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ABSTRACT

Acetylcholine (ACh), a vital neurotransmitter for both the peripheral (PNS) and central nervous systems (CNS), signals through
nicotinic ACh receptors (nAChRs) and muscarinic ACh receptors (mAChR). Here, we explore the expression patterns of three
nAChR subunits, chrna3, chrnb4, and chrna5, which are located in an evolutionary conserved cluster. This close genomic
positioning, in a range of vertebrates, may indicate co-functionality and/or co-expression. Through novel transgenic zebrafish
lines, we observe widespread expression within both the PNS and CNS. In the PNS, we observed expression of chrna3/@mmato,
chrnb4¢°™ | and chrna5'™™3° in the intestinal enteric nervous system; chrna5™me and chrnb4¢°** in sensory ganglia of the
lateral line; and chrnb4°C*" in the ear. In the CNS, the expression of chrnb4°°** and chrna5'9™™° was found in the retina, all three
expressed in diverse regions of the brain, where a portion of chrna3'47°m4 and chrnb4°C* cells were found to be inhibitory efferent
neurons projecting to the lateral line. Within the spinal cord, we identify distinct populations of chrna34™ma-, chrnb4°r*-, and
chrna5'4™ma_expressing neurons within the locomotor network, including dmrt3a-expressing interneurons and mnxI-expressing
motor neurons. Notably, three to four primary motor neurons per hemisegment were labeled by both chrna3“™me and chrnb4°r”.
Interestingly, we identified an sl-type secondary motor neuron per hemisegement that strongly expressed chrna59™™3° and co-
expressed chrnb4¢CfF. These transgenic lines provide insights into the potential roles of nAChRs within the locomotor network
and open avenues for exploring their role in nicotine exposure and addiction in a range of tissues throughout the nervous system.

1 | Introduction there are two main types of nAChRs: (1) the peripheral or

muscle-type, which makes up the neuromuscular junction on

Acetylcholine (ACh) is a key neurotransmitter, which signals
through the nicotinic ACh receptors (nAChRs), located on the
postsynaptic membrane (Takahashi 2020), resulting in mem-
brane depolarization (Carlson and Kraus 2024). In vertebrates,

skeletal muscle and is involved in muscle contraction, and (2)
the neuronal-type, which are widely expressed in the peripheral
(PNS) and central nervous systems (CNS). These ligand-gated ion
channels are heteropentamers where muscle nAChRs are formed
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by 5 subunits: al, 1, §, y, and ¢, whereas neuronal nAChRs
are made up by 12 homologous neuronal nAChR subunits: 9 a-
subunits («2-10) and 3 B-subunits (52-4) (Kalamida et al. 2007;
Albuquerque et al. 2009). The resulting receptors, comprising
different subunit combinations, have highly variable kinetic,
electrophysiological, and pharmacological properties in response
to ACh (Dani 2015; Zoli, Pistillo, and Gotti 2015; McGehee and
Role 1995).

During development, ACh-signaling is essential for the formation
of the PNS and CNS (Dwyer, McQuown, and Leslie 2009; Hol-
brook 2016). As foretold by its name, nicotine binds nAChRs with
high affinity, and nicotine exposure during early development
interferes with ACh-signaling and results in neurobehavioral and
locomotor defects (Svoboda, Vijayaraghavan, and Tanguay 2002).
Regarding nicotine addiction, the a3 b4 receptor variant plays
a crucial role in reinforcing the effects (Glick et al. 2002; Perry
etal. 2002), and co-assembly with the a5 subunit greatly increases
receptor desensitization in response to nicotine (Wang et al. 1996;
Stolerman et al. 2000; Stella and Piomelli 2001). Interestingly, the
genes encoding these three subunits are located in an evolution-
ary conserved cluster (CHRNAS5-A3-B4), and single-nucleotide
polymorphisms (SNPs) within this cluster have been associated
with increased risk for nicotine dependency (Raimondi et al.
1992; Saccone et al. 2009; Improgo et al. 2010). Given that many
of these SNPs were found in cis-regulatory elements known to
regulate transcription of these genes (Xu, Scott, and Deneris
2006; Scofield, Tapper, and Gardner 2010), suggests that altered
expression of these genes underlies nicotine dependency. Indeed,
the balance between these subunits has been shown to play a role
in nicotine addiction (Frahm et al. 2011), where deletion of the a5
subunit (Fowler et al. 2011), or overexpression of the b4 subunit,
enhanced nicotine self-administration (Yang et al. 2019).

