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Abstract

Mapping the connectivity of neurons, or the brain connectome, with a clear identification of
neuron types and functions is a complicated problem that hinders the development of potential
therapeutic interventions. Without understanding the identities of neurons that have fundamental
roles in neurological or psychiatric disorders, uncovering the disease mechanism and pathology
to observe, control, and even repair neural dynamics remains challenging. In this work, we
achieve live animal imaging and cell identification by generating a multicolored fluorescent map
of different neurons in C. elegans. We take advantage of neuron type-specific promoters to
construct transgenes that label each neuron type with unique red, green, and blue fluorescent
colors. We also tag subcellular markers of the nucleolus and nuclear membrane with fluorescent
proteins to allow for a combinatorial barcode for neuron types, allowing the differentiation of
neurons at a single-cell resolution. Through multicolor barcoding of individual neurons, we
distinguish different cell types in vivo, helping reconstruct parts of the C. elegans connectome.
With this deterministic strategy, we hope to enable cell typing throughout development and
advance the understanding of both the connectome and the shifts in neural circuitry.
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Title: Professor of Biological Engineering
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1. Introduction

Approximately one in six people, or greater than one billion worldwide, suffer from

neurological or psychiatric disorders.1,2 Despite the number of patients affected by brain-related

diseases, most underlying causes of these conditions are still unknown.3 With more than 85

billion neurons each making up to 15,000 synaptic connections, the complex structure of a

human brain poses challenges for characterizing the unique identities of individual neurons that

impact the disease pathology.4–6 Therefore, comprehensive mapping of the pan-neuronal

pathways, or the brain connectome, is imperative in understanding their involvement in disease

progression and accelerating the development of potential effective therapeutic diagnostics and

treatments.7

The billions of neurons largely communicate via endogenous chemical molecules known

as neurotransmitters and neuropeptides. Neurotransmitters are released in vesicles at the synaptic

junction, which is the site of electrical or chemical transmission between two neuronal

processes.8 There are various types of neurotransmitters, including dopamine, serotonin,

acetylcholine, glutamine, serotonin, and gamma-aminobutyric acid (GABA), which uniquely

determine each cell’s function and alter the brain circuitry. For instance, glutaminergic neurons

are excitatory and mediate neural plasticity for learning and memory, while GABAminergic

neurons are inhibitory, regulating cell growth and differentiation.9,10 Dopaminergic neurons also

play an important role in essential brain functions like learning, reward, attention, motivation,

and movement.9,10 Similar to neurotransmitters, neuropeptides are diverse groups of small

proteinaceous messengers released by neurons for cell communication. With over 100 different

neuropeptides, they perform numerous functions, including direct regulation of neurotransmitters

and modulation of both short and long range hormone pathways.11,12 Altogether, these

interneuronal variations add to the brain’s complicated composition, making it difficult to resolve

structural and functional connectivity.

Hence, to understand the fundamental mechanisms of neural dynamics, it is important to

accurately identify cell types in live animals, resolve their functions in physiological conditions,

and map the whole intact samples. Caenorhabditis elegans has been commonly used as a model

organism to observe how the nervous system develops over time, due to its rapid life cycle,

minimal maintenance requirements, self-fertilization, and transparency that enables efficient
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imaging.13,14 Moreover, they have already been studied in detail with known classification,

lineage, morphology, and in vivo location of exactly 302 neurons, which facilitates identifying

changes in neural connectivity.14 As the brain composition alters over the course of development

or at the onset of psychiatric or neurological diseases, having an approach to tracking the

dynamic changes of the brain connectome and identifying the participating cell types would

further elucidate the mechanisms of disease initiation and progression toward finding appropriate

therapeutic solutions.

Common methods for cell type identification include immunostaining, RNA-fluorescence

in situ hybridization (FISH), and single-cell sequencing. Immunostaining uses fluorescently

labeled antibodies to selectively detect a target protein and measure protein expression,

localization, and distribution patterns through the antigen-antibody complex.15,16 Another

technique, RNA FISH, induces binding between a specific mRNA transcript and DNA or RNA

probes in a thermodynamically favorable condition to visualize gene expression, differentiating

heterogeneity among individual cells.17,18 Likewise, high-throughput single-cell sequencing

extracts and amplifies the genome, epigenome, transcriptome, or proteins to classify cell types

and determine their spatiotemporal roles, such as in development and disease pathology.19,20

However, while robust at resolving complex cellular compositions, these methodologies require

processed samples, and thus, only generate a snapshot of the cell type information, preventing

cell identification in live animals in real time. In many cases, these snapshots will also bring

issues in image registration.

Methods such as Brainbow and Bitbow address some of these challenges by expressing

different combinations of fluorescent proteins in distinct cell populations in vivo, but at

random.21–23 This stochastic expression of fluorescent reporters prevents selective identification

of cell characteristics in a transgenic animal. Previously, Yemeni et al. addressed these

challenges by fluorescently labeling cell nuclei to map all neurons of nematode C. elegans,

enabling deterministic whole-brain imaging in live animals.6 Yet, without a multicolor palette

that can also visualize neuron morphologies, it is challenging to elucidate the brain connectome

and cell functions at different time points, such as during development, or task training. Having

an additional description to invariantly identify neurons and their connections would thereby

better inform the precise mapping of the brain.
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Here, we encoded cell type information by deterministically color coding the cytosol of

neurons, including neuronal processes, to visualize cell morphology and identify their functions

in vivo. To differentiate neighboring cells and label individual neuron types in C. elegans, we

developed a strategy for live labeling of seven neurotransmitters and two neuropeptides by

driving the expression of fluorescent protein combinations under cell type-specific promoters.

