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Figure 6. The fast tibia flexor motor neuron is a
major synaptic target of bCS neurons.

(A) Strategy for comparing morphologies of
neurons imaged using light microscopy with
neurons traced in EM. The synapse-density map
of the EM dataset (Ai; see Fig. S4 for generation
of this map) was registered to a standard VNC
synapse-density map (Aii; Bogovic et al. 2018).
Then, fluorescently labeled motor neurons (Aiii-
iv) were also registered to the standard VNC for
quantitative comparison with EM reconstructions
using NBLAST (Costa et al. 2016).

(B) Plot of the number of synapses from bCS
neurons onto the top 5 most similar scoring EM-
reconstructed neurons for the both fast (labeled by
81A07-Gal4) and slow (labeled by 35C09-Gal4)
motor neurons. The EM neurons most similar to
the fast motor neuron receive many bCS synapses,
in contrast to the top matches for the slow motor
neuron. See also Video S6.

(C-D) Structure of light microscopy neurons and
their most similar EM neurons. Displayed in the
VNC atlas coordinate space with branches shaded
by branching order (Strahler number).

(Ci) Morphology of a fast tibia flexor motor
neuron (labeled by 81A07-Gal4). The neuron was
filled with dye following electrophysiological
recording (Azevedo et al. 2019) and manually
traced. (ii) EM-reconstructed motor neuron with
the highest similarity score to the fast motor
neuron. Inset: Histogram of NBLAST similarity
scores between the fast motor neuron and the 69
EM-reconstructed motor neurons for the left front
leg. (iii) Both (Ci) and (Cii) rendered together.
NBLAST score of this pair in upper right corner.
(D) Same as (C) for the slow motor neuron (green,
labeled by 35C09-Gal4).

Scale bars, 50 pm (A), 20 pm (C-D).

DISCUSSION

Large-scale neuronal wiring diagrams at single-synapse resolution will be a crucial element of future
progress in neuroscience. Here, we present GridTape, a new technology for accelerating the acquisition of
large-scale EM data. We demonstrated the power of this approach by acquiring a dataset encompassing an
adult female Drosophila VNC. We then used this dataset to identify a novel monosynaptic circuit which
directly links a specialized proprioceptor cell type with a specific set of motor neurons. We also illustrate
a general pipeline for searching this dataset for cells of interest. The public release of this dataset
represents a significant new resource, as well as an illustration of the capacity for rapid advances powered
by this new technology.

An accessible TEM pipeline for connectomics

Data acquisition has remained a rate-limiting step in the generation of large-scale EM datasets. Manual
pickup of sections for TEM is slow, imprecise, and unreliable. Meanwhile, SEM-based approaches that
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circumvent the need for manual section collection have slow imaging speeds or require massive
parallelization of expensive electron optics to acquire comparable datasets. The GridTape approach we
developed increases the accessibility of EM connectomics for a wider scientific community. GridTape
builds on previous efforts toward TEM parallelization and automation (Bock et al., 2011; Peltier et al.,
2005; Zheng et al., 2018), but overcomes the need for manual pickup of sections for TEM, allowing much
faster and more consistent section collection and imaging. Because sections are imaged nondestructively,
GridTape is compatible with enhancement by post-section labeling and can benefit from multi-resolution
re-imaging over large volumes (Hildebrand et al., 2017). By eliminating the need to separately handle
thousands of fragile sections, GridTape reduces data loss and artifacts that compromise the quality of
most TEM datasets. This results in better alignment of sections into a coherent, high signal-to-noise
image volume, which leads to efficient and accurate reconstructions.

GridTape is also less expensive than high-throughput SEM platforms. For the current price of one
commercial multi-beam SEM system (Eberle et al., 2015), ten TEMCA-GTs can be built, and samples
collected on GridTape can be distributed across microscopes for simultaneous imaging. The fixed costs
for the microscope hardware are accompanied by consumable costs associated with support film coating
(currently ~USD$4 per slot); however, we expect this cost to decrease due to further developments in tape
coating technology and economies of scale.

In the future, GridTape acquisition rates will increase as cameras and imaging sensors continue to
improve. Because TEM imaging is a widefield technique, imaging throughput can be increased by
employing larger camera arrays and brighter electron sources. Moreover, sections larger than current slot
dimensions (2 mm x 1.5 mm) could be accommodated by utilizing wider tape with larger slots, although
custom microscopes may be necessary for very large samples and slot size will depend on material
properties of the support film. However, GridTape should be compatible with thick sectioning approaches
that subdivide tissue to overcome size limitations associated with other methods (Hayworth et al., 2015).

