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Visual Abstract

Super-resolution microscopy provides valuable insight for understanding the nanoscale organization within liv-
ing tissue, although this method is typically restricted to cultured or dissociated cells. Here, we develop a
method to track the mobility of individual proteins in ex vivo adult Drosophila melanogaster brains, focusing on
a key component of the presynaptic release machinery, syntaxin1A (Sx1a). We show that individual Sx1a dy-
namics can be reliably tracked within neurons in the whole fly brain, and that the mobility of Sx1a molecules
increases following conditional neural stimulation. We then apply this preparation to the problem of general
anesthesia, to address how different anesthetics might affect single molecule dynamics in intact brain synap-
ses. We find that propofol, etomidate, and isoflurane significantly impair Sx1a mobility, while ketamine and
sevoflurane have little effect. Resolving single molecule dynamics in intact fly brains provides a novel approach
to link localized molecular effects with systems-level phenomena such as general anesthesia.

Key words: brain; Drosophila melanogaster; ex vivo; general anesthesia; propofol; super-resolution microscopy

Significance Statement

Tracking the mobility of individual syntaxin1A (Sx1a) molecules in extracted fly brains provides a physiologi-
cally-relevant context for understanding the effects of neural activation and inhibition on protein dynamics
in central neurons.
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Introduction
The brain of the fruit fly Drosophila melanogaster offers

a rich platform to explore synaptic function at multiple lev-
els, from detailed understanding of circuits to precise mo-
lecular mechanisms of chemical neurotransmission. A key
advancement aiding our understanding of neurotransmis-
sion is the development of super-resolution microscopy,
which allows for the visualization of proteins and mole-
cules below the diffraction limit of light (Betzig et al., 2006;
Willig et al., 2006). Super-resolution microscopy has pro-
vided novel insight on the nanoscale structure and dy-
namics of key components of the presynaptic release
machinery, such as syntaxin1A (Sx1a; Ullrich et al., 2015;
Bademosi et al., 2016; Reddy-Alla et al., 2017).
Photoactivatable localization microscopy (PALM; Betzig
et al., 2006) with single particle tracking (SPT) in live cells
(Manley et al., 2008) allows molecules to be detected and
followed through time in a variety of systems to explore
macromolecular protein dynamics (Manzo and Garcia-
Parajo, 2015). This has been made possible by the devel-
opment of photoconvertible fluorophores such as Eos
(McKinney et al., 2009; Zhang et al., 2012), which can be
attached to proteins of interest to stochastically localize
molecules sparsely and thereby study protein nanoscale
organization, mobility, and diffusion in cells. To study
Eos-tagged proteins, dual color illumination in a total in-
ternal reflection (TIRF; Axelrod, 2001) or highly inclined
and laminated optical (HILO; Tokunaga et al., 2008) sheet
configuration is employed to simultaneously record and
stochastically photoconvert Eos fluorophores in cultured
cells or dissociated neurons (Manzo and Garcia-Parajo,
2015). However, there is comparatively little information
on single molecule dynamics in more complex living tis-
sue, such as animal brains.
Recent studies have highlighted the value of performing

super-resolution microscopy and sptPALM in intact tis-
sue, revealing, for example, developmental changes that
embryos undergo by imaging single molecule dynamics
in their native environment (Chen et al., 2014; Mir et al.,
2018; Reisser et al., 2018; Tønnesen et al., 2018). The im-
portance of imaging in intact, native tissue was also

recently highlighted by uncovering unexpected results re-
garding the distribution of docked synaptic vesicles in
Drosophila tissue compared with cultured mammalian
chromaffin cells (Couteaux and Pecot-Dechavassine,
1970; Stevens et al., 2011; Jung et al., 2018). Here, syn-
aptic vesicles in the fly larval neuromuscular junction are
more readily docked and primed compared with chromaf-
fin cells, suggesting important differences in the physio-
logical relevance of the two systems for studying
neurotransmission. We recently described single mole-
cule imaging in intact motor nerve terminals of filleted
Drosophila larvae (Bademosi et al., 2016, 2018a). In that
study we tagged the presynaptic protein Sx1a with photo-
convertible mEos2 and found that genetic stimulation of
motoneurons resulted in increased mobility of Sx1A in the
motor nerve terminals, suggesting increased mobilization
of the presynaptic machinery when neurons are activated.
In contrast, stimulation of chromaffin cells results in de-
creased Sx1a mobility (Kasula et al., 2016), highlighting
that even highly conserved molecular mechanisms can
differ depending on tissue type.
Sx1a is necessary for the docking and fusion of neuro-