Because the color codes were limited to their encoding capacity, we specifically tagged selective

fluorescent proteins to known subcellular structures with highly distinguishable morphologies,

and utilized these subcellular structures to expand the number of encodable cell types. With this

method, we report successful in vivo identification of neuron types in young adult C. elegans.
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2. Methods

2.1 Generation of promoter-specific forward and reverse primers
All PCR and sequencing primers were designed using the Wormatlas

(https://www.wormatlas.org/), UCSD genome browser (https://genome.ucsc.edu/), Wormbase

(https://wormbase.org/#012-34-5), NCBI Primer Blast (https://www.ncbi.nlm.nih.gov/tools/

primer-blast/), and SnapGene software. The forward and reverse primers to clone the promoter

regions of specific cell types were designed to have 45-60% GC content, 55-70 ℃ melting

temperature, and based on previously published regulatory sequence lengths and findings in

Ortiz et al. for gcy-13,39 Sze et al. for tph-1,40 Suo et al. for tbh-1,41 and Hobert lab database for

flp-7 and flp-20.32 Flanking sequences were added to enable digestion with FseI (actgggccggcc)

and AscI (tagaggcgcgcc) enzymes. Finally, the custom designed forward and reverse primers

were ordered from Integrated DNA Technologies (IDT). Primer sequences used to clone the

promoters are shown in Table 1.

2.2 Cloning neuron-specific promoters using PCR42

The neuron-specific promoters were acquired by running primer-specific PCR on the N2

genome. First, the NemaMetrix worm lysis protocol was used to extract the worm’s genomic

DNA. The ordered primers (IDT) were diluted to 100 µM with UltraPure water. Next, they were

vortexed, dissolved at 60℃ for 30 minutes, and vortexed again prior to centrifugation at 12,000g

for 1 min. To make a working solution of 5 µM, the primers were diluted again in a 1:20 ratio,

where 10 µL of both forward and reverse primers were tandemly mixed into the 1.5 ml

microfuge tube with 180 µL of water. 50 µL of PCR reactions with 2 µL of genome DNA per

promoter were carried out according to the Q5 High-Fidelity 2X Master Mix protocol (New

England Biolabs). The melting temperature for promoter regions of gcy-13, tph-1, tbh-1, flp-7,

and flp-20 were 59℃, 65℃, 66℃, 66℃, and 63℃, respectively (calculated using the New

England Biolabs TM calculator). The PCR products were run on the 1% agarose gel for 30

minutes. After the confirmation of appropriate bands, the gel was extracted and cleaned using the

Monarch DNA Gel Extraction Kit (New England Biolabs). After the PCR clean up, the DNA

concentration was determined with the Nanodrop (ThermoFisher).
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2.3 Digestion and ligation
The plasmids composed of the neuron-specific promoter, fluorescent markers, and

ampicillin resistance (Table 2) were generated through rounds of digestion and ligation (Figure

1). The backbone vectors and insert fragments were digested using 1 µL of FseI and AscI

digestive enzymes, 5 µL of Instant Sticky-end Ligase Master Mix (New England Biolabs), 2 µL

of vector, 10 to 13 µL of insert based on their concentrations, and UltraPure water up to 50 µL.

The solution was incubated at 37℃ for 1 hr, loaded on a 1% agarose gel, and cleaned per the

previous protocol. The concentration of digested inserts and vectors was calculated before the

ligation. Following the Instant Sticky-end Ligase Master Mix Ligation Protocol (New England

Biolabs), 3 µL of vectors, 2 µL of inserts, and 5 µL of the Instant Sticky-end Ligase Master Mix

were mixed and set on ice for 1 hr if the concentration of the insert was less than 10 ng/µL.

2.4 E. coli transformation
The plasmids were transformed into E. coli for amplification per the New England

Biolabs high efficiency transformation protocol. First, 2-5 µL plasmid DNA was mixed with 25

μL of competent New England Biolabs 5-alpha E. coli cells and incubated on ice for 30 min.

Then, the DNA was introduced to the cells via heat shock for 30 s at 42°C. The tube was placed

on ice for 5 min. After adding 950 μL of SOC media, cells recovered for 1 hr at 37°C. 2 μL and

20 μL of the transformation were plated onto an Luria-Bertani (LB) broth + carbenicillin agar

plate and incubated at 37°C overnight for low and high density colony formations, respectively.

Approximately 4 colonies per plasmid were picked and mixed with 30 μL of autoclaved water in

a 1.5 mL centrifuge tube, of which 15 μL was transferred into the culture tube along with 4 μL of

carbenicillin and 4 mL of LB growth media in a 1:1000 dilution. Then, the tubes were shaken

overnight in a 37°C incubator at 225 rpm.