The genes in this cluster have also been associated with the
development of the locomotor network. For instance, missense
variants in the CHRNA3 or CHRNB4 gene have been linked to
sporadic amyotrophic lateral sclerosis, a motor neuron degen-
erative disease in humans (Sabatelli et al. 2009). Thus, SNPs
within the CHRNAS5-A3-B4 cluster could potentially increase the
risk for locomotor defects. A previous study regarding ethanol-
induced locomotor activity (Kamens et al. 2009) revealed that
Chrna3(+/—) mice exhibit greater locomotor depression. A recent
study, using in situ hybridization, revealed the expression of
chrna3within the zebrafish spinal locomotor network (Rima et al.
2020). However, the expression patterns of chrna5 and chrnb4
within the zebrafish spinal cord are unknown.

We set out to explore the expression of the chrna3-b4-a5
cluster in the nervous system by generating transgenic
reporter lines: Tg(chrna3:hs:tdTomato), Tg(chrnb4:hs:eGFP),
Tg(chrna5:hs:tdTomato), and  Tg(chrna5:hs:eGFP).  Over
development, we observed expression in distinct areas of
the PNS (e.g., the gastrointestinal tract, ear, and lateral line
sensory ganglia) and in the CNS (e.g., eye, olfactory bulb [OB],
habenula, pineal gland, optic tectum, rhombencephalon, and
the spinal cord). Using previously published transgenic lines, we
were able to identify some of the cells in the rhombencephalon
as inhibitory efferent neurons projecting to the lateral line.
Quantification of spinal neurons showed co-expression of
chrnb4¢°? with chrna3'4™"% qnd chrna5°°™. On the basis

of calculations, a portion of neurons likely co-express all
three chrn-genes. We found expression of all three chrn-genes
within dmrt3a-expressing interneurons and mmnxla-expressing
motor neurons. All primary motor neurons (pMN) expressed
chrnb4°°*f and chrna3'4™ma but only a single primary motor
neuron per segment expressed chrna5?°"?. Moreover, one type
of secondary motor neuron, identified as sI-type, strongly
expressed chrna59™ma - Although our study is limited to the
characterization of the expression by this gene cluster, it could
serve as a steppingstone for further studies. For instance,
investigations regarding expression profiles correlated to the
distinct speed modules previously described in zebrafish
(McLean and Fetcho 2009). These transgenic lines also open
doors to investigating the intricate interplay between genetics,
development, behavior, and environmental factors.

2 | Materials and Methods
2.1 | Animals and Husbandry

Zebrafish (Danio rerio) used in this study were kept at Genome
Engineering Zebrafish National Facility (SciLifeLab, Uppsala,
Sweden) under the standard conditions of 14 h light/10 h dark
cycles at 28°C. The embryos and larvae used during the study were
kept in water with methylene blue and housed under constant
darkness at 28°C. Larvae from stable transgenic lines used for
imaging were treated with 1-phenyl-2-thiourea (PTU, 0.003% final
concentration) at 24 h post-fertilization (hpf) to avoid pigment
formation. The housing and manipulation of zebrafish were
following the local welfare standards and the European Union
legislation (EU-Directive 201_63).

2.2 | Transgenic Lines

The following  pre-existing transgenic lines  were
used: Tg(dmrt3a:Gal4;UAS:GFP) (Satou et al. 2013),
Tg(UAS:RFP) (Dr. Kaska Koltowska, Uppsala University,
Sweden), and Tg(mnxl:Gal4) (Seredick et al. 2012). We
generated Tg(chrna3:hs:tdTomato), Tg(chrnb4:hs:eGFP),
Tg(chrna5:hs:eGFP), and Tg(chrna5:hs:tdTomato) specifically for
this study, using the CRISPR/Cas9-knock-in method described
by Kimura et al. (2014).

2.3 | sgRNA Template Assembly

Template assembly was done according to Habicher et al. (2022).
Using the oligo assembly approach to prepare sgRNAs, we
synthetically added a G where sequences did not start with GG,
as this is crucial for the T7 polymerase. We designed the following
Oligo A sequences (T7-Genomic sequence):

chrna3: “taatacgactcactata-GGAAGACGAACGATCGTCATgtttta
gagctagaaatagcaag,”

chrnb4: “taatacgactcactata-GGGAGCGCTCGGACCGGCGGgtttt
agagctagaaatagcaag,” and

chrna5: “taatacgactcactata-GGGCGGGAAAATGCAAGGAGgtttt
agagctagaaatagcaag.”
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The oligos were then annealed with a second fragment containing
the guide core sequence (oligoB; Varshney et al. 2015). PCR
was performed under the following conditions: 2 min, 98°C for
denaturation; 10 min, 50°C for annealing; 10 min, 72°C.

2.4 | Genomic sgRNA and Cas9 mRNA Synthesis
and Purification

The templates were used for RNA in vitro transcription with
the mMESSAGE mMACHINE T7 Transcription Kit (Invitrogen,
AM1344) and incubated overnight at 37°C. DNA template was
removed by incubating for 15 min at 37°C with DNAse I (Thermo
Fisher Scientific).