transmitter-containing vesicles, and is a component of
the SNARE complex along with its binding partners
SNAP25 and VAMP2 (Südhof, 2012). Sx1a function is
highly conserved in all animals (Bennett et al., 1992;
Ferro-Novick and Jahn, 1994; Südhof and Rizo, 2011),
with mutations in the protein often implicated in synaptic
communication defects and lethality (Schulze et al., 1995;
Saifee et al., 1998; Fergestad et al., 2001; Fujiwara et al.,
2006; Vardar et al., 2016; Kofuji et al., 2017). Our growing
understanding of the mechanisms underlying synaptic
function has uncovered novel hypotheses for how neu-
rotransmission might be compromised by certain
drugs, such as general anesthetics (Hemmings et al.,
2005, 2019; Humphrey et al., 2007; van Swinderen and
Kottler, 2014; Baumgart et al., 2015; Bademosi et al.,
2018b; Troup et al., 2019; Karunanithi et al., 2020). A
Sx1a gain-of-function mutation was found to confer re-
sistance to volatile general anesthetics in the nematode
Caenorhabditis elegans (van Swinderen et al., 1999) as
well as Drosophila flies (Troup et al., 2019), suggesting
a potential presynaptic target mechanism for these
drugs. Single molecule imaging of mEos-tagged Sx1a
in Drosophila motor nerve terminals exposed to the
sedative drug propofol revealed that this common gen-
eral anesthetic may be immobilizing Sx1a into nano-
clusters (Bademosi et al., 2018b). Thus, motor neuron
activation and propofol exposure appeared to have op-
posite effects on Sx1a mobility in intact synapses,
although these experiments were restricted to relatively
large motor nerve terminals, so the relevance to smaller
synapses in the brain remains unknown.
Here, we adapt super-resolution imaging and SPT tech-

niques to the extracted adult fly brain and use this ap-
proach to determine whether Sx1a mobility can be
acutely modulated in central synapses. Along with em-
ploying a thermogenetic neural activation paradigm, we
test a panel of intravenous and volatile general anes-
thetics for potential effects on Sx1a mobility. We find that,
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similar to Drosophila larval neuromuscular junction
(Bademosi et al., 2016), the mobility of Sx1a molecules in
the adult brain is increased on neuronal stimulation, there-
by providing a physiologically relevant setting to probe for
general anesthetic effects in intact brain tissue.

Materials and Methods
Fly stocks and rearing conditions
Sx1a-mEos2 transgenic fly lines were generated as pre-

viously described (Bademosi et al., 2018a). Briefly, Sx1a
cDNA was cloned to include a mEos2 tag by replacing the
stop codon of Sx1a with a linker molecule GAGGTACCG
CGGGCCCGGGATCCACCG. Whether mEos2 is appro-
priate for a C-terminal or N-terminal attachment depends
on the protein of interest to study. Sx1a-mEos2 flies were in-
jected with phiC31 onto the second chromosome and bal-
anced with curly (Cyo). For dTrpA1 (Drosophila transient
receptor potential cation channel 1a) experiments, w1118;
Sx1a-mEos2/Cyo;1/1 flies were crossed to a w1118;1/1;
UAS-dTrpA1 line to generate a stable breeding stock with the
genotype w1118;Sx1a-mEos2/Cyo;UAS-dTrpA1.
D. melanogaster fruit flies were reared on standard

yeast-sugar-agar food in vials at 22°C with a 12/12 h light/
dark cycle. w1118;Sx1a-mEos2/Cyo;UAS-dTrpA1 trans-
genic lines were crossed with w1118;1/1;R57C10-Gal4
virgin females to generate the w1118;Sx1a-mEos2/1;UAS-
dTrpA1/R57C10-Gal4 flies which were used throughout
this study. Flies were raised at 19°C after which point fe-
males of the required genotype were collected under brief
CO2 exposure and then kept at 19°C on a 12/12 h light/
dark cycle for 3–5d before experiments. Keeping the flies
at 19°C prevented activation of dTrpA1 channels. The ef-
fectiveness of dTrpA1 was confirmed by exposing flies
briefly to 30°C, which rapidly induced paralysis (Movie 4).

Imaging solution
Modified hemolymph-like 3.1 (HL3.1) solution was prepared

fresh on the day of an experiment and used both as a dissecting

Movie 1. Tracking individual Sx1a-mEos2 molecules in the fly
brain. [View online]

Movie 2. Absence of Sx1a-mEos2 mobility in fixed tissue. [View
online]

Movie 3. Absence of Sx1A-mEos2 tracking in HL3.1 solution.
[View online]
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and imaging buffer. HL3.1 consists of 70mMNaCl, 5mMKCl, 1.5
mMCaCl2, 2 mM MgCl2, 5 mM HEPES, 115 mM sucrose, 5 mM

trehalose, and pH7.2with NaHCO3 (Sigma-Aldrich).
Modified hemolymph-like 3 (HL3) solution used in

Extended Data Figure 3-1 consisted of 70 mM NaCl, 5
mMKCl, 1.5 mM CaCl2, 20 mM MgCl2, 5 mM HEPES, 115
mM sucrose, 5 mM trehalose, and pH 7.2 with NaHCO3

(Sigma-Aldrich). Artificial CSF (aCSF) contained 25 mM

HEPES, 120 mM NaCl, 5 mMKCl, 2 mM CaCl2, 2 mM

MgCl2, and 30 mM glucose buffered to a pH of 7.4 using
NaOH.