By enabling affordable, high-throughput EM imaging, GridTape makes it possible to study questions that
require comparison of large-scale EM volumes from multiple individual organisms. These include
questions related to development and ageing, sexual dimorphism, allelic variation, experience-dependent
plasticity, the effects of perturbations, and disease mechanisms. This technology should also allow
comparisons between the neuronal wiring diagrams of related species. By lowering the barriers to
acquiring such datasets, this technology not only democratizes large-scale EM, but also changes the types
of questions that it can be used to address.

A complete adult Drosophila VNC dataset

In this study, we demonstrated the capabilities of the GridTape approach by generating an EM dataset of
an adult female Drosophila VNC. This dataset provides a unique public resource for understanding how
the Drosophila nervous system processes information to generate behavior. Additionally, it complements
the recent release of an EM dataset comprising the complete adult female Drosophila brain (Zheng et al.,
2018). Because the VNC comprises one third of the central nervous system, and because most brain
functions are mediated via projections from the brain to the VNC (Namiki et al., 2018), it is critical to
have the ability to study neuronal circuits in both the brain and the VNC at synaptic resolution. The
dataset presented here includes all the intrinsic neurons of the VNC, all its sensory inputs, and all the
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descending and ascending axons connecting the brain to the VNC. We describe a straightforward pipeline
for identifying any cell type of interest within the dataset by comparing reconstructions from the EM
volume to confocal microscopy images (Fig. 6). Finally, as a foundation for future work in this dataset,
we make publicly available a large set of annotated sensory and motor neuron reconstructions (Figs. 2-4).

Direct sensory feedback to motor neurons

Because EM datasets include all the cells within a volume of interest, they permit the discovery of novel
cell types and synaptic connections that may be overlooked by other methods. By performing a targeted
reconstruction of sensory afferents, we found that the leg sensory neurons with the largest-diameter axons
are the bilaterally projecting campaniform sensilla, which make direct synapses onto leg motor neurons
(Fig. 5). These direct connections are specific to the motor neuron with the largest-caliber axons including
a fast tibia flexor neuron (Figs. 5J, 6), which is involved in fast, ballistic movements. This is evidence that
speed is essential for the function of these connections. These synapses are specifically located near the
putative motor neuron spike initiation zone (Fig. 5G), suggesting bCS inputs are poised to influence
motor neuron spiking.

The unique bilateral and intersegmental projections of bCS neurons suggests that they are capable of
directly influencing multiple limbs on both sides of the body (Fig. SA-B). This leads to several
hypotheses about their function. Prior work has suggested that campaniform sensilla encode information
about step timing that could be used to drive the transition between stance and swing phases of walking
(Dallmann et al., 2017; Ridgel et al., 1999). However, we observe that bCS neurons synapse onto the
same motor neurons on both sides of the body (Fig 5I), indicating that they likely support symmetric
movements of the legs. This makes it less likely that the bCS neurons contribute to anti-phasic walking
movements. Instead, bCS neurons seem well-positioned to underlie a fast reflex where multiple legs flex
in response to bCS activation. Campaniform sensilla can signal either increases or decreases in load,
depending on the sensillum’s placement and orientation on the leg (Zill and Moran, 1981; Zill et al.,
1981). Therefore, bCS neuron activation could serve to forcefully stabilize posture in response to
additional weight (e.g. to prevent the body from being crushed) or to grip a surface in response to a loss of
load on the legs (e.g. to prevent being blown away by a gust of wind). Whether bCS neurons signal
increases or decreases in load will require future functional studies.

Monosynaptic sensory-to-motor neuron connectivity is infrequent in the larval Drosophila nervous
system (Zarin et al., 2019), but more frequent in other adult insects (Burrows, 1996). One possibility is
that direct sensory feedback in adults is key for control of segmented limbs, enabling precise and adaptive
limb movements. Such connections being absent in larvae may indicate that controlling a limbless body
relies less on sensory feedback and more on feedforward processing. Another possibility is that adult
movements simply occur on faster timescales than do larval movements, so having fast monosynaptic
sensory feedback is particularly useful when the musculature is able to bring about fast movements.
Indeed, research on escape responses has demonstrated that high-velocity movements are often brought
about by the fastest neuronal pathways (Eaton et al., 1977; Trimarchi and Schneiderman, 1995).

