. This is evidenced by the similar numbers of PH3+ and EdU+ cells
in both control and experimental brains at 24 h post-PTBI and by observing that only a subset of
new cells in perma-twin clones incorporate EdU®. For maximal labeling, it is essential to pre-feed
the flies with EdU because injured flies do not resume feeding for several hours post-PTBI.
Feeding was assessed by adding food coloring to the EdU solution and monitoring the amount of
dye in the gut through the abdominal cuticle?®.

It is to be noted that while we have provided a brain dissection protocol in step 4, alternative
techniques may be used. Several of these are available in previously published protocols 2022,
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Drosophila melanogaster offers a low-cost model with powerful genetic and molecular tools that
can be used to study the mechanisms underlying regeneration of multiple tissues, including the
gut and components of the nervous system. A novel and reproducible injury model that can be
used to study the response to brain injury is outlined here. Data obtained using these protocols
support the idea that the adult Drosophila central brain retains the proliferative ability,
generating new neurons in response to injury. These observations warrant further investigation
of both the extent of adult neurogenesis and its underlying molecular mechanisms. Once the
components involved in neural regeneration are identified in this system, we can convert our
knowledge of adult Drosophila neurogenesis to humans.
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GBF September 2021

Thank you to the editor and the reviews for the detailed comments. Addressing them has
dramatically improved the ms. All comments were addressed. As a result the manuscript is so
heavily revised as to make markup cumbersome. Instead, | will provide a ‘compare versions’
Word document if requested.

Editorial comments:

Changes to be made by the Author(s):

1. Please take this opportunity to thoroughly proofread the manuscript to ensure that there are
no spelling or grammar issues. Done.

2. Please revise the following lines to avoid previously published work: 42 — 47, 204-207, 282-
284,334-337, 450-453, 473-477. Done.

3. Please remove the citations from the Abstract. Done.

4. Please remove links to websites and webpages from the Introduction section, else add them
as citations. Done.

5. Line 48: A word or phrase is missing after Both please correct it. Done.

6. JOVE cannot publish manuscripts containing commercial language. This includes trademark
symbols (™), registered symbols (®), and company names before an instrument or reagent.
Please remove all commercial language from your manuscript and use generic terms instead.
All commercial products should be sufficiently referenced in the Table of Materials.

For example: NIGHTSEA, Click-IT®, Sylgard®, Santa Cruz Biotechnology, Inc, Jackson
Immunochem, Vectashield anti-fade mounting media (Vector Laboratories), etc. Done.

7. The Protocol should contain only action items that direct the reader to do something. Please
move the discussion about the protocol to the Discussion. The Protocol should be made up
almost entirely of discrete steps without large paragraphs of text between sections. Please
simplify the Protocol so that individual steps contain only 2-3 actions per step and a maximum of
4 sentences per step. Done.

8. Please revise the text to avoid the use of any personal pronouns (e.g., "we", "you", "our" etc.).
9. Please include an ethics statement before your numbered protocol steps, indicating that the
protocol follows the animal care guidelines of your institution. Done.

10. The Protocol should contain only action items that direct the reader to do something. Please
move the discussion about the protocol to the Discussion. Done.

11. Please add more details to your protocol steps. Please ensure you answer the “how”
guestion, i.e., how is the step performed? Please remember that our scripts are directly derived
from the protocol text. Please include all actions associated with each step. Done.

Step 2.1.2; 2.1.3: For how long was the sanitization done? Done.

Step 2.1.3.1, 3.1.1: How was the EdU fed to the flies, please describe. Done.

Step 2.1.5: Please use microcentrifuge tubes or any other standard denotation instead of Eppie
tube. Done.

Step 2.1.5; 2.1.6: Please describe the microscope settings and parameters used. Done.

Step 3.1.3: Please describe how the pulse- chase experiment is done by providing all
associated action steps. Done.

Step 4.1.16: How much wash buffer was added? Done.

Step 5.1.1: Please include all the button clicks associated with the instrument set up. Done.

