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Traumatic brain injury (TBI) is the strongest environmental risk
factor for the accelerated development of neurodegenerative
diseases. There are currently no therapeutics to address this due
to lack of insight into mechanisms of injury progression, which are
challenging to study in mammalian models. Here, we have de-
veloped and extensively characterized a head-specific approach to
TBI in Drosophila, a powerful genetic system that shares many con-
served genes and pathways with humans. The Drosophila TBI (dTBI)
device inflicts mild, moderate, or severe brain trauma by precise
compression of the head using a piezoelectric actuator. Head-
injured animals display features characteristic of mammalian TBI,
including severity-dependent ataxia, life span reduction, and brain
degeneration. Severe dTBI is associated with cognitive decline and
transient glial dysfunction, and stimulates antioxidant, proteasome,
and chaperone activity. Moreover, genetic or environmental aug-
mentation of the stress response protects from severe dTBI-
induced brain degeneration and life span deficits. Together, these
findings present a tunable, head-specific approach for TBI in Dro-
sophila that recapitulates mammalian injury phenotypes and under-
scores the ability of the stress response to mitigate TBI-induced
brain degeneration.
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Traumatic brain injury (TBI) has a worldwide incidence rate of
69 million new cases each year and is the leading cause of all

injury-related deaths (1, 2). Neural injury is caused by rapid
acceleration forces that damage axons, glia, and blood vessels (3,
4). This primary mechanical damage causes breaching of the
blood–brain barrier (BBB) (4), dysregulated ion flux, and glu-
tamate excitotoxicity (5), leading to excessive accumulation of
intracellular calcium (6). The resulting molecular cascades in-
clude oxidative stress, inflammation, and cell death pathways
leading to neural loss (6–11). A major long-term consequence of
TBI is the accelerated development of cognitive dysfunction and
neurodegenerative diseases like chronic traumatic encephalop-
athy (CTE), Alzheimer’s disease, and amyotrophic lateral scle-
rosis (10, 11).
Despite decades of research, clinical trials on neuroprotective

agents for TBI have been singularly unsuccessful (12). One of the
contributing factors is an incomplete understanding of key long-
term aspects of secondary injury that continue to develop years
after the initial TBI. In rodent models, large-scale experiments
such as those exploring the long-term consequences of injury are
unfeasible. Precise genetic manipulations to dissect the molec-
ular mechanisms that underlie the heterogenous TBI patho-
physiology are challenging and time-consuming. Thus, there is a
niche for models of TBI in simpler systems where rapid, high-
throughput genetic or pharmacological screens can be con-
ducted, and genetic manipulations performed with ease to gain a
better understanding of the molecular responses.
Drosophila melanogaster has been instrumental in elucidating

the mechanisms of a wide range of biological processes with
application to human disease (13, 14), including neurodegenerative

disorders. Powerful genetic tool kits can be used for spatial and
temporal manipulation of target genes, allowing for rapid identi-
fication of disease modifiers through large-scale genome-wide
screens (15, 16). Existing models of TBI in Drosophila confine
flies to plastic vials and cause mechanical trauma to the whole fly
body either by a spring-based mechanism (17, 18) or a bead mill
homogenizer (19). Although these studies have helped establish
Drosophila as a platform for studying TBI, collateral damage
caused to tissues other than the head can confound observations
and obscure brain-specific injury signatures. The primary injuries
can be inconsistent between individual animals, leading to het-
erogeneity in the population. One head-specific model of injury has
been described (20) although it is not extensively characterized and
may be challenging for high-throughput applications.
We present a paradigm for inflicting traumatic injury selec-

tively to the fly head using a piezoelectric actuator that rapidly
and precisely compresses the head against a metal plate. The
extent of head compression determines the severity of brain in-
jury, allowing three thresholds of injury: mild, moderate, and
severe. We comprehensively characterize the response of injured
animals at the behavioral, histological, and molecular levels over
time. We demonstrate that an intervention in the endogenous
stress response using genetic and environmental manipulations
prior to injury mitigates the deleterious outcomes of TBI. These
data present a Drosophila injury paradigm that recapitulates key
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pathophysiological aspects of mammalian TBI, which can facil-
itate the identification of important molecular mechanisms of
protection for the development of therapeutics.