Diversity and stereotypy within complete leg motor neuron populations
Motor neurons have diverse but stereotyped functions, reflecting the array of muscles and muscle fibers
they innervate. Some motor neurons have unique and reproducible transcription factor signatures that
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underlie their physiological properties and axonal morphology (Enriquez et al., 2015;
Venkatasubramanian et al., 2019). These unique transcription factor patterns specify morphologies that
are fairly stereotyped across animals (Baek and Mann, 2009; Brierley et al., 2012).

Our results extend these previous studies to show that many leg motor neurons are sufficiently
stereotyped that they are individually identifiable by structure alone, and that homologous pairs of motor
neurons on opposite sides of the body are readily matched. Because we reconstructed a complete
population of leg motor neurons in our EM dataset, we were able to show that mirror symmetry is a
systematic and general principle that applies to this cell type (Fig. 4). In contrast, neurons at the sensory
periphery seem to have more redundant copies and variable copy numbers (Takemura et al., 2015; Tobin
etal., 2017).

Although motor neurons are sufficiently stereotyped to be identifiable as left-right pairs, individual
branches of these neurons can reach their terminal zones via variable routes (Fig. S5). This type of
branch-specific variation has been described previously in Drosophila larvae (Schneider-Mizell et al.,
2016). These variations suggest limits to the precision of the molecular and genetic programs that guide
dendritic and axonal branching during development.

Adult Drosophila as a model system for studying circuit mechanisms of motor control

Detailed, comprehensive connectivity patterns within the nerve cord were previously acquired in
organisms without limbs. These include C. elegans (White et al., 1986), leeches (Stent et al., 1978),
lampreys (Buchanan and Grillner, 1987; Grillner, 2003), and Drosophila larvae (Cardona et al., 2010;
Fushiki et al., 2016; Ohyama et al., 2015; Zwart et al., 2016). These studies have enabled a greater
mechanistic understanding of how the nervous system controls locomotor rhythms that produce
swimming and crawling.

However, less is known about neuronal connectivity underlying motor control in limbed species.
Coordinated limb movement for locomotion and posture requires motor control and coordination at
multiple levels, from coordinating antagonist muscles of individual joints to coordinating multiple joints
in a given limb to coordinating multiple limbs for effective locomotor behavior. Here, we present a
connectomic dataset that will enable complete mapping of connectivity of the neuronal circuits that
control the legs and wings of an adult Drosophila melanogaster. Combined with recent advances in the
ability to record activity from genetically identified VNC neurons during behavior (Azevedo et al., 2019;
Chen et al., 2018; Mamiya et al., 2018), we expect that a greater understanding of the circuit basis for
complex motor control is within reach.
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TABLES

FIB-SEM+ ATUM+

HotKnife SBEM MultiSEM = TEMCA2+AL | TEMCA-GT

X,y resolution (nm) 8 9 4 4 4
z resolution (nm) 8 20 30 40 40
raw imaging rate (Mpixels/s) 8 0.5 250 50 80
effective imaging rate (Mpixels/s) 2 0.2 130 6 40
microscope cost (each) $1M $1M $4-6M $1M $300k
Imaging a cortical column on one
microscope (1%.5%.5 mm3)
Typical effective cutting rate in effective in effective
(sections/days) imaging rate = imaging rate 4000 600 4000
Number of sections 125000 25000 16667 12500 12500
Time to section (days) n/a n/a 4 21 3
Pixels/section 3.91x10° 6.17x10° 3.13x1010 3.13x10"° 3.13x10'°
Effective time to image (days) 2826 8564 46 768 113

Table 1. Serial EM microscope throughput and cost comparison. Based on published datasets: focused ion
beam milling SEM (FIB-SEM) resolution range: x,y,z: 5—8nm (Knott et al., 2008; Xu et al., 2017), serial block-face
SEM (SBEM): resolution ranges x,y: 9-16nm, z: 20-30nm (Briggman et al., 2011; Kornfeld et al., 2017; Schmidt et
al., 2017). For FIB-SEM+HotKnife (Hayworth et al., 2015) imaging rates, Ken Hayworth, personal communication;
automated tape-collecting ultramicrotome multi-beam SEM (ATUM-MultiSEM) resolution and imaging rates,
Richard Schalek, personal communication; and for TEMCA2-AutoLoader (Zheng et al., 2018), Cam Robinson,
personal communication. Effective imaging rate is defined as the dataset size divided by calendar days from start to
end of imaging, including overhead time such as stage movement, microscope downtime, maintenance, etc.