2.5 Clone purification and sequence analysis
Plasmid DNA was harvested from E. coli and their sequence was analyzed to confirm the

proper generation of clones. The remaining 15 μL of each colony was sent for Sanger sequencing

to IDT along with 10 μL of forward (5' - ACCGTTCGAGTAGATGTGGG - 3', 5' -

CGTGACAGTCAAGATGGAAGT - 3', 5’ - CCGGAATCTTCCTTATGTATCTC - 3’, 5' -

ACTGTTGCTTGGTCTTGTGC - 3', 5' - GTTGCAGTGAAGTTTGAGTTCCA - 3',) and

reverse primers (5' - GCCACCGTCTTCGTATGTG - 3' for mTagBFP and 5' -
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CTCCTGGCATTTGAACTGGTTT - 3' for mScarlet) for gcy-13-FIB-1-mTagBFP,

tph-1-EMR-1-mScarlet, tbh-1-FIB-1-mTagBFP, flp-7-mTagBFP, and flp-20-mScarlet,

respectively. After confirming the correct assembly, the plasmids were extracted using the

Monarch Plasmid Miniprep Kit (New England Biolabs). SnapGene software was used to align

the plasmid sequence with the sequencing results and whole plasmid sequencing (Primordium)

was performed for the second confirmation of the correct plasmid. Then, another set of

transformation and plasmid extraction was performed in an RNAse-free environment

(NucleoSpin Plasmid purification kit, Macherey-Nagel) to prepare for an injection.

2.6 Digestion Mapping
In addition to sequencing, digestion mapping was performed to verify the correct plasmid

generation by comparing the lengths of digested fragments with expected results. The digestion

protocol was the same as previously mentioned with HincII, EcoRI, HincII, EcoRI, and NdeI as

the digestive enzymes used for gcy-13, tph-1, tbh-1, flp-7, and flp-20, respectively. The digested

products were run on 1% agarose gel for 30 minutes before imaging (Image Lab Touch Software,

BioRad).

2.7 Microinjection
The constructs were microinjected into syncytial gonads of C. elegans for the generation

of transgenic animals following the Wormbook protocol with appropriate modifications.43,44 The

injection solution was prepared by mixing a linearized pan neuronal GFP marker (Synthetic

Neurobiology Group) and the constructs in a 1:10 dilution. Glass capillary-based needles

(1.0mm, Kwik-Fil Borosilicate, World Precision Instruments, Inc.) were prepared with a needle

puller with settings at heat:542, pull:45, vel:75, del: 90, and p500 (Sutter Instrument p-97). Then,

approximately 0.5 μL of the injection solution was loaded into the unpulled ends of the capillary

needles under the light microscope (ZEISS SteREO Discovery.V12​) and set for 5 min. In the

meantime, a needle breaker was made by pulling glass capillary needles over fire and placing the

pulled portion on a glass cover slide with a drop of microinjection oil (Halocarbon oil 700,

Sigma Aldrich). When the solution accumulated to the tip of the needle, the needle was mounted

to a differential interference contrast (DIC) microscope (Nikon ECLIPSE Ts2R) at about 45°.

Both the coarse and fine focus knobs were used to bring the needle tip close to the breaker. After
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applying pressure supply at 1200 pi (Eppendorf™ FemtoJet™ 4i Microinjector), a gentle nudge

of the scope table was used to break the needle, and application of the N2 flow was discontinued.

After preparing the needle, the light microscope was used to pick 2-3 young N2 wild-type

adults, which were swirled in oil to remove bacteria, immobilized to a dry agarose pad (3%

agarose in M9 solution, dried on a glass slide) using a picker, and relocated to the DIC scope.

Both the worm and the needle were focused using 10X and 40X DIC objectives with the distal

arm of the gonad (clear chamber) facing the needle on the same plane. When their focus aligned,

the worm was gently pierced by the needle and the injection solution was administered for about

4-5 s until the worms flooded. The swelling of the gonad indicated a successful injection, and the

worms were released from the needle. The injected animals were picked and transferred to a

newly E. coli seeded plate with a drop of M9 solution [3 g KH2PO4, 6 g Na2HPO4, 5 g NaCl, 1

ml 1 M MgSO4, H2O to 1L. Sterilized by autoclaving]45 under the light microscope for recovery.

Finally, the fluorescing worms were selected and maintained until the F3 generation per

Wormbook protocol.45

2.8 Sample Fixation and Gelation
Prior to imaging, the worms were fixed and gelled to conserve their configurations. First,

a plate full of well-fed worms was washed in an M9 buffer using a glass pipette into a 15 ml

tube, which was centrifuged at 50 g at 22℃ for 2 min. After removing the supernatant, the wash

was repeated. Then, the worms were transferred into a 1.5 ml low-binding tube using a

low-binding pipette with 1000 µL of M9 buffer and left on ice for 1 hr along with the fixative

reagents. All the rest of the fixative steps were carried out on the ice. Within the last 30 minutes,

10 ml of fixative solution was prepared using 4X paraformaldehyde (PFA), 1X

phosphate-buffered saline (PBS), and UltraPure water at pH 7.4. The worms were centrifuged at

400 g at 22 ℃ for 2 min and 1 ml of fixative was added to the tube after removing the

supernatant. The sample was incubated at 4 ℃ for 4 hr and then in 1X PBS on ice for 30 min

before washing with 1X PBS four times by centrifuging at 400 g at 22 ℃ for 2 min. The worm

density was adjusted by adding 200 µL of PBS.