Results
Drosophila TBI (dTBI): A Closed Head Model of TBI in Drosophila. We
developed a head-specific paradigm of TBI in Drosophila, which
we refer to as Drosophila TBI (dTBI), by building a device to
deliver a controlled, reproducible compression to the fly head (SI
Appendix, Fig. S1A). The design relies on the head being posi-
tioned between the tip of a piezoelectric actuator and a solid
surface. The piezoelectric actuator deflects downward upon the
application of voltage, causing the head to be rapidly (within 250
ms) compressed against the solid surface (Movie S1). The timing,
speed, and magnitude of deflection are precisely controlled by an
Arduino-based microcontroller system that outputs the required
voltage to the piezoelectric. Fly collars (21) with custom modi-
fications (Materials and Methods) are used to restrain animals,
providing the solid surface against which the head is compressed
(Fig. 1A).
Device calibration consisted of multiple steps to ensure ac-

curate and reproducible head deformation. First, the relation-
ship between the microcontroller output voltage and piezoelectric
actuator deflection was measured to verify that the actuator re-
sponds linearly (SI Appendix, Fig. S1B, R2 = 0.996, root mean
squared error (RMSE) = 5.228 μm). Second, the extent of head
compression was measured with increasing output voltage, in-
dicating that head compression varied linearly with voltage
(Fig. 1B, R2 = 0.996, RMSE = 1.007%). With the current

temporal resolution of the camera, each compression event was
observed to occur within 300 to 350 ms.
Based on functional characterizations (see below), four se-

verities of head compression were selected for further study and
categorized as mild injury (35% compression), moderate (40%),
severe (45%), and lethal (55%) (all animals are dead by 7 d
postinjury) (Fig. 1B). Importantly, the compression did not in-
troduce morphological defects to the cuticle, antennae, or eyes,
even at the highest compression level (SI Appendix, Fig. S1D).
Experiments included a sham group of animals that were col-
lared but not hit. To examine potential effects of collaring, a
control group of animals that had not been collared was included
for select experiments.

Dose-Dependent Neurological Defects following dTBI. We charac-
terized the dTBI response by studying the range of features
displayed by injured animals over a 10-d postinjury period. No-
tably, these features are reflective of the mammalian response to
TBI (Discussion). All injured animals experienced an immediate
and temporary ataxia, during which they were unable to right
themselves after being placed on their back. The time required
to regain the righting reflex was proportional to the compression
severity: Sham animals regained normal posture instantaneously,
mildly injured animals took 1 min, while lethally injured animals
took almost 5 min to recover (Fig. 1C). For up to 30 min after
the injury, 90% of moderately and severely injured and 70% of
mildly injured animals exhibited a variety of behaviors reflective
of incoordination and spontaneous seizures (SI Appendix, Fig.
S1E). These included walking in circles or sideways instead of a
straight line, uncontrolled “jumps” across the vial which often
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Fig. 1. Development of a head-specific TBI model in Drosophila. (A) Schematic of the piezoelectric dTBI device. (B) Compression of the fly head with the
piezoelectric varies linearly with supplied voltage (goodness of fit coefficient of determination 0.996, RMSE = 1.007%). Replicates: 40 V, 50 V, 80 V = eight
trials, 60 V, 70 V = nine trials. Dotted lines indicate mild (35%, orange), moderate (40%, blue), severe (45%, green) and lethal (55%, purple) head compression
chosen for further studies. (C) Righting reflex time (min) increases with greater head compression. Mean ± SEM. Number of animals: Sham, 20; Mild, 15;
Moderate, 14; Severe, 22; Lethal, 19. (D) dTBI animals show dose-dependent climbing defects within 2 h postinjury that persist till 7 d postinjury. Mean ± SEM,
three trials of 20 flies per group. (E) Dose-dependent reduction in life span with dTBI. Dotted line indicates median survival. Number of animals: 100 flies per
group. (F) Severity of brain vacuole formation (log10 of vacuole area [μm2]) increases with dTBI at 1 d and (G) 10 d postinjury. Mean ± SEM. Number of brains
scored for 1 d: Sham, 17; Mild, 18; Moderate, 20; Severe, 17. For 10 d: Sham, 16; Mild, 22; Moderate, 23; Severe, 20. (H) Representative horizontal paraffin
sections showing the increase in the presence of vacuoles (arrows) with increasing dTBI severity at 10 d postinjury. (Scale bars: 100 μm.) Genotypes for all
figures: w1118 male. Statistics: (C) Kruskal–Wallis test with Dunn’s correction, (D) two-way ANOVA with Dunnett’s test, (E) log-rank test comparing each group
to Control, (F and G) one-way ANOVA with Dunnett’s test. **P < 0.01, ***P < 0.001, ****P < 0.0001, n.s. not significant.
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led to seizure-like twitches (Movie S2). Using a climbing assay to
assess locomotor abilities, we found that dTBI caused dose-
dependent deficiencies within 2 h that persisted up to at least
7 d for the moderately and severely injured animals (Fig. 1D).
Two-way ANOVA analysis showed a significant effect of injury
condition but no significant effect of time, indicating that the
locomotor ability is not recovered after dTBI.
dTBI also caused a reduction in life span for all of the injury