METHODS

Animals and tissue preparation

All procedures involving animals were conducted in accordance with the ethical guidelines of the NIH
and approved by the IACUC at Harvard Medical School. The Standing Committee on the Use of Animals
in Research and Training of Harvard University approved all animal experiments.

We fixed and stained the central nervous system of one adult female Drosophila melanogaster (aged 1-2
days post-eclosion, genotype y,w/w[1118]; +; P{VT025718-Gal4}attP2/P{pBI-UASC-3xMYC-
sbAPEX2—-dlg-S97}18). Following fixation (2% paraformaldehyde/2.5% glutaraldehyde) and dissection
(Tobin et al., 2017), the specimen was reacted with diaminobenzadine (DAB) and H»O, as described
previously (Zhang et al., 2019), but an EM-dense label was not observed in this sample. The dissected
central nervous system was then post-fixed and stained with 1% osmium tetroxide/1.5% potassium
ferrocyanide, followed by 1% thiocarbohydrazide, a subsequent incubation in 2% osmium tetroxide, then
1% uranyl acetate, followed by lead aspartate (Walton, 1979), then dehydrated with a graded ethanol
series. The specimen was then embedded in epoxy resin (TAAB 812 Epon, Canemco), positioned in a
cutout of mouse cortex processed for EM using the same protocol without the DAB reaction. The mouse
thalamus specimen (Fig. S1H) was prepared as previously described (Deerinck et al., 2010; Hua et al.,
2015) and post-section stained with stabilized lead citrate (Ultrastain II, Leica). The VNC sections were
not post-section stained following sectioning onto GridTape.
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Drosophila Gal4 lines and husbandry for matching physiologically characterized cells in the EM dataset
are described in (Azevedo et al., 2019). Genotypes for the flies used for searching against EM traced cells
(Fig. 6)  were: w[1118];  P{JFRC7-20XUAS-IVS-mCDS8::GFP} attp40/+;  P{y[+t7.7]
w[+mC]=GMR81A07-GAL4}attP2/+ and w[1118]; P{JFRC7-20XUAS-IVS-mCD8::GFP} attp40/+;
P{y[+t7.7] w[+mC]=GMR35C09-GAL4}attP2/+.

Substrate production

GridTape was produced from 125 um-thick aluminum-coated Kapton® film (Dunmore) slit into 8 mm-
wide reels of 35 m length (Metlon Corporation). This stock tape was modified using a custom laser-
milling system consisting of a reel-to-reel tape positioning machine and commercial 1 W ultraviolet laser
marking system (Samurai, DPSS Lasers). Control software triggered laser milling of a 30 mm length of
tape, used custom computer vision to check the result of the cutting, advanced the tape 30 mm and finally
adjusted the position of the tape to align the next 30 mm of tape to cut. This system enabled the
autonomous production of long, >30 m, lengths of cut tape containing over 5000 slots. Following laser
milling, the cut tape was cleaned by wiping it with isopropyl alcohol-soaked lint free wipes. Finally, the
cut tape was coated with a 50 nm-thick TEM support film (LUXFilm®, Luxel Corporation). A
description of the GridTape system was previously posted as a preprint (Graham et al., 2019).

Sample block trimming

In preparation for sectioning, embedded tissue blocks were trimmed (Trim 90, Diatome) into an oblong
hexagonal shape (Fig. 1C) with 3.5-4 mm height, 1-2 mm width, a greater than 90° degree bottom angle
and less than 90° top angle.