To prepare Cas9 mRNA, pT3Ts-nCas9 plasmid (Addgene #46757)
was digested with Xbal (NEB), purified, and used for T3-driven in
vitro transcription according to the manual provided by the man-
ufacturer (nMESSAGE mMACHINE T3 Kit, Life Technologies).
Purification of sgRNA and Cas9 mRNA was done using the Gene
JET RNA Cleanup and Concentration Micro kit (Thermo Fisher
Scientific, K0841). The final product was stored at —80°C.

2.5 | Generation of Transgenic Lines

Eggs used for the injections were obtained from group breeding
of AB wild-type fish. Glass capillaries (Harvard Apparatus, GC
100FS-10) were pulled (Sutter Instrument, model P-1000) for
injection needles. The insertion of hs:tdTomato or hs:eGFP in
the 5 UTR of the gene was done by injecting 1 nL of plas-
mid mix (1.0 uL mbait-hs:tdTomato or mbait-hs:eGFP plasmid
[1000 ng/uL], 1.5 uL Cas9 mRNA [750 ng/uL], 2.5 L Cas9 protein
[1000 ng/uL], 2.0 uL genomic sgRNA [250 ng/uL], 2.0 uL Mbait
sgRNA [250 ng/uL], 1.0 pL phenol red dye [0.075%]) into the cell
of one-cell stage embryos. Injected embryos were screened at 3-5
days post fertilization (dpf) for tdTomato- or eGFP-positive cells
in the nervous system via a fluorescent stereomicroscope (Leica,
MZ10F). Positive larvae were grown and screened for germline
transmission at 3 months.

2.6 | PCR

PCR was performed to verify the location and direction of
insert. We designed two primers against the genomic sequence of
chrna3, chrnb4, and chrna5 and paired these with a single primer
against the heat shock promoter (hs) present in the knock-in
construct, acting as either forward or reverse (GCCCGTCT-
GTTCATTGTTTT). For forward insertion, we used chrna3
forward primer TCGGGTGGTTTCATGTGTGT, chrnb4 forward
primer ATGTGTTGATATAAACTGTCTGCAT, and chrna5 for-
ward primer GCACAGTTCCCCCTCATCAA. For the reverse
insertion, we used chrna3 reverse primer TGGAGAGCTC-
CGGTGTTCATT, chrnb4 reverse primer TCCTCATCAATGCT-
GTTGGC, or chrna5 reverse primer GATTGGCATGGACACAC-
GAC.

Single larvae at 5 dpf were dissolved in 30 uL 50 mM NaOH for
20 min at 95°C, followed by the addition of 60 uL 50 mM Tris—-HCl
to extract DNA. PCR was used to amplify the targeted sequence

with the following cycle conditions: 3 min at 95°C; 30 s at 95°C;
30 s at 60°C; 1 min at 72°C (cycling for 35 times); and 90 s at 72°C.
Samples were loaded on agarose gel (1.5%) to check for product.

2.7 | Whole-Mount In Situ Hybridization

RNA was extracted from zebrafish embryos and larvae at
different stages using Trizol, and reverse transcription was
performed using a reverse transcriptase (Super Script II,
Invitrogen). The cDNA was then used as a template for the
PCR with 95°C for 5 min, 34 cycles of: 95°C for 30 s, 60°C
for 1 min, 72°C for 30 s, and finally, 72°C for 5 min. The
following primers were used: 5~-AAGTTTGGCTCGTGGACCTA-3
and 5-CGCTGGTCATGTTGGAGATG-3 for chrna3, 5-
ATCAGGGTGCCTTCAGACTC-3 and 5-AGAGCAGTCTAGGC
AAGTGG-3 for chrna5, and 5-CAGAACTGCACGCTCAAG
TT-3 and 5-TACAGCCTGTTCCCCTTCAG-3 for
chrnb4. In addition, a T7 overhang (CTGTAATACGA
CTCACTATAGGG) was added to the revere primer, and therefore
the PCR products could be directly used for purification with
Qiagen PCR purification kit and then transcription of the
RNA probe using the T7 polymerase (Thermo Scientific) and
digoxigenin RNA labeling kit (Roche).

In situ hybridization was generally performed according to
standard procedures (Thisse and Thisse 2008). In short, zebrafish
embryos and larvae were fixed with 4% paraformaldehyde
(PFA) at different stages of development and stored in 100%
methanol at —20°C. Rehydration and permeabilization in Pro-
teinase K were followed by refixation with 4% PFA. After that,
digoxigenin-labeled RNA probes were incubated overnight in a
water bath at 65°C. Next day, careful washings were followed by
incubation with anti-dig FAB fragments at 4°C overnight. On the
last day, washing was followed by a colorimetric reaction using
BM Purple AP Substrate (Roche). Stained larvae were embedded
in glycerol and imaged using a Zeiss Axio Imager M2 microscope
in brightfield mode using 10x and 20X objectives.