severities. Of note, collaring had no effect on survival, with both
sham and noncollared control groups having a median life span
of 48 d. Median life spans after dTBI were as follows: mild injury
43 d, moderate injury 22 d, severe injury 10 d, and lethal injury
4 d (Fig. 1E). The long-term impact of dTBI on health could be
seen in the appearance of brain vacuoles, which are a charac-
teristic feature of neurodegeneration in flies (14). Vacuoles
appeared by 1 d postinjury with moderate and severe dTBI
(Fig. 1F). By 5 d postinjury, even the mildly injured brains had
vacuoles (SI Appendix, Fig. S1F). By 10 d, the mild group had
3.7-fold as many vacuoles as the sham, moderate had 4.2-fold,
while the severely injured flies had 14.7-fold more (Fig. 1G).
Vacuoles were found throughout the neuropil and lamina and
increased in size and number with injury (Fig. 1H). Several se-
verely injured brains had multiple large vacuoles that appeared
to coalesce in the neural cell body cortex (SI Appendix, Fig.
S1G). To determine whether the vacuoles preferentially oc-
curred in a particular region of the brain, we analyzed the lo-
cation of vacuoles in severely injured animals at 10 d (SI
Appendix, Fig. S1H). Vacuoles were most prevalent in the ventral
subesophageal ganglion (SI Appendix, Fig. S1 H and I, brown
regions), central neuropils (SI Appendix, Fig. S1 H and I, red and
blue regions), and optic lobes (SI Appendix, Fig. S1 H and I,
purple regions), and were relatively infrequent in the dorsal
brain (SI Appendix, Fig. S1 H and I, yellow regions). These sites
of vacuolization correspond to the site of the head impact, which
is the ventralmost part of the head, just past the antennae (SI
Appendix, Fig. S1J).
TBI is associated with an acute necrotic death response in the

brain (22). Sham and severe dTBI brains were therefore assessed
at 1 d and 10 d postinjury for permeability to propidium iodide, a

widely used marker for necrosis. Injured brains had a signifi-
cantly higher number of necrotic cells at 1 d, and this difference
had subsided by 10 d postinjury (SI Appendix, Fig. S1K).
An effect of dTBI was the dose-dependent development of an

enlarged abdomen within 2 to 3 d of injury (SI Appendix, Fig.
S2). This effect was associated with only a portion of the animals
(∼50% in even severe dTBI), and further experiments included
both normal and affected animals. Animals that do not have this
phenotype and mild dTBI animals, where the effect is minimal,
both undergo brain vacuolization, indicating that this does not
drive brain degeneration.
Overall, animals subject to the dTBI paradigm reflect a

number of neurological consequences of human TBI, including
ataxia, locomotor deficits, shortening of life span, necrosis and
brain degeneration.

Severe dTBI Animals Have Deficient Memory Acquisition and
Cholinergic Neurons. Brain trauma is associated with progressive
neurological degeneration, and human epidemiological studies
implicate TBI as the biggest environmental risk factor for the
development of late-life dementia (11). To investigate whether
cognitive impairment was a feature of dTBI, we employed a well-
established paradigm of associative learning through courtship
conditioning. In this assay, socially naive males that are paired
with an unreceptive female will be sexually rejected. The males
learn to modify their innate courting behavior and will display
decreased courtship when they subsequently encounter a re-
ceptive, virgin female (23). At 10 d postinjury, naive dTBI ani-
mals had similar levels of baseline courtship as naive shams,
indicating that injured animals were able to normally process
and integrate the sensory cues required for innate courtship
behavior (Fig. 2A). As expected, trained sham flies had a
robust suppression of courtship activity upon subsequent expo-
sure to a virgin female; however, trained dTBI flies showed
impaired courtship suppression, with the courtship index being
more than twice that of sham (sham trained: 0.15 ± 0.04 SEM;
severe dTBI trained: 0.34 ± 0.06 SEM) (Fig. 2A). This indicates
that, while dTBI animals retained the ability to learn, they
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performed poorly in their ability to modify their behavior, sug-
gestive of cognitive decline.
To examine whether there were any neuroanatomical indica-

tors of cognitive decline, we examined the mushroom bodies
(MBs), which are bilateral brain structures required for olfactory
learning and memory (24), analogous to the hippocampus in
mammals. The axonal projections of the intrinsic Kenyon cells
form the lobes, which are the main output sites. The dendrites
receive input from olfactory projection neurons in the calyx,
making it an important site for processing olfactory information
in the context of learned behaviors (25). To examine the MB, we
expressed a membrane-tethered form of GFP (UAS-mCD8-
GFP) using MB-specific GAL4 lines (OK107-GAL4 and 238Y-
GAL4). At 10 d postinjury, labeling of the MB calyx was dra-
matically reduced in the dTBI brains with both drivers (Fig. 2B
and SI Appendix, Fig. S3A). Control experiments (see below)
ruled out compromise of the GAL4-UAS system with dTBI.
Acetylcholine is a key neurotransmitter of the Kenyon cells,