Subsequently, a gelatin chamber was made using a 25 mm x 75 mm glass slide as the

base, two 22 mm x 22 mm coverslips stacked on each other on both sides, and finally, a 22 mm x

40 mm rectangular coverslip on the top. After closing the spaces between the coverslips using

water droplets, the 50 µL of the fixed worms were gelled by adding 25 µL of 2x gel solution

13
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[10% (w/v) acrylamide, 200 mM N,N’-diallyl-L-tartardiamide (DATD), 2x PBS], 15 µL of

water, 5 µL of 10% (w/w) N,N,N’,N’-tetramethyl-ethylenediamine (TEMED) stock solution, and

5 µL of 10% (w/w) ammonium persulfate (APS), in order. All these reagents were cooled on ice

before mixing. Immediately, the worms in the gel solution were pipetted 10 times for thorough

mixing and transferred into the gap between the bottom glass slide and the top coverslip. The

gelatin chamber was filled with N2 for 5 min, incubated at humid 37℃ for 30 min, and removed

from the gelation setup using a razor blade and paint brushes. 1-2 mm of the edges were removed

and they were kept in PBS until imaging.

2.9 Characterizing fluorescence through confocal microscopy
The success of generating transgenic animals was confirmed by imaging their

fluorescence under the confocal microscope (Nikon ECLIPSE Ti). If the worms weren’t fixed

and gelled, to immobilize the worms throughout imaging, a drop of 5% agarose in M9 solution

was applied to the microscope slide, and another slide was used to thinly spread the solution.46

After cooling, about 10 worms were picked and transferred into the droplet of M9 solution on the

gel. Finally, a drop of NaN3 was added and a cover slip on the top was placed for imaging. If the

worms were gelled, then the gel was transferred to a 6 well plate. Then, 2% of low gelling

temperature agarose microwaved for 15 s was cooled and pipetted around the gel. Four channels

(Brightfield, RFP channel (peak Excitation (Ex): 561 nm, Emission (Em): 582 nm), GFP channel

(Ex: 488 nm, Em: 525 nm), and BFP channel (Ex: 405 nm, Em: 455 nm)) were used to identify

neuron types and the image was collected using the NIS Element software. After collecting

volumes of transgenic worms, the image was reconstructed using ImageJ software and neuron

identities were characterized by comparing their color, morphologies, and locations to the

established worm data.27,35,47

14
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3. Results

The cellular composition is the structural basis for a tissue or an intact animal. By

identifying neuron types and circuitry, their role in processes like development and disease onset

and progression can be better understood, and therapeutic targeting can become more specific

and localized. Nonetheless, monitoring cell types over time is challenging without a tool to

deterministically characterize distinct neurons in vivo. Therefore, to distinguish different cells

and label their functional identities, we chose to express fluorescent reporters under cell

type-specific promoters. Briefly, we cloned promoters of different neuron types and color-coded

them with fluorescent proteins (Figure 1A). Based on the sequencing results, the cloning strategy

was devised for each construct, such as using different primers and melting temperatures to run

PCR, to ensure the successful generation of plasmids. Then, these constructs were expressed in

live worms to validate their expected fluorescent patterns and identify neuron types (Figure 1B).

3.1 Cloning neuron-specific promoters
First, we selected promoters that allow us to distinguish key neuronal cell types. The

promoter region contains transcription regulatory sequences that are crucial for controlling gene

expression.24 Proteins like RNA polymerase and transcription factors can recognize and bind to

the unique promoter sequence to initiate the transcription of a particular gene. With different

neurons expressing different subsets of proteins, we inspected proteins specific to neuron types

and obtained their promoter sequence. For instance, we chose the promoter region of the tbh-1

gene to mark octopaminergic neurons because the tbh-1 enzyme is exclusively responsible for

the synthesis of octopamine from tyramine.25,26 Accordingly, the promoters of tyraminergic,

serotonergic (5-HT), octopaminergic, cholinergic, glutaminergic, dopaminergic, and GABAergic

neurons were selected because they release major neurotransmitters and embody most of the 302

neurons in C. elegans.27

Next, the wildtype N2 genome was used to amplify promoter sequences using the

forward and reverse primer sequences recorded in Table 1. These primer sequences include

flanking sequences, which served as enzyme-cutting sites during the digestion and ligation

(Table 1). Once the ten promoters were cloned, we confirmed the promoter band size by running

gel electrophoresis (data not shown, whole construct confirmations are shown in Figures 2 and

3).
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3.2 Color coding neuron types via fluorescent proteins and subcellular tags
In addition to neuron-specific promoters, the full plasmid construct included fluorescent

and subcellular markers to differentiate neurons in live animals. Three fluorescent proteins,

specifically mScarlet, enhanced green fluorescent protein (EGFP), and mTagBFP proteins, with

unique excitation and red, green, and blue emission spectra, respectively, were chosen to color

code the neurons. The mScarlet, EGFP, and mTagBFP fluorescent proteins have high brightness

and non-overlapping emission peaks, allowing for clear separation of neuron types. Although

more fluorescent colors could have been used to label cell identities, every additional probe

increases the likelihood of overlapping emission spectra and may misrepresent neuron types

during the image acquisition and analysis. Thus, whole neuron imaging is limited by the number

of fluorescent reporters with minimal spectral cross-talk.