Serial sectioning

An ultramicrotome (UC7, Leica) and diamond knife (4 mm, 35° Ultra or Ultra-Maxi, Diatome) were used
to cut ultra-thin serial sections (~45 nm) from prepared samples. These sections were collected using a
modified automated tape-collecting ultramicrotome (ATUM; (Hayworth et al., 2014)). All tape guides
and rollers on the ATUM were modified by adding a 4 mm-wide trough to prevent contact with the TEM
support film spanning GridTape slots. Additionally, an optical interrupter (GP1AS7HRIJOOF, Sharp
Electronics) was affixed to the ATUM to detect the passage of GridTape slots (Fig. S1C), and a hall-
effect sensor (A1301EUA-T, Allegro MicroSystems) and magnet were attached to the microtome swing
arm to detect the cutting of sections (Fig. S1B). Custom software monitored the period and relative phase-
offset of these two sensors during section collection. By setting the microtome to a fixed cutting speed
and varying the ATUM tape speed, effective phase-locking at a fixed offset was achieved (Fig. S1D). For
this specimen to reach stable sectioning conditions, an initial stretch of 45 sections was collected while
adjustments were made to the tape speed and fixed offset. Of these 45 sections, 21 were off-slot and thus
not imageable with TEM. The 24 that were on-slot contained small portions of the abdominal ganglion
and were imaged and included in the dataset. Of the 4355 serial sections subsequently collected, the VNC
region was completely off-slot in two sections and partially off-slot in four sections (20%, 30%, 70%, and
90% oft-slot). Due to support film breakage, three sections were completely lost before imaging, and four
were partially lost (10%, 10%, 20%, and 40%). One additional section was partially lost (10%) because it
cut very thinly and a portion was distorted. No further sections had substantial data loss. Note that
sections collected onto GridTape but off-slot can still be acquired using the traditional ATUM-SEM
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approach (Fig. S1H). Because of the reliability of the section placement (Fig. S1F), SEM imaging was not
required for the VNC dataset.

Measuring section placement consistency

Section placement was measured by first capturing photographs (Flea3 FL3-U3-13E4C-C, PointGrey) of
each slot. Collimated low-angle illumination (MWWHL4, Thorlabs) enhanced the visibility of sections
adhered to the tape. Using the captured images, the location of the slot was first found using the Fiji
plugin “Template Matching and Slice Alignment” (https://sites.google.com/site/qingzongtseng/template-
matching-ij-plugin), selecting the slot as the template. Any failures to automatically find the slot (<1%
occurrence) were corrected manually in Fiji (Schindelin et al., 2012). Subsequently, the location of the
tissue section was found using the same plugin, selecting a prominent feature of the tissue section as the
template. The VNC tissue’s shape and appearance changed significantly across the 4355 section series, so
template matching was performed on smaller batches of ~500-1000 sections, with a separate feature
chosen for template matching in each batch. This approach enabled automatic identification of the tissue’s
placement for ~98% of sections. The remaining ~2% of sections that were not correctly identified were
located manually in Fiji. The sections needing this manual correction mainly fell into two categories:
sections that were cut extremely thinly, causing the tissue to have reduced visibility, or sections with the
template feature placed near the slot edge.

TEM imaging

To perform TEM imaging of sections collected onto GridTape, a custom in-vacuum, reel-to-reel stage
was constructed (Fig. S1G) and attached to a TEMCA (Bock et al., 2011) consisting of a TEM (JEOL
1200 EX) with a 2x2 array of sSCMOS cameras (Zyla 4.2, Andor). The stage allows a 7500-slot, 45 m-
long roll of GridTape to be loaded into the microscope for imaging under vacuum. After loading and
pump-down, a set of pinch drives (one on each side of the TEM column) allows linear movement of
GridTape to exchange and position sections under the electron beam in preparation for imaging. After
positioning, both pinch drives dispense a small amount of GridTape towards the center of the column,
introducing slack on both sides of the sample held under the beam. This allows an XY stack of piezo
nanopositioners (SLC-1720, SmarAct) to make the many small movements necessary to montage large
areas. At 4.3 nm lateral resolution, the TEMCA field of view for a single location was just over 16um
square. By capturing many images at slightly overlapping regions (typically 20—30%) for a single section,
millimeter-sized regions of interest could be imaged. Imaging regions for each section were selected
using the photographs described in the section above using a custom graphical user interface in MATLAB
(MathWorks). Magnification at the microscope was 2500%, accelerating potential was 120 kV, and beam
current was ~90 pA through a tungsten filament. The VNC dataset was acquired at a net sustained
imaging rate of 42.73 + 3.04 Mpixels per second (mean + SD across sections), equivalent to a “burst”
imaging rate of ~160 Mpixels per second for a single microscope.