Anesthetics
All anesthetic drugs were diluted into HL3.1 and mixed

by vigorous vortexing for ;1min. For intravenous anes-
thetics, except for ketamine, these were first diluted from

stock in dimethyl sulfoxide (DMSO, Sigma-Aldrich
D5879-500Ml). Relevant concentrations were determined
as previously described but not matched for equipotency
(Zalucki et al., 2015; Bademosi et al., 2018b). Volatile
anesthetics were taken directly from a stock bottle using
a 10mL Hamilton syringe (Hamilton Company). A fresh
preparation of HL3.1 solution with volatile anesthetics
was made for each dissection. Estimates of isoflurane
and sevoflurane concentrations were based on previ-
ous work (Sandstrom, 2004; Zalucki et al., 2015): 3 and
6 ml of 100% stock of isoflurane and sevoflurane were
each diluted into 20 mL of HL3.1 solution, which corre-
spond to ;0.19 and 0.38 mM, respectively, based on
chromatography results from multiple HL3.1 samples
(Zalucki et al., 2015; Bademosi et al., 2018b). The fol-
lowing anesthetics were used: 2,6-diisopropylphenol
(propofol; Sigma-Aldrich D126608-100G), etomidate
(Sigma-Aldrich, E6530-10MG), ketamine (Ilium Ketamil,
Provet), isoflurane (Henry Schein, 1182097), and sevo-
flurane (Fluorochem, 28523-86-6)

Dissection ofDrosophila brains
The brains of 3- to 5-d old female Drosophila flies were

removed using a standard dissecting technique (Wu and
Luo, 2006) on a Sylgard (Dow Corning) dish after brief an-
esthesia on a CO2 pad. Females were chosen to keep
sexual dimorphisms consistent between experiments.
Using Dumont #5 forceps (Fine Science Tools, 11251-10),
heads were removed from the body and placed in HL3.1
solution. The proboscis was then removed to gain ac-
cess to the inside of the cuticle. Carefully tearing away
at the cuticle until the brain is released, the brains were
cleared of all tracheal tissue. Dissected brains were
then mounted in ;10 ml of HL3.1 on a glass slide
(Superfrost, ThermoFisher), and sealed shut using a 25-
mm square cover glass (Menzel–Gläser, ThermoFisher)
rimmed with silicone vacuum grease (Dow Corning)
with a paintbrush. For fixed brain imaging, brains were
dissected as usual and then fixed in 4% paraformalde-
hyde (PFA) for 40min and then washed in HL3.1 solu-
tion. Brains were then mounted in the same manner and
imaged.

Super-resolution and PALM
All imaging was performed on a standard Zeiss ELYRA

PS.1 microscope fitted with a Zeiss Plan-APOCHROMAT
100� 1.4 nA oil immersion objective, a Zeiss FC12 defi-
nite focus, and an iXon EMCCD 512� 512-pixel camera
(Andor, Oxford Instruments). Mounted brains were in-
verted so that the oil-objective touches the coverslip and
the region of interest (ROI) was navigated visually using
bright-field illumination. Brains were imaged at a HILO
sheet angle of 47.3° to improve the signal-to-noise ratio,
with a 1.6� lens magnification, in TIRF high power mode.
A 570–6201 750 filter cube was employed to further im-
prove the signal. In order to simultaneously photoconvert
native mEos2 and record photoconverted particles, two
lasers with 405 and 561nm wavelengths, respectively,
were used to perform PALM. The laser powers used were

Movie 4. Conditional paralysis at 30°C in w1118;Sx1a-mEos2/
+;UAS-dTrpA1/R57C10-Gal4 flies and lack of paralysis at 30°C
in w1118;Sx1a-mEos2/+;UAS-dTrpA1/+ controls. [View online]

Research Article: New Research 4 of 13

May/June 2021, 8(3) ENEURO.0057-21.2021 eNeuro.org

https://doi.org/10.1523/ENEURO.0057-21.2021.f3-1
https://doi.org/10.1523/ENEURO.0057-21.2021.video.4


25% of the 561-nm laser, with an average power at the
specimen of 0.21 mW; 405-nm laser power varied with
different recordings, from 0.001% to 0.01% with a power
at the specimen of 0.1 mW. Because of a high amount of
auto-photoconversion that occurs in the bright-field light
from brain dissections, we first allowed the photocon-
verted particles to bleach for ;1min without the 405-nm
illumination to establish a baseline. Drift during imaging
was evaluated per brain at this step by finding stable
bright spots, which are likely auto-fluorescing protein ag-
gregates of unknown providence. With the 561-nm illumi-
nation, an ROI was drawn around the spot, followed by
3min of continuous recording to see whether the spot
moved out of the ROI. Drift was also evaluated after imag-
ing using a Pearson cross-correlation of the maximum z-
projection of the 25°C and 30°C recordings (Extended
Data Fig. 3-3). Details of the Pearson calculations are de-
scribed in the Data and Statistical Analysis section. Brains
that drifted were discarded. Drift can often occur because
of the movement of recording solution toward the periph-
ery of the coverslip, which can be overcome by sealing
the coverslip edges with silicone grease, decreasing the
size of the coverslip or increasing the amount of imaging
solution. Zeiss Zen 2012 software was used to set the
imaging parameters and capture the recordings.
For dTRPA1 activation experiments, a Zeiss incubation

chamber, Heating Unit XL S, and TempModule S (Zeiss)
was used to set, change, and monitor recording tempera-
tures. An initial baseline recording at 25°C was taken for
all experiments (unless noted otherwise) which was then
increased to 30°C to stimulate neurotransmission and
perform a second recording at the same location. The
power of the ultraviolet (UV)-405-nm laser was adjusted
throughout recordings to maintain the number of stochas-
tically switched mEos2 molecules. A minimum of 16,000
frames were captured at 30-ms frame rate with continu-
ous exposure, the lowest exposure time achievable with
the hardware used, to ensure at least 1000 Sx1a-mEos2
trajectories were recorded per experiment.