2.8 | Microscopy

A Leica SP8 confocal microscope (Leica Microsystems, Wetzlar,
Germany) was used for characterization of transgenic lines. The
larvae were anesthetized with tricaine (0.12 mg/mL), embedded
in low melting point agarose (1.2%), and imaged using a 25X water
objective. Leica’s LasX software and Fiji were used for image
processing and analysis.

3 | Results and Discussion

To explore the expression pattern of chrna3, chrnb4, and
chrna5 during zebrafish development, transgenic reporter
lines were generated using CRISPR/Cas9-mediated knock-in
(Kimura et al. 2014; Habicher et al. 2022). PCR analysis was
used to confirm the location and orientation of the inserted
construct (Figure S1). For consistency, all imaging data for
Tg(chrna3:hs:tdTomato) are shown in cyan, Tg(chrnb4:hs:eGFP)
in green, and Tg(chrna5:hs:tdTomato) and Tg(chrna5:hs:eGFP)
in magenta. We observed expression of the reporter genes in the

30f14

85U80|7 SUOWIWOD aA1eID 3cedljdde au Aq pausenob ae saofe VO ‘@SN JO e[ 10} A%eiq18ulUO A1\ UO (SUORIPUCO-PUB-SWLRY/LIO" A3 1M AfeIq 1 U1 |UO//SANY) SUORIPUOD pUe SWid | 841 88S *[¢Z0z/2T/LT] uo Ariqiiauljuo fe|Im Dy Ole. L 1a eISeAIUN AQ 95622 NBUP/Z00T OT/I0P/W0D A8 | IM"Aeiq 1 |Bul|uo//Sdny Wouy pepeoumod ‘T ‘GZ0Z X9r8Ze6T



FIGURE 1 | Overview of the expression of chrna3dTomato cpyppgeGFP and chrpgstdTomato 4t 5 dpf. (A-C) Lateral view of the zebrafish larvae labeled
by chrna3 (cyan) chrnb4 (green) and chrna5 (magenta) expression. Scale bars equal 250 um. C, caudal; D, dorsal.

intestine, the eyes and ear, cranial sensory ganglia, the brain, and
spinal cord at 5 dpf (Figure 1).

3.1 | Expressionin the PNS and the Eye
3.1.1 | The Intestine

Expression of chrna3'9™m°  chynb4°CFF, and chrna59™™° was
observed in the zebrafish intestine (Figure 2A-C). On the basis
of distribution and morphology of the positive cells, they are
likely part of the enteric nervous system (Kuil et al. 2021), which
regulates local gut functions and is known to express Chrna3-
b4-a5 in rodents (Garza et al. 2009) and humans (Rueda Ruzafa,
Cedillo, and Hone 2021).

3.1.2 | The Ear and Eye

We observed chrnb4*‘If expression in the otic capsule (ear;
Figure 2D). On the basis of the inner ear structure of zebrafish,
we speculate that these chrnb4°C*?-expressing cells are in the
region of the semicircular canal crista ampullaris (Baeza-Loya
and Raible 2023). This observation is in line with expression in
mice, where Chrnb4 is expressed in the inner ear (Gabashvili et al.
2007) and in the chicken otic vesicle that expresses CHRNB4, but
not CHRNA3 (Patthey et al. 2016).

For the eye, we found expression of chrnb4 °f? in the ganglion
cell layer (GCL), the inner nuclear layer (INL), and the outer
nuclear layer (ONL; Boije et al. 2015). In contrast, chrna5'dTomat
expression was only found in the ONL (Figure 2E-G), whereas we
observed no chrna3'4Tma© expression in the retina. The presence

of chrnb4 and chrna5 in the retina is in line with recent zebrafish
single-cell data (Sur et al. 2023). Expression of Chrnb4 has also
been described in the mouse retina (Decembrini et al. 2017).

3.1.3 | The Facial Sensory Ganglion

We found chrmb4*™ and chrna59™ma  cells, but not
chrna39™mato  cells, in the sensory ganglia of the head
(Figure 2H,I). We were able to identify positive cells in
the following four cranial nerves, all of which carry both
sensory and motor information: the trigeminal (V), facial (VII),
glossopharyngeal (IX), and vagal (X) nerves (LaMora and Voigt
2009). In addition, we found positive cells in the anterior and
posterior sensory ganglia of the lateral line (Bleckmann and
Zelick 2009). Many of the sensory ganglia in humans, including
the jugular and nodose ganglia, also express CHRNB4 and
CHRNAS5 (Rueda Ruzafa, Cedillo, and Hone 2021). Similarly, a
number of cells in the mouse spiral ganglia of the ear were found
to express Chrnb4 (Shrestha et al. 2018). Of note, in mammals,
the expression of the chrn-genes has also been described in the
dorsal root ganglia of the spinal cord (Lee, Barrie, and Sadee
2019). However, we were unable to detect any expression of
our reporter genes in the dorsal root ganglia of 5 dpf zebrafish
larvae.