and memory-relevant output synapses of the MB are cholinergic
(25). The cholinergic neurons were therefore visualized by
immunostaining for choline acetyltransferase (ChAT). Although
there was no striking distinction in ChAT expression between
sham and dTBI when observing the whole brain at 10 d post-
injury (SI Appendix, Fig. S3B), close examination of the poste-
riormost layers showed that the dTBI brains had strikingly
reduced immunoreactivity to ChAT in the calyx of the MB
(Fig. 2C). This was a later onset effect because immunostaining
for ChAT at 3 d postinjury showed no significant differences (SI
Appendix, Fig. S3 C and D). The observed deterioration
appeared specific to cholinergic neurons of the MB, and not a
general effect across different neurotransmitter systems, as do-
paminergic neuronal projections in severely injured brains at
10 d were similar to sham brains (SI Appendix, Fig. S3E). This
also indicated that that GAL4-UAS expression system was
functioning normally at 10 d after severe dTBI.
Overall, these results demonstrated that animals subject to

severe dTBI have long-term structural effects on the calyx and
cholinergic neurons of the MB; this may contribute to their de-
ficiencies in experience-dependent modification of
courtship behavior.

Severe dTBI Disrupts Glial Morphology and Function. The brain’s
response to injury typically involves the activation of resident
glial cells to initiate inflammatory cascades, phagocytose dying
cells, and form scar tissue to encapsulate damaged areas (26). To
determine whether there was a glial contribution to the dTBI
response, we examined three major glial subtypes—astrocytes,
ensheathing glia, and subperineural glia (SPG). Astrocytes buffer
extracellular calcium and provide neurotransmitter and ionic
homeostasis (27). At 1 d postinjury, astrocytes were found to
have relatively normal morphology (Fig. 3A and SI Appendix,
Fig. S4A). However, at 10 d postinjury, the astrocytic labeling
was markedly disrupted in dTBI animals, particularly in the an-
tennal lobes (Fig. 3A and SI Appendix, Fig. S4A), suggesting that
astrocytic morphology is compromised in the long term after
dTBI. SPG maintain a contiguous BBB around the surface of the
brain, to tightly regulate transport of nutrients and metabolites
(28). Examination of the SPG layer revealed no impairments in
the physical appearance of the barrier in dTBI animals either at
1 d or 10 d postinjury (SI Appendix, Fig. S4B). To assess the
functional integrity of the BBB, we injected the flies with tetra-
methylrhodamine (TMR) conjugated dextran (molecular weight
10 kDa). The dye accumulates along the surface of brains with an
intact barrier; by contrast, the dye penetrates into brains with a
defective barrier (29). At 1 d postinjury, all sham brains had
excluded the dye while the dTBI brains displayed significant dye
intrusion into the brain parenchyma (Fig. 3B and SI Appendix,
Fig. S4C). By 10 d postinjury, the injured animals had recovered

functional BBB integrity, with all of the brains excluding the dye
(Fig. 3B and SI Appendix, Fig. S4C). These findings indicate a
transient breakdown of the BBB with severe dTBI.
Ensheathing or “wrapping” glia are the resident phagocytes of

the fly nervous system (27). At 1 d postinjury, the normal
wrapping morphology of the ensheathing glia (labeled with the
GMR83E12 driver) was highly disorganized (SI Appendix, Fig.
S5A), especially in the antennal lobes (Fig. 3C). A second
ensheathing glial driver (MZ0709) revealed a similar disorgani-
zation of processes in the antennal lobe, as well as the optic lobe
(SI Appendix, Fig. S5B). We probed the functional state of the
ensheathing glia by assessing their well-characterized ability to
clear debris after axotomy of the olfactory receptor neurons
(ORNs) (30, 31). At 1 d post-dTBI, the third antennal segments
of sham and dTBI flies were removed, causing axotomy of the
ORNs. By 1 d postaxotomy, most of the axonal tracts labeled by
the OR22a driver had been cleared away in the sham, but the
GFP intensity in the dTBI brains was 1.3-fold higher, indicating
slower clearance of debris (Fig. 3D). Without axotomy, there was
no effect of dTBI alone on the morphology of the ORN axons
(SI Appendix, Fig. S5C). By 10 d postinjury, the ensheathing glia
had recovered morphologically (Fig. 3C and SI Appendix, Fig.
S5D), and their functional activity was also restored: The clear-
ance of debris after axotomy of the ORNs at 10 d was not sig-
nificantly different between sham and dTBI flies (Fig. 3D and SI
Appendix, Fig. S5E).
These data indicate that there is a short-term functional de-

terioration of the glial cells involved in the BBB and in debris
clearance after severe dTBI; this is a transient effect that is
largely resolved by 10 d. By contrast, astrocytic glial morphology
becomes affected only by 10 d postinjury.