Western blotting
20 � w1118;Sx1a-mEos2/1;UAS-TrpA1/R57C10-Gal4

female flies aged 3- to 5-d old were briefly anesthetized
on a CO2 pad and sorted before transferring to a 15-ml
falcon tube on dry ice. Flies were vortexed for 15 s twice
to separate the heads from the body. No. 25 and No. 40
standard sieves (Endecotts Ltd.) prechilled at �80°C were
used to separate heads from the body and legs. Heads
were collected into a prechilled 1.5 ml Eppendorf tube on
dry ice with 30ml of a 1% Triton X-100 lysis buffer contain-
ing a 1:100 EDTA-free protease inhibitor cocktail. Heads
were homogenized with a 1/4” ceramic sphere (MP, cata-
log #6540–034) in a QIAGENTissueLyser LT. Homogenate
was centrifuged for 20min at 14,000 rpm at 4°C to sepa-
rate cellular debris from the lysate. The lysate was then
added to 2� SDS loading buffer and boiled for 10min at
100°C; 30ml of the boiled sample was immediately loaded
into a Mini-PROTEAN TGX 4–15% gel (Bio-Rad catalog
#456-1083) and separated at 110 V. Gel was then trans-
ferred onto an Immobilon-P membrane (Merck, catalog

#IPVH00010) at 100 V. The membrane was blocked in
TBST (TBS1 1% Tween) solution containing 5% milk for
1 h at room temperature and washed 3� with TBS after
which it was incubated overnight at 4°C with an anti-Sx1a
antibody (Developmental Studies Hybridoma Bank, cata-
log #8C3) diluted 1:1000 in a TBST solution with gentle
agitation. The following morning, the membrane was
washed 3� in a TBST solution containing 1% milk and in-
cubated with a secondary antibody (goat to mouse IgG
HRP, Abcam catalog #ab205719) in a 1:10,000 dilution
for 1 h. Membranes were washed 3� in TBS and visual-
ized in a Pierce ECL Western blotting substrate (Thermo-
Scientific, catalog #32106) using a Li-cor Odyssey Fc.
Protein was quantified using Image Studio Lite (LI-COR
Biosciences).

Data and statistical analysis
All data were analyzed using the free Fiji software

TrackMate (Tinevez et al., 2017) adapted into a custom
MATLAB GUI called single particle analysis (SPA; avail-
able from https://github.com/AdamDHines/sptPALM-
Analysis) which incorporates mean squared displace-
ment (MSD) and diffusion coefficient calculations, per-
formed on a Lenovo ThinkPad with Windows 10. The
analysis guide is available as Extended Data Document
1. Single Sx1a-mEos2 molecules were localized using a
Laplacian of Gaussian (LoG) detection algorithm, me-
dian filtering, and subpixel localization with a manually
determined threshold value for each recording:

g x; y; tð Þ ¼ 1
2p t

e�x21y2

2t : (1)

To track single molecules between frames, a linear as-
signment problem (LAP) algorithm (Jaqaman et al., 2008)
was used to link particles by minimizing a cost matrix of
distance between detected particles in a frame to every
particle in the next frame. A minimum of 6 and a maximum
of 1000 spots per track were included for analysis of the
MSD, which measures the distance a particle travels from
its initial position and is calculated by:

MSD n� Dtð Þ ¼
XN�n

i¼1

½x i1nð Þ � Dtð Þ � x i � Dtð Þ�2 1 ½y i1nð Þ � Dtð Þ � y i � Dtð Þ�2
N� n

:

(2)

The diffusion coefficient, D, was calculated for each
MSD curve with linear fits of the first four time points
using the following:

MSD tð Þ ¼ a1 4Dt : (3)

N is the number of data points, the offset constant a in-
cludes the effects of localization error and finite camera
exposure, Dt is the time interval between each frame, with
x and y being spatial coordinates for localizations in each
image. Mobile-to-immobile ratios were calculated by
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summing the relative frequency of molecules with a log10
diffusion coefficient of more and less than �1.6 and divid-
ing the mobile by the immobile fraction, which translates
to be 0.021 mm2 s�1 (Constals et al., 2015).
The point spread function (PSF) half width and localiza-

tion precision of Sx1a-mEos2 molecules was determined
from a single brain that was fixed in 4% PFA for 45min
before imaging using Zeiss ZEN 2012 software (Extended
Data Fig. 1-4).
For all experiments using thermogenetic stimulation,

