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Abstract

In the spinal cord, sensory-motor circuits controlling motor activity are situated in
the dorso-ventral interface. The neurons identified by the expression of the tran-
scription factor Doublesex and mab-3 related transcription factor 3 (Dmrt3) have
previously been associated with the coordination of locomotion in horses (Equus cabal-
lus, Linnaeus, 1758), mice (Mus musculus, Linnaeus, 1758), and zebrafish (Danio rerio, F.
Hamilton, 1822). Based on earlier studies, we hypothesized that, in mice, these neurons
may be positioned to receive sensory and central inputs to relay processed commands
to motor neurons. Thus, we investigated the presynaptic inputs to spinal Dmrt3 neu-
rons using monosynaptic retrograde replication-deficient rabies tracing. The analysis
showed that lumbar Dmrt3 neurons receive inputs from intrasegmental neurons, and
intersegmental neurons from the cervical, thoracic, and sacral segments. Some of these
neurons belong to the excitatory V2a interneurons and to plausible Renshaw cells,
defined by the expression of Chx10 and calbindin, respectively. We also found that pro-
prioceptive primary sensory neurons of type la2, 1a3, and Ib, defined by the expression
of calbindin, calretinin, and Brn3c, respectively, provide presynaptic inputs to spinal
Dmrt3 neurons. In addition, we demonstrated that Dmrt3 neurons receive inputs from
brain areas involved in motor regulation, including the red nucleus, primary sensory-
motor cortex, and pontine nuclei. In conclusion, adult spinal Dmrt3 neurons receive
inputs from motor-related brain areas as well as proprioceptive primary sensory neu-
rons and have been shown to connect directly to motor neurons. Dmrt3 neurons are
thus positioned to provide sensory-motor control and their connectivity is suggestive

of the classical reflex pathways present in the spinal cord.
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1 | INTRODUCTION

To sense and move are functions required for animals to perform essen-
tial behaviors such as escaping predators and finding shelter and food.
In spinal cord networks, sensory information is gated to motor com-
mand circuits, as well as being forwarded to the brain for emotional,
cognitive, and conscious processing. Such centrally processed com-
mands are relayed back to the spinal cord for additional autonomous
and voluntary control of motor behaviors. Excitatory and inhibitory
interneurons in the spinal cord serve as an interface between sen-
sory inputs and motor commands, and provide entry points for the
congregation of direct and processed information to achieve the most
purposeful movement at any given moment (Akay & Murray, 2021;
Goulding et al., 2014; Grillner, 2021; Stachowski & Dougherty, 2021).
The identity and connectivity of specified interneuron populations is
therefore required to disentangle the neuronal circuits of the spinal
cord that control and modulate sensorimotor function.

Ten gross populations of interneurons in the spinal cord termed dl1
to dl6 (dorsal interneuron class 1 to 6) and VO to V3 (ventral interneu-
ron class O to 3) are derived from progenitor domains, which are
grouped by their expression of transcription factors during embryoge-
nesis (Lu et al., 2015). This basic division of interneurons have greatly
aided in the efforts to assign function to neurons, and most of the
dorsal populations in the spinal cord have been related to sensory func-
tion, whereas ventral populations are more related to motor function
(Stachowski & Dougherty, 2021). One exception is the dl6 population,
containing neurons expressing the Doublesex and mab-3 related tran-
scription factor 3 (Dmrt3), since they arise from the dorsal progenitor
domain 6, but migrate ventrally during development and are involved
in regulating locomotion and gait coordination (Andersson et al., 2012;
Del Pozo et al., 2020; Satou et al., 2020). Indeed, a genomic investiga-
tion of Icelandic horses has revealed that homozygosity for a DMRT3
nonsense mutation is permissive for alternative gaits, such as toelt and
flying pace (Andersson et al., 2012). Further, neonatal Dmrt3-null mice
display uncoordinated hindlimb movements during air-stepping and
are almost completely unable to perform left-right alternation of their
hindlimbs. Dmrt3-null adult mice have milder gait coordination abnor-
malities including difficulties at running at high speed and increased
stride duration. The data collected so far, thus suggest that correct
expression of the transcription factor Dmrt3 is required for proper
assembly of a functional locomotor central pattern generator (CPG)
during development (Andersson et al., 2012; Del Pozo et al., 2020;
Satou et al., 2020).