Cellular Stress Response Systems Are Activated Acutely in Response
to dTBI. The pathophysiology of TBI is associated with the acti-
vation of several secondary cellular injury mechanisms (9). We
evaluated a number of these mechanisms to gain an un-
derstanding of the molecular pathways activated upon dTBI.
Oxidative stress after TBI causes neuronal dysfunction, and an
increase in antioxidant enzymes such as glutathione S transfer-
ases (Gst) can help protect cells from damage by free radicals
(32). We assessed this response in dTBI using a reporter con-
struct that expresses GFP under the control of the upstream
genomic sequence of the GstD1 gene (GstD-GFP) (33). Severe
dTBI induced a 1.6-fold increase in GFP protein at 1 d post-
injury, and a 1.9-fold increase at 3 d postinjury, compared to
sham (Fig. 4A). Levels of GstD-GFP returned to baseline by 5 d
postinjury and remained at baseline through 10 d (Fig. 4A).
These data indicate an acute and transient antioxidant response
to dTBI. To determine the localization of the response, dissected
brains of injured animals were examined at 1 d postinjury. The
baseline expression in sham brains was restricted to the central
brain while the expression upon dTBI was widespread and ex-
tended to the optic lobes, and was increased in the antennal
lobes (Fig. 4B).
As a consequence of cellular stress, proteins may become ir-

reparably damaged or misfolded, necessitating removal and deg-
radation. To assess this response, we followed a reporter for
proteasome function (GFP fused to a CL1 degradation signal)
(34) after dTBI. At 1 d and 3 d postinjury, GFP levels in dTBI
heads were reduced to 50% of sham levels, indicating enhanced
proteasome function (Fig. 4C). By 5 d and through 10 d postinjury,
proteasome activity as reflected by the reporter had returned to
baseline (Fig. 4C). To visualize clearance through the lysosomal
pathway, we assessed the brains of sham and severely injured flies
for acidified compartments using LysoTracker. At 1 d postinjury,
there was a robust increase in the formation of LysoTracker-
positive puncta in injured brains (sham: 1.9 ± 0.47 SEM; severe
dTBI: 36.43 ± 4.9 SEM) (Fig. 4D). These puncta were largely
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localized to the antennal and optic lobes and persisted until 3 d
postinjury (SI Appendix, Fig. S6A). By 10 d, the number of puncta
had returned to baseline (Fig. 4D). We examined whether Lyso-
Tracker puncta were present in other injury severities at 1 d:
Moderate dTBI led to increased puncta, but mild dTBI did not
elicit a response (SI Appendix, Fig. S6B).

Stress, including injuries like TBI, also activates molecular
chaperones, which help refold or clear impacted proteins. The
stress-induced Hsp70 family of chaperones in particular is an
important responder, preventing protein aggregation and
assisting in the protein folding process, as well as targeting
misfolded proteins for degradation via the proteasome (35). We

Sham Severe dTBI Sham Severe dTBI

IBTd-tsop d01IBTd-tsop d1

Astrocytes antennal lobe (GMR86E01 > mCD8-GFP)A

IBTd-tsop d01IBTd-tsop d1

Sub-perineural glia (GMR54C07 > mCD8-GFP) - TMR DextranB

Sham Severe dTBI Sham Severe dTBI

IBTd-tsop d01IBTd-tsop d1

Ensheathing glia antennal lobe (GMR83E12 > mCD8-GFP)C

Sham Severe dTBI Sham Severe dTBI

Sham Severe dTBI
0.0

0.2

0.4

0.6

0.8

1.0

N
or

m
al

iz
ed

 G
F

P
 in

te
ns

ity
 (

A
U

)

n.s

10d post-dTBI

IBTd-tsop d01IBTd-tsop d1

Olfactory receptor neurons (OR22a > mCD8-GFP) - 1d post-axotomyD

Sham Severe dTBI
0.0

0.2

0.4

0.6

0.8

1.0

N
or

m
al

iz
ed

 G
F

P
 in

te
ns

ity
 (

A
U

)