the peak MSD value for the baseline condition was used
to normalize all values of the MSD (Watts et al., 2014) for
both unstimulated and stimulated conditions, such that
the peak MSD value for the unstimulated condition was
set to 1 (Extended Data Fig. 3-2). Diffusion coefficients
and mobile-to-immobile ratios were not able to be calcu-
lated with normalized MSD curves. Pearson correlations
were used to determine levels of drift by comparing the
maximum z-projection of the 25°C and 30°C recordings
to calculate Pearson coefficients, performed in ImageJ
using the colocalization threshold function (Extended
Data Fig. 3-3). The peak mobility point (0.30 s) of the nor-
malized 30°C data were subtracted by the peak point of
the 25°C internal control to derive d mobility (Extended
Data Fig. 3-3). The d mobilities were plotted against cal-
culated Pearson coefficients to develop a linear regres-
sion and derive an R2 value. The area under the curve
(AUC) was measured for each normalized MSD curve
using GraphPad Prism 8, with a baseline starting at Y=0,
ignoring peaks that are ,10% of the distance from mini-
mum to maximum Y, and defining that all peaks must go
above baseline. To compare the mean of internally con-
trolled AUC values a Wilcoxon matched signed-rank test
was used with a significance threshold of p=0.05. To
compare the means of the AUC of different conditions to
controls, a Kolmogorov–Smirnov test with a significance
threshold of p=0.05 was used. MSD presented is 6SD
and AUC data are65–95th percentile. 95% confidence
intervals (CIs) were calculated around the mean.

Data availability
The datasets supporting the current study will be made

available on a public database (eSpace, The University of
Queensland) on publication: https://espace.library.uq.edu.au/.

Code accessibility
The code/software described in the paper is freely avail-

able online at https://github.com/AdamDHines/sptPALM-
Analysis.

Results and Discussion
Localizing and tracking themobility of Sx1a in the
adult fly brain
We employed sptPALM to image and track individual

Sx1a molecules in the ex vivo brains of adult Drosophila
fruit flies (Fig. 1A; Extended Data Fig. 1-1). Ex vivo fly
brains in buffer solutions remain viable and physiologi-
cally healthy for several hours (Gu and O’Dowd, 2006;
Raccuglia et al., 2019), allowing us to apply this

preparation to live-cell microscopy. Sx1a was tagged on
the
extracellular C terminus with the photoconvertible fluoro-
phore mEos2 (McKinney et al., 2009) and expressed
pan-neuronally (Bademosi et al., 2016). Importantly,
Sx1a-mEos2 expression was low relative to endogenous
Sx1a in the adult fly brain (Extended Data Fig. 1-2), con-
sistent with previous findings in larvae (Bademosi et al.,
2016). Brains were mounted onto a glass slide in;10ml of
fresh modified hemolymph-like solution 3.1 (HL3.1; Feng
et al., 2004) and sealed with a square coverslip (Menzel–
Gläser, ThermoFisher) rimmed with vacuum grease (Dow
Corning; Fig. 1A, lower). Light compression reduced the
thickness of the brain from ;120 to 40mm, allowing for
the imaging of tissue in a HILO configuration while retain-
ing neural circuit architecture (Fig. 1C; Extended Data Fig.
1-3). Spinning disk confocal imaging confirmed mEos2
expression in brain neurons (Fig. 1D). When observing the
brain at 100� magnification, the PSF overlap of the un-
converted green form of mEos2 does not allow for the
resolution of individual molecules or structures within
the fly brain (Fig. 1E). Upon exposure to a low intensity
UV (405nm) photoconverting stimulus, stochastically
switched red mEos2 molecules can be visualized
sparsely (Fig. 1F). In order to confirm that we were imag-
ing mEos2 molecules, we compared spot counts in brains
that had no UV exposure and saw a significant increase
in single molecule detection with photoconversion
(Extended Data Fig. 1-4). At 30-ms exposure time, Sx1a-
mEos2 molecules can be seen moving inside of neurons
of the fly brain (Movie 1). We were able to achieve a local-
ization precision of ;18 nM, which is close to previously
reported measures (Extended Data Fig. 1-4; McKinney et
al., 2009). Neural structures in the fly brain become evi-
dent after performing a maximum projection of a time
series of PALM experiments (Fig. 1G), confirming that
Sx1a-mEos2 is confined.
In order to characterize the mobility of individual tagged

proteins, we performed SPT (Extended Data Fig. 1-1) as a
post hoc step to image acquisition. We analyzed on aver-
age 2000–3000 individual trajectories of single Sx1a-
mEos2 molecules over 16,000 frames (Fig. 1H) using the
ImageJ software TrackMate (Tinevez et al., 2017) to local-
ize molecules and perform particle tracking. Adapting
TrackMate into a custom MATLAB interface, we analyzed
the MSD (Fig. 1I) and molecule diffusion coefficients
(Joensuu et al., 2017; Fig. 1J). On average, 10 molecules
per frame were localized, with the majority of trajectories
lasting 8 frames before terminating (Extended Data Fig. 1-
4). We confirmed our analysis software by comparing our
results with MSD data calculated using PALM-Tracer (a
particle tracking plugin used in MetaMorph, Molecular
Devices). Results were identical using either software
(Extended Data Fig. 1-5).
To validate the reproducibility of our approach, we