3.2 | Expression in the CNS

3.21 | Inhibitory Efferent Neurons of the Lateral Line

We found the expression of chrna3'9™ma® and chrnb4°™*, but not
chrna59™ma in the inhibitory efferent neurons of the lateral
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FIGURE 2 | Expression of chrna3'4Tmato  chpbgCFP and chrnas9T™2© in the peripheral nervous system and eyes. (A-C) Lateral view of the
intestine of zebrafish larvae at 5 dpf. (A1-C1) Zoom images of marked regions in (A)-(C). (D) Lateral view of the ear labeled by chrnb4°C*". Dashed

circles refer to the outline of ear. (E and F) Lateral view of the eye labeled by chrnb

4¢GFP and chrnasi9Toma (G) Lateral view of the eye of transgenic fish

of chrna3'4T™mato (M and I) Lateral view of the head labeled by chrnb4°S™ and chrnas5'9Tomat at 3 dpf revealed the expression in the sensory ganglia,

including the trigeminal (gV), facial (gVII), glossopharyngeal (gIX), vagal (gX) ganglia, and both anterior (ALL) and posterior (PLL) ganglia of lateral
line. Scale bars equal 60 um in (A)-(C), 20 in (A1)~(C1), 30 in (D)-(G), 50 um in (H) and (I). ac, anterior crista; C, caudal; D, dorsal; INL, inner nuclear
layer; ipl, inner plexiform layer; Lc, lateral crista; ONL, outer nuclear layer; pc, posterior crista; RGC, retinal ganglion cell.

line (Figure 3A-C). To verify if the chrn-genes were expressed
in all inhibitory efferent neurons, we crossed our lines with
Tg(dmrt3a:Gal4, UAS:RFP) or Tg(dmrt3a:Gal4, UAS:GFP), which
labels all the inhibitory efferent neurons (Manuel et al. 2021).
The distinct axonal projections in the brain revealed an overlap,
and tracing the projections to the level of the neuromast revealed
a complete overlap in all larvae studied (Figure 3D,E). These
observations suggest that all of the lateral line inhibitory efferent
neurons express chrna3 and chrnb4.

3.2.2 | Expression in the Brain

Previously, studies including in situ hybridization, multiple tissue
expression array analysis, immunopurification, or immunopre-
cipitation revealed expression of Chrna3, Chrnb4, and Chrna5
in the OB, optic tectum (TeO), cerebellum (Ce), and hindbrain
(Hb; Dineley-Miller and Patrick 1992; Flora et al. 2000; Grady
et al. 2009; Hellstrom-Lindahl et al. 1998; Moretti et al. 2004;
Winzer-Serhan and Leslie 1997; Zoli et al. 1995; Grady et al. 2009;

50f14

85U80|7 SUOWIWOD aA1eID 3cedljdde au Aq pausenob ae saofe VO ‘@SN JO e[ 10} A%eiq18ulUO A1\ UO (SUORIPUCO-PUB-SWLRY/LIO" A3 1M AfeIq 1 U1 |UO//SANY) SUORIPUOD pUe SWid | 841 88S *[¢Z0z/2T/LT] uo Ariqiiauljuo fe|Im Dy Ole. L 1a eISeAIUN AQ 95622 NBUP/Z00T OT/I0P/W0D A8 | IM"Aeiq 1 |Bul|uo//Sdny Wouy pepeoumod ‘T ‘GZ0Z X9r8Ze6T



Rhombencephalon

2}
c
2
)
O
)
(©)
—
o "

anterior lateral line

posterior lateral line

spinal cord r ]

FIGURE 3 | Expression of chrna39™mato chrnp4eGFP and chrnast9™mato in efferent neurons projecting to the lateral line. (A-C) Dorsal view of
the hindbrain of chrna3'd™mato chrnb4°CFP as well as dmrt3tdTomate expressed in the region where CEN and REN located and the inhibitory efferent

axon (arrow) sent out by these cells. (D and E) Projections of chrna3'dTomato and chrnb4¢CFF overlapped with dmrt3a

€GFP o dmrt3aRF? at the level of

neuromasts of the anterior and posterior lateral lines. Scale bars equal 30 pm in (A)-(C), 10 um in (D) and (E). C, caudal; R, rostral.

Lein et al. 2007). Building on this, our exploration of the brain
allowed us to identify cells expressing the chrn-genes in these
regions of the brain (Figure 4A-C). Expression in the forebrain
was seen in the OB, pineal gland, habenula, and telencephalon.
Midbrain expression included the optic tectum, and hindbrain
expression was seen in the corpus cerebellum. In support of these
observations, we performed in situ hybridization against chrna3,
chrnb4, and chrna5 and observed staining of regions similar to
those marked in our transgenic lines (Figure S2A-C). For the
pineal gland and the optic tectum, higher magnification images
were used to identify the chrn-positive cells.