****

1d post-dTBI

Sham Severe dTBI Sham Severe dTBI

Axons

Fig. 3. Severe dTBI disrupts glial morphology and function. (A) Astrocytic morphology in the antennal lobe visualized by mCD8-GFP is unaffected by severe
dTBI at 1 d, but is disrupted at 10 d postinjury. See SI Appendix, Fig. S4A for entire brains (Scale bars: 50 μm.) Number of antennal lobes scored for 1 d: Sham,
14; Severe dTBI, 15. For 10 d: Sham, 15; Severe dTBI, 11. Genotype: UAS-mCD8-GFP/+; GMR86E01-GAL4/+ male. (B) Severe dTBI causes intrusion of injected
TMR dextran dye into the brain, indicating a leaky BBB at 1 d, but not at 10 d postinjury. (Scale bars: 100 μm.) Red dotted lines outline the brain. Number of
brains scored for 1 d: Sham, 13; Severe dTBI, 13. For 10 d: Sham, 8; Severe dTBI, 9. Genotype: UAS-mCD8-GFP/+; R54C07-GAL4/+ male. (C) Ensheathing glia
expressing mCD8-GFP in sham brains have defined wrapping morphology around antennal lobe glomeruli (arrow) that is absent in severe dTBI brains at 1 d
postinjury. Instead, several dTBI brains have fluorescent puncta in that region (arrowhead). At 10 d postinjury, wrapping morphology is normal with
thickened membranes around the antennal lobe (arrows) in dTBI animals. See SI Appendix, Fig. S5 A and D for entire brains (Scale bars: 50 μm.) Number of
antennal lobes scored for 1 d: Sham, 15; Severe dTBI, 12. For 10 d: 14 per group. Genotype: UAS-mCD8-GFP/+; GMR83E12-GAL4/+ male. (D) Clearance of
axotomized OR22a-expressing axons labeled with mCD8-GFP is slower in severe dTBI brains at 1 d postinjury, and normal at 10 d postinjury. Third antennal
segments of sham and dTBI flies were surgically removed at 1 d or 10 d post-dTBI and examined for debris clearance at 1 d postaxotomy. Total GFP intensity
postaxotomy was normalized to nonaxotomized fluorescence intensity (SI Appendix, Fig. S5 C and E) (Scale bars: 25 μm.) Mean ± SEM. Number of axonal
tracts scored for 1 d: Sham, 26; Severe dTBI, 28. For 10 d: Sham, 28; Severe dTBI, 29. Genotype: UAS-mCD8-GFP/+; OR22a-GAL4/Sbmale. Quantification of total
fluorescence intensity was done for the areas outlined in red dotted lines for D (AU, arbitrary units). Statistics: (D) Unpaired two-tailed t test. ****P < 0.0001,
n.s., not significant.
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assessed to what extent dTBI brains launched a stress response
by determining levels of stress-induced Hsp70. Upon severe
dTBI, there was a robust 3.7-fold increase in Hsp70 protein
within 3 h that was sustained at 1 d postinjury (Fig. 5A). As with
the other molecular responses, the levels of Hsp70 had returned
to baseline by 5 d (Fig. 5A).
Taken together, these findings indicate that the severely in-

jured brain mounts a robust and acute protective response to the
trauma that becomes attenuated by 5 d.

The Stress Response Protects from dTBI. Up-regulation of molecu-
lar chaperones is protective in a number of neurodegenerative
conditions (36). Thus, we considered whether activating the
stress response prior to the dTBI either through genetic means
or environmental manipulations would be beneficial. We first
used a fly line with an additional genomic copy of the Hsf gene
(37)—the transcription factor that induces the stress response—in
the control w1118 background. When subjected to severe dTBI,
animals with added Hsf showed an extended life span (median life
span extended by 7 d; maximum life span by 13 d) (Fig. 5B). This
protection included preservation of brain integrity: Animals with
added Hsf had a 40% reduction in the vacuole area throughout
the brain at 1 d postinjury (Fig. 5C).

Given that genomic enhancement of Hsf could mitigate dTBI,
we then investigated whether an acute boost of the endogenous
stress response by transient heat shock of the animals could also
confer protection from dTBI. We subjected normal w1118 ani-
mals to a mild heat shock (37 °C, 30 min) 1 h prior to severe
dTBI. The effect of the pretreatment was similar to chronic
genomic up-regulation of Hsf (median life span extended by 6 d;
maximum life span by 14 d; vacuole area reduced by 40%)
(Fig. 5 D and E). Importantly, the protection provided by aug-
mentation of the stress response shifted the life span and vacuole
phenotype of the severe dTBI animals to be comparable to a
moderate dTBI.
These data indicate that enhancing the stress response

through genetic or environmental means is protective against the
deleterious consequences to life span and brain vacuolization
upon severe dTBI.