compared Sx1a-mEos2 mobility across successive re-
cording sessions from the same brains. We recorded
from different brain regions (Fig. 2A–C) and from the same
brain region (Fig. 2F–H). We observed considerable vari-
ability in Sx1a-mEos2 mobility across experiments and
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Figure 1. Imaging single Sx1a molecules in adult Drosophila brains. A, The brain of adult Drosophila fruit flies (top) is dissected and
mounted in a HL3.1 buffer and sealed between a glass slide and coverslip (bottom). B, Schema of the protein of interest being im-
aged, Sx1a (blue), with its SNARE partners SNAP25 (green), and VAMP2 (red). Sx1a is tagged with the photoconvertible fluorophore
mEos2 on the C terminus. C, Sx1a-mEos2-expressing brains are imaged under a HILO sheet illumination with simultaneous UV-
405-nm photoconverting and 561-nm recording lasers. D, A 10� confocal image showing expression of mEos2 (native non-photo-
converted green form) across the entire fly brain (scale bar: 100 mm, right calibration scale). E, Green form of mEos2 expression at
100� magnification, individual molecules cannot be resolved because of PSF overlap (scale bar: 5mm, right calibration scale). F,
Stochastically photoconverting mEos2 with a UV-405-nm laser can resolve single Sx1a-mEos2 molecules using a 561-nm laser
without any PSF overlap (scale bar: 5mm, right calibration scale). Inset, digital zoom of one molecule. G, Neuropil ultrastructure in
the fly brain becomes apparent following a maximum intensity projection of all photoconverted mEos2 molecules over 16,000
frames of acquisition (scale bar: 5 mm, right calibration scale). Inset, digital zoom of one neuronal compartment. H, SPT is performed
on all detected Sx1a-mEos2 to track individual Sx1a molecules. Inset, Individual trajectories in different colors. I,J, Analysis of
Sx1a-mEos2 trajectories reveals the mobility of Sx1a-mEos2 by calculating the MSD and diffusion coefficients of single trajectories
(n=13 brains, data are 6 SD). See Extended Data Figures 1-1, 1-2, 1-3, 1-4, 1-5.
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Figure 2. Tracking Sx1a-mEos2 mobility from the same brain region is highly reproducible. A, Two recordings were taken from dif-
ferent regions in the same brain to establish whether differences in Sx1a-mEos2 mobility are observed. B,C, Maximum stack projec-
tions as in Figure 1G for the two distinct brain regions as shown in A reveals different distribution of Sx1a-mEos2 molecules. D, The
MSD and AUC for two successive recordings in three separate brains highlights that within a brain there are different levels of Sx1a-
mEos2 mobility, resulting in different diffusion coefficient estimates (E) across experiments. F,Two recordings were taken from the
same brain region, to determine whether Sx1a-mEos2 mobility was consistent. G,H, Maximum stack projections for the same brain
region recorded twice highlights that the neuronal structure remains the same. I, When Sx1a-mEos2 is tracked in the same region
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brain regions (Fig. 2D,E), consistent with the large range
in MSDs observed in our first dataset (Fig. 1I). Crucially,
successive recordings from the same region (top right of
the central brain, approximately in the lateral protocere-
brum (Extended Data Fig. 1-3) revealed a high level of
consistency in the number of localizations, trajectories,
and MSD values within a recording site (Fig. 2I). This
shows that results are repeatable in the same location,
but also that some variability in diffusion coefficients ex-
ists across experiments in different brains (Fig. 2J).
Importantly, successive recordings from the same brain
region retained a similar number of localizations and tra-
jectories, evident in highly comparable maximum projec-
tions of all the single molecule tracks (Fig. 2G,H) and the
unchanged average spot and trajectory counts (Extended
Data Fig. 2-1). We therefore proceeded with an internally
controlled strategy centered on conditional neural activa-
tion in sequential recordings from the exact same
location.

Conditional activation of brain neurons increases
Sx1amobility
Since the ionic composition of Drosophila extracellular

fluid buffers varies in different experimental paradigms
and can alter neuronal excitability (Feng et al., 2004), we
examined the effects of different imaging solutions
(Extended Data Fig. 3-1) and focused on HL3.1 buffer for
all subsequent experiments. To ensure that the observed
protein mobility was biologically relevant and not an arti-
fact arising from the imaging solution, we performed the
same experiment on brains that were first fixed in 4% PFA
and then imaged in HL3.1 solution. Fixing the tissue re-
sulted in a complete loss of Sx1a-mEos2 mobility
(Extended Data Fig. 3-1; Movie 2). In addition to this,
imaging only HL3.1 solution without any brain tissue re-
vealed highly mobile bright spots that could be localized,
but not tracked using our SPA software (Movie 3).
We next investigated whether we could increase Sx1a-

mEos2mobility when we stimulated neurons. In previous work,
we have shown that Sx1a-mEos2 mobility increases on stimu-
lation of larval motor nerve terminals, most likely because of the
recruitment of Sx1a molecules to sites of active zones to form
SNARE complexes, and that sustained activation of dTrpA1
channels leads to a consistent increase in spontaneous minia-
ture junction potential frequency (Bademosi et al., 2016). To
stimulate neurons in the adult fly brain, we employed a temper-
ature-sensitive Drosophila transient receptor potential cation
channel 1a (dTrpA1; Fig. 3A), which we expressed under UAS
control using the pan-neuronal driver R57C10-Gal4 (Jenett et
al., 2012), thereby allowing co-expression with Sx1a-mEos2.
Conditional activation of dTrpA1 at 30°C from a baseline of 25°
C allowed internally controlled experiments to be performed on
the same recording site in the brain (Fig. 3B). Thus, all neuronal
stimulation data could be normalized to the 25°C unstimulated
condition at that recording site, thereby controlling for the