Section stitching and serial-section alignment
Image alignment was performed with a custom pipeline that deployed AlignTK's image alignment

functions (https://mmbios.pitt.edu/aligntk-home) in parallel on a computing cluster (Bock et al., 2011;
Lee et al., 2016; Tobin et al., 2017). After acquisition, camera images for each section were virtually
stitched together into seamless montages. All section-to-section alignment was performed on 8x
downscaled versions of these section montages. To align the 4355 stitched sections into a three-
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dimensional volume, an initial volume was first generated comprised of every 25" section. The only
features recognizable across gaps of 25 sections were neuronal nuclei, so this initial volume positioned
every 25™ section in a location that ensured a given nucleus would stay at the same (x,y) location across
the ~150 sections in which each nucleus was visible. This positioning of every 25" section was used as a
global constraint on the full dataset’s alignment (absolute maps option in AlignTK’s align function).

Due to the small number of sections with artifacts or missing data, elastic alignment (AlignTK’s register
function) between neighboring sections was sufficient for generating a high-quality global alignment,
except for 27 sections where alignment to direct neighbors and second neighbors was necessary.
Additionally, no sections were mis-ordered, eliminating the need for a section order correction step.
Overall, the consistency of GridTape section collection simplified the alignment process substantially and
enabled the final volume to have high quality alignment (Video S1).

Neuron reconstruction

We reconstructed neurons in the EM dataset as described previously (Lee et al., 2016; Tobin et al., 2017).
We used CATMAID (Saalfeld et al., 2009) to manually place a series of marker points down the middle
of each neurite to generate skeletonized models of neuronal arbors. We annotated neurons passing
through each peripheral nerve and reconstructed those neurons into the VNC. Neurons that had a cell
body in the VNC and arborized in the neuropil were considered motor neurons. Neurons that made
synaptic outputs in the neuropil but did not have cell bodies in the VNC were considered sensory neurons.
Neurons with projections and cell bodies in the VNC but that did not pass through a peripheral nerve were
considered central neurons. We identified synapses using a combination of ultrastructural criteria,
specifically the existence of a presynaptic T-bar, presynaptic vesicles, and postsynaptic densities. This
procedure follows a previously described and validated protocol for reconstructing neurons in serial
section TEM datasets (Schneider-Mizell et al., 2016).

We were able to identify cell types for VNC sensory and motor neurons by their stereotyped projection
patterns, which corresponded well with previous observations of these neurons using light microscopy
(Baek and Mann, 2009; Brierley et al., 2012; Mamiya et al., 2018; Merritt and Murphey, 1992; Tsubouchi
et al., 2017). Bristle neuron axons traveled along either the anterior, posterior, or ventral edge of the
neuromere without significant branching. Hair plate neuron axons bifurcated or trifurcated upon entering
the VNC and projected along the anterior, posterior, and lateral edges of the neuromere. Chordotonal
neuron axons projected through the middle of the neuromere toward the midline. Campaniform sensillum
axons projected down the oblique tract, located posterior to the chordotonal neuron axons.

In peripheral nerves, axons of motor neurons were clustered together. After finding a single motor axon in
a given nerve, we reconstructed its neighbors, continuing to reconstruct further neighbors until all motor
neurons in the nerve were reconstructed. We confirmed that sensory neurons near the motor domain were
in fact sensory neurons by reconstructing them into the VNC, and we additionally reconstructed large-
caliber axons in the sensory domain that we suspected could be motor neurons despite their position. For
the left prothoracic leg nerve, we confirmed 324 of the 867 axons in the sensory domain were sensory
neurons according to the criteria above (Figs. 2C, 3A,C). No motor neuron axons have yet been found in
the sensory domain of any peripheral nerve. We found one case where three sensory neurons had axons
located in the motor domain of the right mesothoracic leg nerve (Figs. 2C). We used this reconstruction
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approach to identify all motor neurons in all thoracic nerves (i.e. all nerves except the abdominal nerves),
and we reconstructed all 507 thoracic motor neurons from their primary neurites back to their cell bodies.
We then reconstructed most of the microtubule-containing backbones (Schneider-Mizell et al., 2016) of
all front leg motor neurons. Reconstructions proceeded until multiple expert annotators were able to
independently identify left-right homologous pairs of front leg motor neurons by their symmetrical
morphology. Annotators were blind to the left-right pair predictions generated by analysis of NBLAST
similarity scores (Fig. 4D).