To overcome this challenge, we instead used subcellular markers that better increased the

fluorescent labeling capacity. Beyond the three fluorescent colors that each tag three neurons,

adding a single subcellular marker, such as for mitochondria, can multiply possible ways to

characterize neurons by four times as before. The cytosol expression of mScarlet can be

combined with red, green, blue, or negative mitochondria expression, creating four possible color

combinations in total. In this work, we inserted FIB-1 and EMR-1 subcellular markers to gcy-13,

tph-1, and tbh-1 constructs to increase the likelihood of distinguishing neurons by color, location,

and morphology. FIB-1 is a nucleolar marker that shows a bright, fluorescing dot, and EMR-1 is

a nuclear membrane marker that makes a circular closure around the nucleus (refer to Table 2 for

the specific color of these subcellular markers).28,29

Altogether, the fluorescent proteins and their color combinations were carefully assigned

to neuron-specific promoters based on the neuron locations to visualize their identities as shown

in Table 2. Cholinergic and glutaminergic neurons are most prevalent and in close proximity to

each other in C. elegans, and thus, we separated them by labeling them with mScarlet and

mTagBFP. GABAergic neurons are also well-numbered in the animal, but since they are largely

nearer to the cholinergic neurons than glutaminergic neurons, we tagged them using mTagBFP.

Similar approaches were taken to decide on fluorescent proteins for each neuron type.

Subcellular markers provide an additional layer of separation for tyraminergic, serotonergic, and

octopaminergic neurons as they are few in number and adjacent to multiple types of neurons.

16
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Despite segregating cell identities by color, some regions have clusters of the same type

of neurons that limit determining a neuron's specific function and location at the single-cell

resolution. All 302 neurons in C. elegans have individual names that inform their respective roles

beyond the neurotransmitters they release. For instance, PHBL and PHBR are a pair of

chemosensory, cholinergic neurons located on the right and left of the worm's lumbar ganglia.

Since PHB is near many other cholinergic neurons, having an additional marker that

differentiates PHB would enable the specific identification of the cell and its functions.

Moreover, characterizing PHB increases the probability of determining the identity of the

neighboring neurons. Therefore, we made flp-7 and flp-20 neuropeptide constructs to help us

distinguish neurons of the same neurotransmitter type and understand their discrete function

(Table 2). The flp-7 neuropeptides are critical for serotonin-dependent fat metabolism and are

expressed in a myriad of neuron types, including GABAergic, glutaminergic, and cholinergic

neurons, and especially eminent in ALA, AVG, PHB, RIC, PVW, and SAA neurons.30–32 The

flp-20 neuropeptides are expressed in common touch receptor neurons (TRNs), including ALM,

PVM, PLM, ALM, as well as LUA and PVR.33,34 We coexpressed flp-7 and flp-20 neuropeptides

to mark specific sets of neurons to increase the spatial resolution in distinguishing individual

cells within a population of identically color-coded cholinergic and glutaminergic neurons.

3.3 Validating the successful generation of constructs for deterministic barcoding
Once all ten plasmid constructs were created (Table 2) via a series of digestion and

ligation based on the proposed strategy (Figure 1A), we performed digestion mapping and

sequencing to confirm the identity of the correct plasmids. The unc-17, eat-4, dat-1, unc-25, and

rgef-1 plasmids were not tested because they were formerly confirmed and provided by the lab.

First, we simulated the digestion mapping pattern using the SnapGene software (Figure 2A).

HincII, EcoRI, and NdeI proteins were selected as digestive enzymes because they had multiple

plasmid-cutting sites and produced different band sizes (Figure 2A). After digesting the five

newly-made constructs with their respective enzymes, we compared the gel's band patterns to the

simulated gel and validated its correct design (Figure 2). Furthermore, both Sanger sequencing

and whole genome sequencing affirmed the proper generation of plasmids, revealing clear

chromatogram peaks and high-fidelity alignment of the sequence with minimal mutations

(Figure 3).
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3.4 Imaging transgenic animals to record the expression pattern of flp-20
After successfully cloning five additional plasmids, we first tested and confirmed the

expression pattern of the flp-20 construct in vivo. We microinjected the flp-20-mScarlet construct

into the young hermaphrodite adults and visualized the F3 generation to validate their live

expression in C. elegans. Young adults with few eggs were the best candidates for injection as

they could most efficiently pass down extrachromosomal plasmids to their offspring. To establish

a stable line of transgenic animals, we maintained the microinjected worms and waited until the

F3 generation for imaging. When the F3 worms became adults, we picked and mounted them on

agarose to minimize movement during the live-animal imaging.