variability observed across recording sites (Extended Data Fig.
3-2). To address potential drift in the tissue sample, we per-
formed a cross-correlation analysis on themaximum projection
data before and after dTrpA1 stimulation (ExtendedData Fig. 3-
3). We observed a consistent and significant increase in Sx1a-
mEos2 mobility following thermogenetic stimulation, compared
with baseline unstimulated conditions (n=13, p=0.0002,
Wilcoxon test; Fig. 3C,D). In contrast, no significant increase in
Sx1a-mEos2 mobility was observed at the elevated tempera-
ture in control brains that did not express dTrpA1 (Fig. 3E,F).

General anesthetics restrict Sx1a mobility in brain
neurons
Having conditionally increased Sx1a-mEos2 mobility in

the fly brain, we next sought to pharmacologically perturb
this effect in the same preparation. We have previously
shown that the intravenous general anesthetics propofol
and etomidate decrease Sx1a-mEos2 mobility in mam-
malian neurosecretory cells as well as in Drosophilamotor
nerve terminals, by clustering Sx1a molecules on the pre-
synaptic membrane (Bademosi et al., 2018b; Fig. 4A).
Importantly, immobilization of Sx1a by propofol required
a SNARE interaction domain; without this domain, propo-
fol instead increased Sx1a mobility, as might be predicted
because of increased membrane fluidity (Bahri et al.,
2005, 2007). We therefore next investigated whether in-
travenous general anesthetics also decreased Sx1a-
mEos2 mobility in the adult Drosophila brain, employing
our internally controlled strategy. Consistent with our pre-
vious findings in other systems (Bademosi et al., 2018b),
we found that 3 mM propofol and 8 mM etomidate impaired
Sx1a-mEos2 mobility in fly brain neurons (Fig. 4B,D). Also
consistent with previous work in mammalian cells and fly
larvae (Herring et al., 2011; Bademosi et al., 2018b), an
analog of propofol failed to restrict Sx1a-mEos2 mobility
in the adult fly brain (Extended Data Fig. 4-1). We then
proceeded to test other general anesthetics, to see
whether different categories of drugs also had this immo-
bilizing effect on Sx1a. In contrast to propofol and etomi-
date, the NMDA-acting sedative ketamine (100 mM) did
not affect Sx1a-mEos2 mobility (Fig. 4C,D). We next
tested two volatile drugs, isoflurane (0.19 mM) and sevo-
flurane (0.38 mM), and found that only isoflurane signifi-
cantly impaired Sx1A-mEos2 mobility (Fig. 4C,D). We
chose these concentrations approximating equipotency:
the corresponding concentrations of isoflurane and sevo-
flurane in air (;0.4% and ;0.8%, respectively) both
achieve significant behavioral effects in fruit flies (Zalucki
et al., 2015; Olufs et al., 2018). The effect of isoflurane on
Sx1a mobility was large enough to be evident even
without requiring normalization (see non-normalized iso-
flurane data compared with propofol in Extended Data
Fig. 4-2). In the clinic, propofol and sevoflurane are often
used sequentially to maintain general anesthesia during
surgery (Harris et al., 2006). We therefore questioned

continued
twice, the MSD and AUC remain consistent, with similar diffusion coefficients (J), providing a framework for internally controlled ex-
periments performed at the same recording site. Scale bars: 5 mm, calibration scales to the right of each. See Extended Data Figure
2-1.
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whether these intravenous and volatile drugs might have
an additive effect on Sx1a mobility. Combining propofol
with sevoflurane again significantly impaired Sx1a-mEos2
mobility, although not more so than propofol alone (Fig.
4B,D). Taken together, our anesthesia results show that
the adult fly brain provides a physiologically relevant plat-
form to study the effect of different drugs on single-

molecule behavior in intact neural tissue. We show that
Sx1a is highly dynamic in the adult fly brain, with in-
creased mobility following neural stimulation and de-
creased mobility under exposure to certain general
anesthetics. This confirms and expands findings in other
model systems (Bademosi et al., 2016, 2018b), and
shows that some commonly used intravenous and volatile