Automated synapse prediction and VNC atlas alignment

To transform EM reconstructions into the atlas space, we computationally generated a “neuropil stain”
(Heinrich et al., 2018) by automatically detecting presynaptic specializations in the EM volume that
would be labeled by immunostaining (Kittel et al., 2006). Specifically, we trained and deployed a
convolutional neural network to automatically identify presynaptic locations across the entire EM dataset
(Buhmann et al., 2018). We trained a neural network on section-wise, four-fold downsampled raw data
(effective voxel size 17.2x17.2x45 nm). We used a 3D U-Net (Falk et al., 2019), comprised of four
resolution levels with downsample factors in x, y, z of (2, 2, 1), (2, 2, 1), and (2, 2, 3). The topmost level
contained four feature maps and the number of feature maps in subsequent levels increases with a factor
of five. Convolutional passes were comprised of two convolutions with kernel sizes of (3, 3, 3) followed
by a rectified linear unit (ReLU) activation. A final convolution with kernel size (1, 1, 1) produced the
map of predicted presynaptic sites. We trained the network on randomly chosen crop-outs of size (172,
172, 42) from the CREMI challenge training data (https://cremi.org) and additional annotations from the
VNC dataset (three densely annotated ground-truth cubes of 3x3x3 um (768x768x75 voxels) and 13
ground-truth cubes with no synapses), which we augmented with random x,y-transpositions, x,y-flips,
continuous rotations around the z-axis, and section-wise elastic deformations and intensity changes. We
used mean-squared loss to train the network on ground-truth presynaptic specialization maps, which we
generated by rasterizing the presynaptic point annotations as spheres with a radius of 100 nm.

We chose a standard VNC atlas (Bogovic et al., 2018) as our reference coordinate space. We used the
presynaptic specializations predicted in the EM volume to register the EM dataset to the atlas. The density
of the predicted synapses matched the spatial extents of the VNC neuropil. Regions of low synaptic
density corresponded to fasciculated neuronal tracts devoid of synapses (Fig. S4B-C). We subsequently
downsampled and blurred (o = 2 um) the predicted synapse locations in EM to match the resolution of
the light microscopy data (Fig. S4D), then aligned this data to the atlas using elastix
(http://elastix.isi.uu.nl/) (Video S4). Confocal microscopy data was also transformed into the same VNC
atlas coordinate system using elastix (Fig. 6).

Clustering and symmetry analysis

For the primary neurite clustering analysis (Figs. 4B and S3D-F), EM-reconstructed neurons were first
transformed into the VNC atlas space using the registration described above. Then, neurons were pruned
to exclude any parts of the reconstruction falling outside the VNC neuropil. This retained neurons’
neurites in the neuropil, but excluded their cell bodies, which are known to have variable positions from
fly to fly even for identified neurons and are therefore not reliable indicators of a neuron’s identity (Baek
and Mann, 2009). Neurons were further pruned to only include their primary neurite (see Fig S3C).
NBLAST similarity scores (Costa et al., 2016) were calculated between each pair of pruned neurons in
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both forward and reverse directions (i.e. neuron A to neuron B and neuron B to neuron A) and normalized
such that the similarity score of each neuron with itself is equal to 1. The forward and reverse scores were
then averaged to generate a final similarity score for each pair of neurons. Hierarchical clustering with
single linkage was performed on similarity scores for motor neurons of each peripheral nerve using the
SciPy Python package. The clustering dendrograms and neuron reconstructions were visually inspected,
and a cut height on each dendrogram was chosen that separated motor neuron bundles traveling along
distinct trajectories.

For symmetry analysis (Fig. 4D), neurons were also transformed into the VNC atlas space and pruned to
exclude their cell bodies as described above, but all branches emerging from the primary neurite were
included instead of being pruned. Neurons on the right side of the dataset were reflected across the
midplane of the atlas to enable comparison with neurons on the left side. NBLAST similarity scores were
calculated as described above between each left-side motor neuron and each reflected right-side motor
neuron. Because higher NBLAST scores reflect greater morphological similarity, to compute a cost
metric for dissimilarity, we subtracted each pairwise score from the maximum score so that the most
similar (highest scoring) pair had zero cost. Based on these costs, we used the Munkres algorithm in
MATLAB (MathWorks) to compute a globally optimal pairwise assignment between individual motor
neurons on the left and right sides of the VNC (Munkres, 1957).