The pineal gland mainly comprises three types of cells: photore-
ceptor cells, projection neurons, and interstitial cells (Shainer
et al. 2017). On the basis of morphological characteristics, such
as a large soma and distinct projections (Li et al. 2012), we were
able to identify some of the cells as double-cone photoreceptor
cells (Figure 4A1,B1,C1).

In the optic tectum, we found that chrna3'9™™a°- chynb4°Crr-,
and chrna5'9™maexpressing cells were distributed throughout
the stratum periventricular (SPV), which contains the cell bodies
of most tectal neurons, whose axons project to the tectal neu-
ropil (Figure 4A2,B2,C2). As the projections of chrna3'dTomaw,
chrnb4°°™ | and chrna5'9™™° cells were seen throughout the

entire neuropil, we propose that all four types of tectal neurons
were labeled, that is, those with non-stratified, mono-stratified,
bistratified, and tristratified dendritic arbors (Folgueira et al.
2007; DeMarco et al. 2020; Forster et al. 2020).

3.3 | Expression in the Spinal Cord

In the spinal cord, chrna39™™°_ chrnb4°CF’-, and chrnastdTomat-
expressing cells were widely distributed (Figure 5A-C). The
chrna3'9™mat cells were predominantly located at the center of
the dorsal-ventral axis of the spinal cord and spread evenly along
the medial-lateral axis. Whereas the chrna3'¢™ma© cells form
a “layer” (Figure 5A3), the chrnb4°C? cells appear throughout
the entire spinal cord (Figure 5B3). The chrna59™mat cells were
distributed across the entirety of the dorsal-ventral axis of the
spinal cord but were restricted medially in the dorsal region and
laterally in the ventral region (Figure 5C3). We observed a similar
distribution in our in situ hybridization against chrna3, chrnb4,
and chrna5, where we saw strong staining dorsally for chrna3 and
ventrally for chrna5 (Figure S2A-C).

We quantified the number of chrna3™ma°  chrnb4°°™, and
chrna59™mate cells in 1-5 dpf old larvae. For all chrn-genes,
as development progressed, the fluorescent reporters became
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Brain

FIGURE 4 | Expression of chrna39T™ma© chrpb4°GtP and chrna5'9T0ma© i the brain at 5 dpf. (A-C) Dorsal view of the expression of chrna3'dTomato,
chrnb4<SFP | and chrnas'4T0m2t in the brain. (A1-C1) dorsal view of the pineal gland (PI). (A2-C2) Dorsal view of the optic tectum (TeO). Scale bars equal
100 pm in (A)-(C), 20 um in (A1)-(C1). C, caudal; Ce, cerebellum; Hb, hindbrain; OB, olfactory bulb; R, rostral.

more apparent, suggesting either an increase in expression or a
continuation of expression within the cells. The peak number of
cells for chrna3'4™ma© (64.4 + 1.5 cells/segment, n = 5 larvae) and
chrnb4°t? (159.4 + 3.63 cells/segment, n = 5 larvae) were at 3 dpf,
and for chrna5'9™mat (154.4 + 20.01 cells/segment, n = 5 larvae)
at 4 dpf (Figure 5D).

3.3.1 | Co-Expression of chrn-Genes

Next, we quantified the number of cells that co-express the chrn-
genes at 5 dpf (Figure SE-H). We focused on the chrna3tdTomat
population (64.4 + 1.5 cells/segment, n = 5 larvae), as this was
the smallest among the three. Here, we found that 38.6 + 1.2 cells
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and chrnastdTomate | cpypg3tdTomato and chrnb4°GFP | as well as chrnb4°CFP and chrnastd™mato | co-expressing in the spinal cord (dashed square; arrow,
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C, caudal; D, dorsal; M, middle; R, rostral.
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(59.9%) co-expressed chrna5°°*f and 45.8 + 2.1 cells (71.1%) co-
expressed chrnb4°Cff, From these numbers, we can deduce that
between 20.0 and 38.6 (31.1%-59.9%) chrna3'4T°ma°-expressing
cells co-express both chrnb4°°™ and chrna5°°t* (Figure S3). On
the basis of the position of the chrna3'4™m cells (Figure 5A3),
co-expressing cells are likely predominately interneurons. For
completion, we also assessed overlap within the chrnb4°CF?
population (159.4 + 3.6 cells/segment, n = 5 larvae) and saw that
45.8 + 2.2 cells (28.7%) co-expressed chrna3'4™ma° and 59.2 + 2.7
cells (37.1%) co-expressed chrna5'™ma° For the chrnas'dTomato
population (154.4 + 20.01 cells/segment, n = 5 larvae), we
observed that 59.2 + 2.7 cells (38.3%) co-expressed chrnb4°Ct?
and 38.6 + 1.2 cells (25.0%) of cells co-expressed chrna3°C?
(Figure 5E-H).