As expected, not all neurons were expressed in every worm because we did not integrate

the extrachromosomal array into the worm’s genome, resulting in mosaicism. Nonetheless, the

flp-20 constructs were expressed in various neurons within one worm, including LUA, PLM,

PVM, ALM, and ASE (Figure 4). In other worms, these neurons and other neurons like AVM

could be found (Figure 4). The neuron processes were noticeably visible because of the

cytoplasm labeling, which helped to confirm their identities. The two pairings of two neurons

near the rear tail region of the worm suggested that these cell bodies were PLM and LUA left

and right neurons (Figure 4). We also marked ALM neurons for their unique morphology

extending from the head region to the midway within the anterior body (Figure 4). Similarly, by

comparing the extent of neuron processes and the shapes to the known data, we identified and

labeled further neurons. Overall, evaluating flp-20 expression supported the potency of the

deterministic color-coding mechanism. We then extended this approach to the rest of the

plasmids by co-injecting all ten constructs into the worms.

3.5 Whole-brain neural circuitry and identity
The co-injection of all ten plasmids allowed us to produce a comprehensive map of the

worm’s brain connectome. Although live-animal imaging unquestionably provides us with

quality images where neurons are easily segregatable, we decided to fully immobilize the worms

to obtain the best co-injection data for analyzing and marking neuron identities. We thereby

acquired higher-resolution images through fixation in addition to gelation, which eliminated the

chance of worms altering their positions. All three emission channels exhibited fluorescence as

expected and had their highest signals near the head due to the dense clusters of neurons (Figure
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5A). Therefore, we focused our cell identification on the anterior to mid-body region, where the

most diverse groups of neurons were located, instead of extensively representing all 302 neurons

to confirm the proof-of-concept of this in vivo technique. The red fluorescence, largely from

cholinergic neurons, was confirmed to be strongest near the center to the ventral side, while the

blue fluorescence, mainly from GABAergic and glutamatergic neurons, was strongest from the

center to the dorsal side (Figure 5A). The ventral nerve cord line was also present, displaying an

extended signal of neuron processes and wide clumps of cell bodies (Figure 5A). Still, not all

neurons were shown, even within the head, due to not only mosaicism but also unidentifiable key

neurotransmitters in some neurons, the worm’s orientation, and software light adjustment that

caused some signals to be missed or lost in the image (Figure 5).

After validating the general expression pattern of fluorescent colors, we analyzed and

mapped their unique identities using colors, morphologies, and relative locations in both

projected and volume images of C. elegans. The directionality, whether it’s unipolar or bipolar,

as well as the shape of neuron processes like bending and circularity helped especially when

distinguishing neurons of the same color (Figure 5B I). The subcellular structures also helped to

identify tyraminergic, serotonergic (5-HT), and octopaminergic neurons in a pool of largely

cholinergic, glutaminergic, and GABAergic neurons (Figure 5B II & III). Altogether, the neurons

were analyzed using the volume and z stacks images to observe their relative locations and the

extent of neuron processes in a three-dimensional setting.

Generally, characterizing neurons was easier and more reliable with a lower density of

neurons at the very anterior. Some of these neurons were Il, I2, I3, MI, MCL, M3L, M4, and

NSM (Figure 5C I & II). Il is a pharyngeal interneuron that releases acetylcholine at a spatial

distance from other neurons. Since we marked cholinergic neurons with mScarlet, the single

existence of a red-colored neuron was easily visible on the connectome (Figure 5C I).

Consequently, the neighboring sets of neurons like I2, MCL, and NSM were identified using

their relative location to Il and each other and color that indicated their neurotransmitter type

(Figure 5C I). We applied a similar approach to reproduce the brain map of deterministically

barcoded neurons in other C. elegans (Figure 5C II). As tagged with both mScarlet and

mTagBFP, the CEPD and CEPV neurons were eminently purple (Figure 5C II). Moreover, by

visualizing bipolar processes and a process that wraps around the worm body, ADE and DD
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neurons could be identified, respectively (Figure 5C II). Through this analytical approach, we

labeled neuron types and reproduced them across different C. elegans.

Taken together, we report the successful generation of transgenic worms that allows in

vivo imaging of the whole brain and deterministic identification of neurons through multicolor

fluorescent coding.
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4. Discussion

Understanding the brain at a molecular, cellular, structural, and functional signaling level

is crucially tied to resolving neural circuitry and synaptic communication. Without knowing the

cellular compositions of the brain, it is challenging to understand the molecular networks that

determine the function, development, and communication of the nervous system and their

implications on disease progressions. In this work, we successfully generate cell-specific

constructs to drive fluorescent expression of different neuron types in C. elegans, enabling live,

single-cell identifications.

Amidst the brain’s complexity, the deterministic approach to cell type labeling can allow

deeper insight into the identity of each neuron in vivo and their anticipated roles within the brain.

In the past, Brainbow and similar systems were developed as an in-vivo transgenic cell-labeling

strategy that stochastically combined and expressed fluorescent proteins.21,36 However, while

useful for monitoring live tissues and animals at different time points, these preclude

understanding cell types due to the random nature of Cre-loxP recombination for multicolor

expression. Even in the work done by Yemini et al., where they developed a multicolor landmark

strain to label the whole nervous system of C. elegans, this technique was limited to labeling the

nuclei due to the type of sensor they implemented.6 Therefore, the labeling did not show the

morphologies that are critical for identifying neurons. With the finite numbers of spectrally

distinct fluorophores and high-density clusters of neuron bodies, whole-brain mapping in live

animals remains challenging.