Analysis of synaptic connectivity for bCS neurons

All output synapses were identified in the two bCS axons arising from the left prothoracic leg nerve and
in the two arising from the right prothoracic leg nerve along the ~50um branch in the left T1 neuromere
indicated in Figure 5D. Multiple independent annotators reviewed these synapse identifications to ensure
accuracy and completeness. Postsynaptic partners of each synapse were reconstructed until each one
could be identified as a motor neuron (by connecting to an existing motor neuron reconstruction), a
central neuron (by making a synaptic output), or until reconstruction could not be continued due to
uncertainty in where the neuron continued. We never observed a sensory neuron being postsynaptic to a
bCS synapse. The postsynaptic motor neurons included 10 ProLN motor neurons in the L1 bundle, and
one VProN motor neuron. Analysis in Figures SF-G was restricted to the seven ProLN motor neurons
receiving five or more synapses from bCS neurons. Analysis in Figures 5SH-J included all ProLN motor
neurons.

Analysis was carried out in Python using pymaid (https://pymaid.readthedocs.io/en/latest/index.html) for
pulling reconstructions from CATMAID, SciPy for linear regression, and matplotlib for visualization. For
measuring distances between synapses and particular locations on motor neurons (Fig. 5SF-G), geodesic or
“along-the-arbor” distance was always calculated. To determine the distribution of distances between
possible synaptic locations and the primary neurite, we computed the distances from all positions on the
motor neuron arbor to the primary neurite (Fig. 5F), and we assumed that all locations on the motor
neuron were equally likely to receive synaptic input. In reality, synapses are preferentially positioned on
the distal branches of neurons (Schneider-Mizell et al., 2016), so the random distributions presented here
likely underestimate the distances from the primary neurite at which synaptic inputs are found. This
means the bias of bCS synapses to target regions close to the primary neurite relative to randomly
positioned input is likely even stronger than suggested by this analysis.
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For calculating distances to the putative spike initiation zone, the distal-most branch point of each motor
neuron’s primary neurite was used as the approximate location of the spike initiation zone. Primary
neurites branch extensively as they travel through the VNC neuropil, but then stop branching as they
leave the VNC to become an axon. The spike initiation zone is located near this transition point between
primary neurite and axon (Gwilliam and Burrows, 1980). To determine a distribution of distances
between possible synaptic locations and the spike initiation zone, we computed the distances from all
positions on the motor neuron arbor to this distal-most branch point (Fig. 5G).

To measure the cross-sectional area of left ProLN motor neuron axons (Fig. 5J), we selected five sections
spanning a 600 section (27 um) range where the ProLN traveled directly perpendicular to the sectioning
plane. In each of the five sections, the polygon selection tool in Fiji was used to measure the area of each
of the 42 ProLN motor neuron axons. Measured areas were averaged across the five sections.

Linear regression (Figs. SH-J), including the determination of the line of best fit, R? value, and p-value,
was performed using scipy.stats.linregress. For Figures SH-I, all ProLN motor neurons were included in
the regression. For Figure 5J, only the motor neurons in the largest ProLN bundle (cyan) were included in
the regression.

Light microscopy-based cell matching

Intracellular labeling, immunohistochemistry, confocal microscopy, and tracing of genetically identified
cells (Fig. 6) was performed as described in (Azevedo et al., 2019). Briefly, targeted neurons were labeled
during whole-cell patch pipette recordings with 13 mM neurobiotin in the internal solution. After whole-
cell recordings, the dissected VNC was lightly fixed in 4% paraformaldehyde in phosphate-buffered
saline (PBS) for 20 min. The tissue was then washed in PBST (PBS + Triton, 0.2% w/w), incubated in
blocking solution (PBST + 5% normal goat serum) for 20 min, and then incubated for 24 hrs in blocking
solution containing a primary antibody for neuropil counterstain (1:50 mouse anti-Bruchpilot,
Developmental Studies Hybridoma Bank, nc82). After a subsequent PBST wash, the tissue was incubated
in blocking solution containing secondary antibodies for 24 hr (streptavidin AlexaFluor conjugate,
Invitrogen; 1:250 goat anti-mouse AlexaFluor conjugate, Invitrogen). Following staining, the tissue was
mounted in Vectashield (Vector Labs) and confocal stacks were acquired using a Zeiss 510 confocal
microscope. Cells were traced in Fiji (Schindelin et al., 2012), using the Simple Neurite Tracing plugin
(Longair et al., 2011). Neuron traces were transformed into the VNC atlas space using elastix.

Data and code availability

The EM dataset and reconstructions will be available at: https://vncl.catmaid.virtualflybrain.org/. Reel-to-
reel instrumentation designs and software will be available at: https://www.lee.hms.harvard.edu/resources
or https://github.com/htem/GridTapeStage. Additional code is available at https://github.com/htem or
upon reasonable request.
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