In mice, Dmrt3-expressing spinal interneurons are inhibitory and
mainly commissural (Iglesias Gonzélez et al., 2021; Perry et al.,
2019). The role of these neurons in locomotor circuits, together
with previous findings indicating that the population has a direct
connection to motor neurons and a fast response to dorsal root
stimulation, suggests an involvement in spinal sensorimotor reflex
circuits (Perry et al., 2019). However, the role of Dmrt3 interneu-
rons in awake behaving animal is still unresolved. The position of
this dl6é population at the interface between the ventral and dor-

sal spinal cord may also indicate a role for the Dmrt3 population

in sensory-motor integration. The corticospinal tract originates in
the motor and somatosensory cortices and, together with descend-
ing tracts from the brainstem, regulates the activity in spinal sensory
and motor circuits (Ueno et al., 2018). These spinal sensory-motor cir-
cuits also receive sensory input from dorsal root ganglia neurons, which
influence circuit activity through mechanosensory and proprioceptive
inputs.

To probe the hypothesis that adult spinal Dmrt3 neurons may inte-
grate sensory and motor inputs, we used monosynaptic retrograde
tracing combined with immunolabeling to carefully characterize the
type of inputs that are received by the Dmrt3 neurons. We found cells
monosynaptically connected to spinal Dmrt3 neurons in brain regions
known to project to the lumbar spinal cord, including the neocortex,
the midbrain red nucleus, the pontine reticular nucleus, the medullary
gigantocellular reticular nucleus, and vestibular nuclei. We also found
a large number of monosynaptically connected cells in the spinal cord
at all levels, and in both ipsi- and contralateral DRG of propriocep-
tor sub-type, clearly positioning adult Dmrt3 neurons in a position for
sensorimotor integration. Of note, this study focused on mature cir-
cuits and revealed a position of adult Dmrt3 inhibitory interneurons
in the circuits of proprioception, immediately downstream of la and Ib

primary afferents.

2 | MATERIALS AND METHODS

2.1 | Animals

All animal procedures were approved by the local animal research
ethical committee (Uppsala djurférsoksetiska namnd) and fol-
lowed the Swedish Animal Welfare Act (Svensk forfattningssamling
[SFS] 2018:1192), The Swedish Animal Welfare Ordinance (SFS
2019:66) and the Regulations and general advice for laboratory
animals (SJVFS 2019:9, Saknr L 150). Ethical permit number: 5.8.18-
08463/2018. Both female and male mice were used. Dmrt3-Cre
mice (RRID:IMSR_EM:13798, Perry et al., 2019) were crossed with
either C57BL/6(Taconic) or GT(ROSA)26Sortm14(CAG-tdTomato)Hze
mice (Allen Brain Institute RRID: IMSR_JAX:007914; Madisen et al.,
2010), and the offspring were genotyped in house for the presence
of the Dmrt3-Cre allele and/or the tdTomato allele. The following
primers were used: Dmrt3-Cre 5’-gagactgctgccgtagetccgd’ (for-
ward), and 5’-cttcatcagaggtggcatccacag-3’ (reverse); tdTomato

5’-ctgttcctgtacggeatgg-3'  (forward),  5’-ggcattaaagcagcgtatcc-3’

(reverse). The Dmrt3-Cre allele was kept heterozygous.

2.2 | Viral injections

Five Dmrt3-Cre mice and five Cre-negative animals (four litter-
mates of the Cre-positive animals and one C57BL/6) were used
for viral injections of helper viruses and the EnvA-AG-mCherry
rabies virus (for age and sex see Table 1). Animals were first

injected with a helper virus mix (1 or 2 injections of 475 nl of
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Experimental design. Summary of the number of Dmrt3-Cre+ and control animals, including their sex, age, number and coordinates

of injections, the number of incubation days after injections, the location of the estimated starter cells, and the percentage of them located in the

contralateral side

Number of Number of
Agein helper virus rabies virus
Mice Sex months injection injection
Cre+1 f 5 2 (1 mmapart) 2(2mm apart)
Cre+2 f 5 2(2mmapart) 1
Cre+3 f 2 1 1
Cre+4 f 3 1 1
Cre+5 m 4 2 (0.8 mm apart) 1
Control 1 f 5 2 (1 mmapart) 2(2mm apart)
Cre-
Control 2 f 3 1 1
Cre-
Control 3 f 3 1 1
Cre-
Control 4 m 4 2 (0.8 mm apart) 1
Cre-
Control 5 f 1,5 2 (0.8 mm apart) 1
C57BI/6