12. Please include a single line space between all the steps and ensure that the highlight is up
to 3 pages of the Protocol (including headings and spacing) that identifies the essential steps of
the protocol for the video, i.e., the steps that should be visualized to tell the most cohesive story



https://www.editorialmanager.com/jove/download.aspx?id=1380349&guid=b204b4cc-62af-42f0-94fc-1448ed11a4d2&scheme=1
https://www.editorialmanager.com/jove/download.aspx?id=1380349&guid=b204b4cc-62af-42f0-94fc-1448ed11a4d2&scheme=1

of the Protocol. Done.

13. Please discuss all the figures in representative results.(Figure 5) Done.

14. Please obtain explicit copyright permission to reuse any figures from a previous publication.
Explicit permission can be expressed in the form of a letter from the editor or a link to the
editorial policy that allows re-prints. Please upload this information as a .doc or .docx file to your
Editorial Manager account. Done.

15. As we are a methods journal, please revise the Discussion to explicitly cover the following in
detail in 3-6 paragraphs with citations:

a) Critical steps within the protocol Done.

b) Any modifications and troubleshooting of the technique Done.

¢) Any limitations of the technique Done.

16. Figure 2D: Please include a scale bar. Done.

17. Please revise the table of material to provide all the essential supplies, reagents, and
equipment. The table should include the name, company, and catalog number of all relevant
materials in separate columns in an xIs/xIsx file. Please sort the Materials Table alphabetically
by the name of the material. Done.

18. Please do not abbreviate journal names in references. Done. However, please note that |
used EndNote and used the JoVe formatting add-in. This resulted in abbreviated journal names
that | edited by hand.

Reviewers' comments:

Reviewer #1:

Manuscript Summary:

This manuscript is a clear, accessible, well-written protocol to assess damage-induced
neurogenesis in the adult Drosophila brain. In the past 5 years there has been strong interest in
this area and this protocol provides a reproducible, precise methodology that will be valuable in
the field.

Major Concerns:
None.

These issues are outside the scope of the manuscript, but | do find them interesting: | am
curious why the EdU labeling requires pre-treatment. Also the authors may wish to modify the
wording in line 464 to indicate the animals are pre-fed EdU prior to injury (if | understand the
protocol correctly). 2. | would have expected the number of EdU positive cells to be double that
of PH3 positive at day 7, since presumably the EdU-labeled cells that underwent cycling at day
1 generate two EdU labeled daughters. Do the authors see significant cell death of daughters
between 2-7 days post TBI? | have added a more detailed EdU feeding protocol as well as a
discussion of the under-reporting of cell proliferation by EdU.

Minor Concerns:

The reference for the number of neurons in line 55 is out of a date. Newer data can be found
here: PMID33989293 (CJ Potter and colleagues) | updated the neuron number and the
reference (thank you!).

Line 275 has a typo - microscope instead of microscopy Fixed.

Reviewer #2:
The manuscript entitled "Methods for stimulating and analyzing..." details an experimental



approach to inflict penetrating traumatic brain injury (PTBI) on young adult flies and assess the
resulting effect on cell division, neuronal differentiation and neuronal regeneration. The paper is
both well and clearly written and the experimental approach for the PTBI is incredibly well
detailed so that researchers attempting to carry out this approach should be able to succeed
very quickly. The remainder of the experimental methods are also well detailed, but are more
standard approaches that many labs have experience in. The data and figures are of high
guality and support the authors conclusion. | recommend acceptance of the manuscript.

The only minor point | have is that line 48 of page one appears to have a cut and past error with
the text and is confusing to read. Fixed.

Reviewer #3:

Manuscript Summary:

This is a well described method in generating and detecting injury-induced neurogenesis in the
fly brains. Inclusion of extra experimental data regarding the age-related capacity of
neurogenesis as well as integration of the newly formed cell types into the nervous system is a
big plus. Highly recommended to the JOVE journal.

| only have some minor comments.

Minor Concerns:

1. in Fig.2D, the scale bar is missing Added.

2. for the experimental results shown in Fig.2, what the ages of control and PTBI flies used?
These info should be added in the text and the legend. Added to both text and figure legend.
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