3.4 | Expression Within the Locomotor Network

The wide expression of chrna3i9™ma®  chrnb4°C*?  and
chrna59™ma© in the spinal cord suggests that these receptor
subtypes are used by sensory projection neurons, inhibitory
and excitatory interneurons, and motor neurons. As exposure
to nicotine during early development can lead to locomotor
defects, we set out to gain more detailed information regarding
expression in neurons, part of the locomotor network.

3.4.1 | Expression Within Motor Neurons

In the hindbrain, a number of distinct chrna5'9™ma_positive
cells were found in the region of Rhombomere 8. A cross
with Tg(mnxI:Gal4; UAS:eGFP), marking mnxl-positive motor
neurons in zebrafish (Seredick et al. 2012; Bello-Rojas et al.
2019), revealed co-expression, suggesting that these neurons are
involved in locomotor activity (Figure 6A). These cells were also
chrnb4°°** -positive (Figure 6B) but did not express chrna3‘dTomao,
Although uncertain about the identity of these neurons, their
location and low number make it unlikely that these neurons are
branchiomotor neurons, which are more numerous and located
more caudally (Chandrasekhar et al. 1997; Figure 6A, encircled).
We did observe that the number of neurons is not consistent
among animals, and they appear to diminish in number as the
larva develops (personal observation).

We observed that a portion of chrna3'9™ma°_ chrnb4°6*’-, and
chrna5'9™ma positive cells had axons innervating muscles, indi-
cating that they are motor neurons. To quantify the number
of motor neurons expressing our chrn-genes, we assessed co-
expression with mnxIRF*/¢SFF (Figure 6C-E). We found that out of
51.6 + 3.8 mnxI®F/CFP cells per segment (n = 5 larvae), 9.2 + 1.0
cells (17.8%) co-expressed chrna3'9™ma 138 + 0.8 cells (26.7%)
co-expressed chrnb4°°™ and 13.4 + 2.5 cells (26.0%) co-expressed
chrna5°°** (Figure 6F).

On the basis of soma size and position, we surmise that both pri-
mary motor neurons (pMN) and secondary motor neuron (SMN)
expressed chrna3'9Tma© chrnb4°C*? | or chrna5°™". Interestingly,
the expression of chrna3 was mostly absent in motor neurons
at 1 dpf (Rima et al. 2020), which suggests expression is either
switched on as the network develops or is not present in the
early born pMN. The pMNs, typically three to four cells per

hemisegment were identified based on their more dorsal location
and larger soma (Iglesias Gonzalez et al. 2024). On average, we
identified 3.5 + 0.1 pMNs per hemisegment (n = 5 larvae). For
these, we observed expression of chrna39™ma© jn 3.3 + 0.1 pMNs
per hemisegment, chrnb4°C™" in 3.5 + 0.1 pMNs per hemisegment,
and chrna5*°** in 0.9 + 0.2 pMNs per hemisegment (Figure 6G).
These observations suggest that all pMNs express chrna3'domae,
and chrnb4°°™®, but only one expresses chrna5°“**. The pMN
types have a distinct and “fixed” positioning along the rostral-
caudal axis. Our imaging data revealed that chrna5°°f* was
predominantly expressed in the 2nd pMN (8/10), suggesting these
are MiP-type pMN (Bello-Rojas et al. 2019). In the remaining
cases, expression was observed in the 3rd pMN (2/10).

Interestingly, among the sMNs in each hemisegment, there was
a single cell that highly expressed chrna5'™mat  co-expressed
chrnb4°°*?, but did not express chrna3*c™ (Figure 6H,I). This
neuron is positioned ventrally and exclusively innervates superfi-
cial slow muscle fibers via the septal nerve. On the basis of this,
we believe it is an sI-type sMN (Bello-Rojas et al. 2019).

3.4.2 | Expression Within Interneurons

By crossing our lines to a dmrt3a transgenic reporter line,
marking dI6 inhibitory interneurons (Satou et al. 2013; Iglesias
Gonzalez et al. 2021), we were able to assess (co-)expression in
inhibitory interneurons of the locomotor network (Figure 7A-
C). Within the spinal cord dmrt3a®™/dmrt3a°°™ population
(41.0 + 2.3 cells/segment, n = 5 larvae), we found the co-
expression of chrna3™m° in 5.8 + 0.4 cells (14.1%), chrnb4<C*?
in 4.8 + 0.4 cells (11.7%), and chrna5°°™ in 4.2 + 0.5 cells (10.2%;
Figure 7D). The number of dmrt3a®?/dmrt3a*°rF cells was in
line with a previous study (Iglesias Gonzalez et al. 2021), where
single-cell mRNA sequencing also revealed expression of chrna5
in some, but not all, dmrt3a-expressing cells.