Discussion
We report the development and detailed characterization of a
tunable, head-specific paradigm for TBI in Drosophila, called
dTBI. The paradigm inflicts a reproducible, precise trauma to
the fly head, with an adjustable threshold for three different
severities of head injury: “mild” (35%), “moderate” (40%), and
“severe” (45%) head compression (SI Appendix, Table S1). The
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in severe dTBI animals acutely but not chronically after injury. Mean ± SEM, three biological replicates of head tissue per group. (B) The GstD-GFP reporter
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male. Uncropped images of Western blots are found in SI Appendix, Fig. S7. Statistics: (A and C) two-way ANOVA with Sidak’s test (dTBI compared to
corresponding sham at each time point). (D) Unpaired two-tailed t test. **P < 0.01, ***P < 0.001, ****P < 0.0001; n.s., not significant.
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brain injury is inflicted by rapidly compressing the fly head be-
tween two solid surfaces, resulting in the deformation of the
brain. This compression injury resembles the rapid deformation
of the human brain during a closed head TBI, which causes
axons to distort and shear, resulting in diffuse axonal injury
(DAI) (38). Our extensive characterization shows that dTBI
causes immediate and long-lasting neurological deficits and
transient functional deficits in glial cells and promotes an acute
cellular stress response. Deficits in righting reflex, climbing, life
span, and brain vacuolization scale with injury severity (SI Ap-
pendix, Table S1). We observe that many histological hallmarks
of injury (disruption of ensheathing glial processes, GstD-GFP
activation, LysoTracker puncta) appear primarily in the upper
layers of the cortex around the antennal lobe and optic lobes. It
is likely that the upper cortex is most affected as it is closest to
the site of impact of the piezoelectric plate. However, vacuoli-
zation of the neuropil in deeper regions of the brain indicates
that degeneration is progressing throughout the brain as a con-
sequence of dTBI.
Many of the phenotypes described with this model are ob-

served with human TBI and follow similar timescales. Severity-
dependent loss of consciousness in humans occurs immediately
following TBI (39, 40), as a consequence of complex ionic and
metabolic changes (8). Such changes render the brain more

excitable, causing posttraumatic seizures most commonly within
the first few days after injury (41); in the dTBI model, behaviors
reminiscent of seizures occur most frequently within the first
30 min of injury. The primary injury and resultant secondary
molecular cascades cause endothelial cell tight junctions to
transiently break down, increasing the permeability of the BBB
in the first few hours after TBI (42, 43). Reactive astrogliosis is
an early hallmark of injury and is marked by glial fibrillary acidic
protein, and the response includes repair of the BBB, phagocy-
tosis of synapses, and clearance of debris (44). However, inver-
tebrates do not possess glial fibrillary acidic protein, and
previous studies of axon transection in Drosophila also show no
immediate astrocytic response to injury (30, 45). In the fly,
ensheathing glia express key components of the phagocytic ma-
chinery and respond morphologically to injury to clear neuronal
debris (30). Fly astrocytes modulate synaptic signaling and are
metabolically coupled with neurons (46) and thus might de-
generate along with neurons in response to dTBI. Other sec-
ondary molecular events include an increase in oxidative stress,
resultant of an imbalance between the production of reactive
oxygen species and its degradation through antioxidant systems
(32). With dTBI, there is an increase in the GstD-GFP marker of
oxidative stress within 1 d of injury which is sustained till at least
3 d, in agreement with data from a rat model of TBI, where
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markers of oxidative stress appeared within 3 h of injury, were
sustained till 3 d, and returned to baseline by 4 d post-TBI (47).
Acute alterations in proteasomal function (48), chaperone acti-
vation (49, 50), and the neuroprotective effects of the protein
degradation systems (51) have been reported in mammalian
experimental models of TBI. These secondary molecular path-
ways instigate brain-wide cell death that has been visualized in
TBI models (52, 53), with maximum degeneration between 1 d
and 7 d post-TBI (54). Neurodegeneration continues throughout
the postinjury phase, with brain atrophy rates of up to 5%
per year (55). This chronic neurodegeneration causes behavioral
changes (56), loss of motor coordination (57), and cognitive
deficits (58) and is thought to accelerate the biological aging
process (59). In the dTBI model, necrosis is observed at 1 d
postinjury, and brain vacuolization progresses over time, with the
animals showing early and persistent loss of locomotor ability as
well cognitive dysfunction at 10 d postinjury.
Elevation of the stress-induced chaperone Hsp70 is one of the