Figure 3. Neuronal stimulation increases the mobility of Sx1a-mEos2. A, Schematic of the Drosophila transient receptor potential cation channel
type A1 (dTrpA1) function. At 25°C dTrpA1channels remain closed; increasing ambient temperature to 30°C activates these channels, resulting in
Ca21 influx and neuronal depolarization. B, To measure the effects of dTrpA1 activation in the fly brain, recordings were taken from the same brain
region twice: baseline recording was at 25°C followed by recording at 30°C after increasing incubation temperatures. C,D, dTrpA1 stimulation of fly
neurons increased the mobility of Sx1a-mEos2 molecules compared with baseline (dotted line). All experiments were normalized to their own inter-
nal control at 25°C (n=13, p=0.0002, Wilcoxon test; AUC, AUC 95% CI 1.059–1.347, data for MSD is6 SD, data for AUC is65–95th percentile).
E,F, In the absence of the R57C10-Gal4 driver, no dTrpA1 was expressed in fly neurons and Sx1a-mEos2 mobility was not increased at 30°C
(n=14, p=0.1531, AUC 95% CI 30°C 0.8029–1.051, Wilcoxon test, data for MSD is 6 SD, data for AUC is65–95th percentile). See Extended
Data Figures 3-1, 3-2, 3-30. n.s., not significant. ***p, 0.001.
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Figure 4. General anesthetics restrict Sx1a-mEos2 mobility in adult Drosophila brains. A, left,Sx1a-mEos2 is able to diffuse laterally
across a membrane, but mobility becomes restricted in the presence of propofol (right). B, Normalized MSD curves comparing all
anesthetics under stimulation that contained DMSO in the HL3.1. C, Same as B but without DMSO in the solution (MSD is normal-
ized). All data are represented as 6SD. D, Intravenous and volatile general anesthetics restrict the mobility of Sx1a-mEos2 com-
pared with respective controls (dashed line). Both propofol (3 mM) and etomidate (8 mM) significantly reduced Sx1A-mEos2 mobility
(AUC) when compared with a HL3.11DMSO control (propofol n=9, p=0.0009, AUC 95% CI 0.908–0.966; etomidate n=8,
p=0.0055, AUC 95% CI 0.927–0.958, Kruskal–Wallis test, data are65–95th percentile). Ketamine (100 mM) was unable to restrict
Sx1a-mEos2 mobility when compared with a HL3.1 control (n=6, p=0.9924, AUC 95% CI 0.974–1.00, Kruskal–Wallis test, data
are65–95th percentile). The volatile anesthetic isoflurane (0.19 mM) was able to restrict Sx1a-mEos2 mobility but sevoflurane (0.38
mM) was not, compared with a HL3.1 control (isoflurane n=9, p=0.0079, AUC 95% CI 0.922–0.992; sevoflurane n=8, p=0.2672,
AUC 95% CI 0.963–0.998, Kruskal–Wallis test, data are65–95th percentile). The addition of propofol (3 mM) to sevoflurane signifi-
cantly restricted Sx1a-mEos2 mobility compared with a HL3.11DMSO control (n=8, p=0.0108, AUC 95% CI 0.965–0.992). See
Extended Data Figures 4-1, 4-2. *p , 0.05; **p , 0.01.
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general anesthetics might be affecting Sx1a mobility in
the same manner. Importantly, we show the same effect
for volatile as well as intravenous anesthetics, and that
isoflurane in particular seems to have the greatest impact
on Sx1a mobility.
In conclusion, we have shown that single mEos-taggedmol-

ecules can be resolved and tracked in the ex vivo brains of
adult Drosophila fruit flies. This provides a useful and versatile
tool for Drosophila researchers and those looking to perform
super-resolution imaging of intact tissue, expanding on earlier
inroads in this direction (Chen et al., 2014; Mir et al., 2018;
Reisser et al., 2018). By employing an internally controlled para-
digm, wewere able to reliably increase themobility of a presyn-
aptic protein, Sx1a, through thermogenetic stimulation and
restrict this mobility with the use of common general anes-
thetics. One caveat of our anesthetic results is that final concen-
trations in the brain tissue were approximated, based on
previous experiments in other preparations. It remains possible,
for example, that higher concentrations of sevoflurane or keta-
mine might also impair Sx1a mobility. Nevertheless, tracking
single molecule dynamics in the ex vivo brains of adult
Drosophila flies opens a new window into understanding the
behavior of individual molecules in intact tissue, to, for example,
help determinewhichmechanisms are drug-specific andwhich
might reflect a common property of diverse drugs. Our results
indicate that general anesthetics such as propofol and isoflur-
ane might have similar effects among different kinds of chemi-
cal synapses. Although the adult fly brain is mostly cholinergic
(Yasuyama and Salvaterra, 1999), wemost likely sampled a va-
riety of synapse types, including inhibitory synapses. That we
found the same basic result (decreased Sx1a mobility) as in
purely glutamatergic larval neuromuscular synapses (Bademosi
et al., 2018b) argues for a common mechanism. Although our
results focus on a ubiquitous presynaptic protein expressed in
all neurons, the capacity to address circuit-specific questions
could be expanded by adapting this approach to promoter-
driven expression systems such as UAS/Gal4 on any protein
target of interest. We believe this will result in highly reproduci-
ble and less variable results, as evidenced by the robust-
ness of Sx1a-mEos2 mobility when recording in the
same location twice. It will be interesting to apply SPT to
investigate, for example, if Sx1a is equally compromised
at excitatory versus inhibitory synapses, or to examine
the individual dynamics of other proteins under general
anesthesia, such as receptors in dedicated sleep/wake
circuits in the fly brain (Kottler et al., 2013; van
Swinderen and Kottler, 2014). Finally, a major advantage
of conducting this work in animal models such as
Drosophila is the capacity to efficiently test behavioral
relevance, for example, as a way to relate local effects at
the synapse with higher order behavioral readouts in be-
having animals (Zalucki et al., 2015; Troup et al., 2019;
van Swinderen and Hines, 2020).
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