3.5 | Limitations

How rigidly one validates a new transgenic reporter is tightly
linked to the question at hand. Here, we wished to observe the
overlapping expression patterns of these clustered homologous
genes during development. The expression patterns observed
in the reporter lines presented here show a high degree of
correlation with previously published work. In addition, PCR
analyses of the insert location of the reporter gene indicate that
we have targeted the correct genes. Finally, we performed in situ
hybridization against chrna3, chrnb4, and chrna5 to highlight
similarities with the transgenic line for the same gene and
differences among the chrn-genes (Figure S2). Unfortunately, in
our hands, the in situ hybridizations did not yield high-resolution
results, and tissue-wide staining prevented the identification
of specific regions in some cases. However, where able, we
observed staining in regions corresponding to neurons marked
by our transgenic lines. This, combined with the similarity to
expression patterns reported in previous studies and our genomic
insert verification, strongly suggest that our transgenic lines
label the correct tissues and cells. Still, for functional studies
of these receptor subtypes, we suggest additional approaches
for validation. For instance, immunohistochemistry against the
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mean values + standard deviation. C, caudal; D, dorsal; R, rostral.
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receptor subtypes and eGFP protein may be used to assess overlap
within specific cells. Alternatively, single-cell RNA sequencing
could reveal the co-expression of the reporter gene and the
different chrn-genes within the cells.

As the three chrn-genes examined are closely clustered, there is a
chance of reporter leakage through enhancers of the neighboring
genes. However, we observed a low degree of co-expression in
double chrn-transgenic lines. This suggests little to no ectopic
expression as a consequence of their close vicinity, something that
may also be verified through single-cell RNA sequencing.

For Tg(chrnb4:hs:eGFP) and Tg(chrna5:hs:eGFP), we observed
a large number of neurons in the spinal cord that expressed
low levels of eGFP. In our study, we focused on developmental
stages, and it is possible that the observed eGFP is a consequence
of transient gene expression following cell fate determination.
Further studies exploring expression patterns in the spinal cord of
juvenile or adult zebrafish should provide a more accurate picture
regarding receptor functionality within the mature network.

4 | Conclusion

In this study, we characterized expressions of Tg(chrna3:
hs:tdTomato), Tg(chrnb4:hs:eGFP), and Tg(chrna5:hs:tdTomato)
and Tg(chrna5:hs:eGFP) zebrafish larvae. Expression was found

in intestine, eye, otic capsule, lateral line, and many areas of the
brain, including OB, pineal grand, telencephalon, optic tectum,
cerebellum, hindbrain, and spinal cord. For the spinal cord, we
predict that 20-39 cells co-express all three genes. Moreover, 23%
of neurons expressing chrna3'4°ma° were either motor neurons
or dmrt3a-expressing inhibitory interneuron. Similarly, 12% of
chrnb4°C*" and 11% of the chrna59™™ populations belonged to
these neural subtypes.

Acetylcholine not only acts as a neurotransmitter but also as a
neuromodulator (Picciotto, Higley, and Mineur 2012). The distri-
bution of different nAChRs across motor neurons may transfer a
difference in response to neuromodulatory ACh exposure. This
hypothesis fits in the context of the existence of different speed
modules within this network (McLean and Fetcho 2009). For
instance, the expression of chrna7 has been observed in some,
but not all, motor neurons (Rima et al. 2020) and interneurons
(Iglesias Gonzélez et al. 2021). Expression of this receptor would
thus generate a different response compared to those expressing
b4a3(a5)-receptors, when presented with the same concentration
of ACh. In addition, the balance among receptor subtypes also
determines how cells respond to ACh. We should keep in mind,
however, that the restricted expression of chrna3-b4-a5 genes,
that is, only a fraction of the entire population, may lessen the
impact of disrupted gene expression on observable locomotor
behavior. For instance, if chrna3-b4-a5 expression is indeed
restricted to one of the three speed modules within the locomotor
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network, any change in receptor balance may only be visible
within that module’s given speed range.

Further studies are needed to link expression in the spinal
cord to specific speed modules. Assessing the consequences
for disrupting receptor subunit balance, for instance, through
the generation of (conditional) knock-out animals, may provide
insights into the role for a given receptor subunit as well as the
functions of the cell expressing it. However, the deletion of a gene
may be compensated for during development and change how the
network operates. Moreover, deleting a gene from the genome has
consequences beyond the locomotor network. For instance, mice
lacking the a3 subunit show impaired growth and an elevated
perinatal mortality rate due to developmental abnormalities (Xu
et al. 1999). To overcome these challenges, the use of optogenetic
tools should be considered, which will allow the silencing of
neurons expressing the chrn-gene of interest (Koning, Ahemaiti,
and Boije 2022). Using fictive locomotion would facilitate the
manipulation and measurement of cell activity under differ-
ent behavioral conditions, thereby providing valuable insights
into the functional implications of neurons expressing different
subunits in vivo under normal developmental conditions.
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