To meet this unmet need, we take advantage of neuron-specific promoters to construct

transgenes that label each neuron and its processes with unique red, green, and blue fluorescent

proteins. Importantly, we enable deterministic neuron identification using neurons’ distinct

morphologies and subcellular markers. With this multicolor palette approach, we thereby

embrace an added layer of information about neuronal identities. Ultimately, we parsed out

complex cellular structures, generating a multicolored fluorescent mapping of different neurons

in C. elegans for live, whole-brain imaging and individual cell barcoding.

To further develop this technique, we anticipate rounds of optimizing the color-coding

schemes. First, we plan to modify fluorescent proteins of gcy-13-FIB-1-mTagBFP,

tph-1-EMR-1-mScarlet, and tbh-1-FIB-1-mTagBFP constructs. Currently, many of these
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subcellular markers are co-expressed with fluorophores of the same color in the cytosol, making

it difficult to recognize these structures. Therefore, by changing them into the opposite color, we

would produce a sharp contrast between the cytosol and the subcellular tags that are easier to

identify cells. Furthermore, the use of additional neuropeptidergic constructs with subcellular

tags can help better mark neurons at a single-cell resolution. Consequently, it may be useful to

explore diverse sets of fluorescent proteins to control the emission band, increase brightness, and

reduce noise like unspecific expression of fluorophores. When the optimized plasmids are

prepared for injection, we intend to integrate the plasmids into the stable germline and eliminate

mosaicism. Beyond imaging in live C. elegans, this approach can be translated into other

imaging setups, including samples like cultured cells and mice brain tissue. Similarly, although

the process will no longer be in live animals, expansion microscopy can be applied to conduct

high resolution, fixed animal imaging, and thus, mapping brain connectome with even greater

fidelity.37,38

Ultimately, through this method of deterministic barcoding of neuron identities, we aim

to aid cell typing throughout development and advance the understanding of both the

connectome and the changes in neural circuitry over time. As previously mentioned, we expect

this technique to be much more practical and compatible with other imaging setups, thus,

opening doors to new experimental findings under normal and diseased physiological conditions.
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5. Conclusion

The multicolor, deterministic barcoding to label neuron identities in vivo is a potent tool

to image live animals over time. Through monitoring the changes in neuronal activity and

connectivity, how the brain connectome alters during the development and even disease

pathology can be better understood. This genetically targeting approach is particularly

compatible when investigating neuron identities as their unique morphology of neuronal

processes can be visualized. Beyond that, the deterministic toolbox enables studying cellular

compositions in diverse cell populations like tissues and multicellular cultures. With

neuron-specific promoters tagged with fluorescent proteins and subcellular markers helping to

differentiate same-colored neuron clusters, accurately discriminating and identifying neurons in

C. elegans became more robust. This technique can also be applied to study the cell

compositions of other model organisms like mice, Drosophila, and zebrafish. We believe this

advanced form of multicolor cell typing will be a valuable tool in investigating future genetics

and development studies.
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Appendix A. Figures

Figure 1. Overview schematic of deterministic color coding. A) Nine neuron-specific
promoters and one pan-neuronal promoter were cloned from the wild-type (strain N2) genome to
generate color-coded constructs. They were then amplified using E. coli cells. *Not all constructs
contained subcellular markers. **Fluorescent proteins were either red, green, or blue. B) Purified
plasmids were microinjected into the gonad of C. elegans to create a transgenic animal.
Subsequent imaging was performed under the confocal microscope to confirm the cell identities.
The worms were imaged in I) brightfield (BF, grayscale), II) emission channel (Em) of 582 nm
(mScarlet, red, driven by tph-1, flp-20, unc-17, and dat-1 promoters), III) Em of 525 nm (GFP,
green, driven by pan-neuronal markers), and IV) Em of 455 nm (mTagBFP, blue, driven by
gcy-13, tbh-1, flp-7, eat-4, dat-1, and unc-25 promoters). The merged images (V and VI)
combined three fluorescent color images into one for comparing the neurons’ relative locations.
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Figure 2. Digestion mapping indicates anticipated length of each cloned construct. 1%
agarose gel was used to visualize the digestion pattern of constructed plasmids for gcy-13, tph-1,
tbh-1, flp-7, and flp-20 using 1 kb Plus DNA Ladder. A) Expected bands length from the given
restriction digest enzymes for each construct are shown. Generated by SnapGene. B) Image of
the digested plasmids. Lanes 1-2 corresponds to plasmids containing gcy-13, lane 3 to tph-1,
lanes 4-5 to tbh-1, lanes 6-7 to flp-7, and lanes 8-9 to flp-20. The final lane (C) is the control of
50 µL water and buffer.
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Figure 3. SnapGene sequence alignment reveals successful cloning of neuron-specific
constructs. Both the Sanger sequencing and whole genome sequencing results are shown
(except for tbh-1 in which only whole genome sequencing is shown). For each plasmids (A
through E), chromatogram exhibits clear peaks.
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Figure 4. Expression pattern of flp-20-mScarlet construct incorporated into live C. elegans.
The I) brightfield (BF, grayscale), II) GFP (green), and III) RFP (red) images of the dense
clusters of worms are shown. GFP is used as the pan neuronal marker and RFP is expressed in
mechanosensory neurons that express flp-20 in their bodies, including LUA, PLM, PVM, AVM,
ALM, and ASE. The scale bar indicates 100 µm, and neuron type labels were based on the
mapping data from WormAtlas.35
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Figure 5. Confocal microscopic images present the unique expression patterns of
neuron-specific constructs. Ten plasmids (gcy-13, tph-1, tbh-1, flp-7, flp-20, unc-17, eat-4,
dat-1, unc-25, and rgef-1) were microinjected into the worms, and their expression patterns are
shown above. A) The worms were visualized per the previous imaging setting with each panel
representing images under the channels for I) BF, II) GFP, III) mScarlet, IV) mTagBFP, V)
Merged image of II-IV, and VI) Merged image of I-IV. Scale bar, 50 µm. B) Unique neuron
morphology and nucleolus and nuclear membrane subcellular structures guided tagging neuron
identities. For instance, (I) MI neuron has distinct unipolar, circular processes; (II) RIM, a
tyraminergic neuron, exhibits a nucleolus marker as encoded by the gcy-13-FIB-1-mTagBFP
construct; (III) ADF neuron that releases both serotonin and acetylcholine is fluorescently tagged
around the nuclear membrane with mScarlet. C) (I) In a zoomed-in version of panel V from part
A, subsets of neurons are labeled with their unique identities again using the same protocol per
Figure 4. (II) Marking unique expression patterns of neuron-specific constructs is reproduced in
another set of C. elegans. Scale bar, 15 µm.
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Appendix B. Tables