most robust changes seen in the dTBI model. Human patient
TBI samples show that the inducible form of HSP70 increases
following TBI, with the highest change in protein expression
occurring at 12 to 20 h postinjury (49, 50). Importantly, in rodent
models of TBI, pharmacological or genetic induction of HSP70
improves physiological outcomes (lesion size, neuronal cell
death) while animals lacking HSP70 have significantly worsened
neurological outcomes (60–62). Global preconditioning of the
animal with low level stressors, such as ischemia, hypoxia, hy-
pothermia (63), and chronic hyperthermia (64), has been shown
to confer protection against a wide range of injuries, including
TBI. Our findings extend these data to demonstrate that chronic
genetic up-regulation of Hsf or a transient activation of the en-
tire repertoire of the stress response immediately prior to brain
injury is beneficial. An important consequence of TBI is the
long-term accumulation of proteins in neuropathologic aggre-
gates and the increased risk of neurodegenerative disorders, in-
cluding CTE and Alzheimer’s disease (65). Several chaperones,
namely HSP70 (and its cochaperone HSP40), HSP90, and
HSP27, have been identified as important modulators of neu-
rotoxicity, reducing the aggregation of polyQ (66–68), tau (69),
amyloid-β (70, 71), and α-synuclein (72–74) proteins. In addition
to their proteostatic properties, chaperones also play an impor-
tant role in the clearance of misfolded proteins through the
proteasome and chaperone-mediated autophagy, and the in-
hibition of signaling pathways that lead to apoptosis. Although
many of the ameliorative properties of chaperones in TBI have
focused on HSP70, evidence from the study of neurodegenera-
tive diseases suggests that the coordinated increase of multiple
chaperones could exert protective influences.
These physiological and molecular similarities of the dTBI

response to the established mammalian models demonstrate that
many injury mechanisms are conserved between Drosophila and
mammals, and that the fly is a valuable addition to the array of
tools in TBI research.
This dTBI paradigm represents a complement to the current

trauma approaches (17, 19) for studying TBI using Drosophila.
The dTBI effect on life span is a robust, sensitive assay and is

associated with severity of brain degeneration. The life span
assay can statistically distinguish between injury severities and be
used as a readout for defining postinjury outcome. Thus, genetic
screens can be readily performed with this apparatus for iden-
tification of genetic and environmental modifiers of TBI-related
phenotypes. By integrating mammalian findings and approaches,
this and other fly models will advance our understanding of the
complex pathophysiology of TBI and provide the foundation for
the development of therapeutic interventions.

Materials and Methods
Detailed methods are described in SI Appendix.

Drosophila Work. All Drosophila strains were maintained on standard
cornmeal-molasses medium at 26 °C in light/dark controlled incubators.
Adult 3-d-old male flies were used for all TBI experiments. A full list of fly
lines used is in SI Appendix, Table S2.

Construction of the dTBI Device. Custom Heisenberg fly collars were used to
restrain flies and built based on specifications from previous publications (21)
with a minor modification to narrow the gap. The dTBI device was assembled,
calibrated, and tested in the laboratory (SI Appendix, Fig. S1A) (75). The main
components of the device are readily available and include a piezoelectric
actuator (q220-a4-203yb; piezo.com), an Arduino microcontroller-based sys-
tem (digikey.com, 1050-1024-ND; A000066, Arduino), and a power amplifier
(EVB-304; piezo.com). The microcontroller system controls a relay switch
(Z1228-ND, digikey.com; G6L-1P DC5, Omron Electronics Inc.-EMC Division)
that supplies a transient voltage to the power amplifier. The amplified voltage
causes the piezoelectric actuator to bend rapidly within 250 ms. This bending
results in a linear displacement of the actuator and subsequent compression of
the fly head against the metal plates of the Heisenberg collar. Other com-
ponents of the circuit include a push-button to complete the circuit (amazon.
com ASIN B0772KYPPM; Ocrtech), a potentiometer to set the required voltage
(amazon.com ASIN B017LB2YCM; a15082600ux0077, Uxcell), a buck converter
to step down the voltage to the relay switch (amazon.com ASIN B008
BHAOQO; 3-01-0076, UPC 797698770222, RioRand), and a digital voltmeter
display (amazon.com ASIN B00YALV0NG, 3B002x5; Bayite).

Histology. Horizontal paraffin sections were processed as described (76).
Immunohistochemistry (77), LysoTracker (78), propidium iodide (79), BBB
functional analysis (29), and axon injury assays (31) were performed on
whole mount brains as described previously.

Western Blotting. Western blotting was performed on head tissue as pre-
viously described (76).

Data Availability. All data associated with the manuscript are provided within
the manuscript; additional detailed information that is required to assemble
and use the dTBI device is publicly accessible at Protocol Exchange (http://dx.
doi.org/10.21203/rs.3.pex-949/v1) (75).
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