Neuron Type Promoter Forward Primer Reverse Primer Promoter
Length

Tyraminergic gcy-13 actgggccggccGCCA
CAATGACAATTAT
CTC

tagaggcgcgccAGTC
GACCTGCAGGCA
TGCAAGCTCCAT
CCTACAGAGGAG
GC

2323bp

Serotonergic
(5-HT)

tph-1 actgggccggccGATG
ATCATAGTCAGTC
GAGCC

tagaggcgcgccCCGG
TTGTCGCATCTGA
AAAAGG

3129bp

Octopaminergic tbh-1 actgggccggccCCGG
AATCTTCCTTATG
TATCTC

tagaggcgcgccGAAA
CAGGAGATGCTC
CGAAAATC

1348bp

Neuropeptidergic flp-7 ActgggccggccTTCT
CGGCCAAATCTAT
GTATTTCG

tagaggcgcgccGAAG
CGGGATCCAAGC
ATTTC

5152bp

Neuropeptidergic flp-20 actgggccggccGAAA
CATTGGTCGGGA
GATG

tagaggcgcgccTTGC
TCACTAAAGTTT
CTGAAAAAAAG

3067bp

*Cholinergic unc-17 actgggccggccTACA
CCAATCATTTCTC
CCCTCCGAAA

tagaggcgcgccCTGA
AAATTAAATATTT
TAGTGTAAAACT
TTTGGGGGCA

3180bp

*Glutaminergic eat-4 actgggccggccTTGA
AGTAGCTCACTG
ATGGATCGTAATT
T

tagaggcgcgccGGTT
TCTGAAAATGAT
GATGATGATGATG
GAGT

5624bp

*Dopaminergic dat-1 actgggccggccGCCT
ATTCCAGTATGAC
C

tagaggcgcgccCTGA
AAACACATGAAT
CTAGTATAG

400bp

*GABAergic unc-25 actgggccggccGAAA
TATCGATTTTTTC
CGAGATATCTAAA
ATTGAAAGAAAT

tagaggcgcgccTTTT
GGCGGTGAACTG
AGCTTTTC

1277bp
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*All neurons rgef-1 Obtained by cutting plasmid pJH3971 (a gift
from Mei Zhen lab at University of Toronto;
Addgene #177736) with NheI and SpeI, and
ligate with EGFP fragment using the same
restriction enzyme sites

3444bp
(length of
rgef-1)

Table 1. Primer Sequences designed to amplify neuron-specific promoters. The sequence
“actgggccggcc” and “tagaggcgcgcc” are flanking sequences, used as cutting sites for the FseI and
AscI digestion enzymes. The primers are approximately 2300 bp to 5200 bp long.
* The following primer sequences are donated by the Neuro Synthetic Group, produced by
Yangning Lu (Thesis mentor).
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Neuron Type Promoter Gene Expressed

Tyraminergic gcy-13 FIB-1-mTagBFP

Serotonergic (5-HT) tph-1 EMR-1-mScarlet

Octopaminergic tbh-1 FIB-1-mTagBFP

Neuropeptidergic flp-7 mTagBFP

Neuropeptidergic flp-20 mScarlet

Cholinergic unc-17 mScarlet

Glutaminergic eat-4 mTagBFP

Dopaminergic dat-1 mScarlet, mTagBFP

GABAergic unc-25 mTagBFP

All neurons rgef-1 EGFP

Table 2. Full plasmid constructs expression.
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