AAV2-EF1a-FLEX-GFP-TVA, titer: 4.44 x 101! vg/mI(Addgene plasmid
# 26198; http://n2t.net/addgene:26198; RRID:Addgene_26198)
(Wall et al., 2010) and 25 nl of AAV9-CAG-FLEX-0G-WPRE-SV40-pA
(titer: 1.78 x 10! vg/ml, Addgene plasmid # 74292; http://n2t.net/
addgene:74292; RRID:Addgene_74292) (Kim et al., 2016) and 5 to 7
days later with the EnvA-AG-mCherry rabies virus (Addgene plasmid
# 32636; http://n2t.net/addgene:32636; RRID:Addgene_32636)
(Osakada et al., 2011) (1 or 2 injections of 500 nl EnvA-AG-mCherry
rabies virus). All these viruses were purchased from Salk Institute,
originally a gift from Edward Callaway. Seven to 8 days after the
last surgery, the animals were perfused for tissue analysis. Dmrt3-
Cre/tdTomato animals (n = 3, females, age 8 months) were only injected
with AAV2-EF 1a-FLEX-GFP-TVA virus and perfused 2 weeks later. Ani-
mals (n = 2 females, 4-5 months old) for MAP2 immunohistochemistry
were injected unilaterally with 500 nl of AAV8-hSyn-DIO-hM3dq-
mCherry (titer 2.0 x 1013, purchased from Addgene, originally
a gift from Bryan Roth, Addgene viral prep # 44361-AAVS;
http://n2t.net/addgene:44361; RRID:Addgene_44361) (Krashes et al.,
2011).

Percentage of
Location of contralateral
Injection side and  Days of virus estimated estimated starter
coordinates incubation starter cells cells
Left 0.4 mm lateral 5+ 8 L5and L6 0%
0.9 mm down
Left 0.3 mm lateral 7+7 S1 Around 10%
0.9 mm down
Right 0.5 mm 5+8 L5 0%
lateral 0.9 mm
down
Right 0.5 mm 6+7 L5 Not analysed, very
lateral 0.9 mm few estimated
down starter cells
Right 0.4 mm 7+7 L5 0%
lateral 0.9 mm
down
Left 0.3 mm lateral 7+7 Table 4 0%
0.9 mm down
Right 0.5 mm 5+8 Table 4 0%
lateral 0.9 mm
down
Right 0.5 mm 6+7 Table 4 0%
lateral 0.9 mm
down
Right 0.4 mm 7+7 Table 4 0%
lateral 0.9 mm
down
Right 0.4 mm 7+7 Table 4 0%

lateral 0.9 mm
down

The animals were anesthetized with isoflurane (Baxter, induction
at 4% and then continuous anesthesia at 2%, isoflurane with air 0.5—
2 L/min), and the body temperature was monitored and maintained at
36-37°C during the procedure using a heating pad (CMA, Sweden).
The fur on the back was shaved, the skin disinfected with chlorhexi-
dine (Fresenius Kabi, Sweden), and a 1-2 cm incision was made along
the midline above vertebrae T13-L1, followed by a second incision
through the connective tissue covering these two vertebrae to access
spinal cord segments L4-L5. Next, a clamp was inserted around ver-
tebra L1 to secure the spinal column. The ligaments connecting T13
with L1 were cut to reveal the spinal cord. One or two (0.8-2 mm
apart) unilateral injections of 500 nl virus each were made into the
spinal cord parenchyma 0.3-0.5 mm lateral of the midline and 0.9 mm
ventral of the spinal cord surface using a 10 pl Nanofil Hamilton
syringe (WPI, USA) with a 34G beveled needle (WPI, USA) guided
by a microsyringe pump controller (WPI, USA) mounted on a stereo-
taxic frame. The tissue was kept moist throughout the procedure by
continuous application of sterile saline (9 mg/ml, Fresenius Kabi, Swe-

den) on the surgical area. Bupivacaine (Marcain; AstraZeneca, 2 mg/kg)
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List of primary antibodies

TABLE 3

Secondary antibody
and isolectin

Donkey anti-rabbit
A488

List of secondary antibodies

Supplier

ThermoFisherScientific
A32790

Concentration

1/1000

Primary antibody Supplier Concentration
Chicken anti-GFP Aves Labs (GFP-1020) 1/1000
Mouse anti-calretinin Swant (6B3) 1/500
Rabbit anti-PKCy Santa Cruz (sc-211) 1/500
Rabbit anti-Parvalbumin Swant (PV27) 1/1000
Rabbit anti-Calretinin Swant (7697) 1/500
Rabbit anti-Calbindin Swant (CB38) 1/1000
Mouse anti-Brn3c Santa cruz (sc-81980) 1/200
Rat anti-mCherry ThermoFisherScientific 1/500
(16D7)
Rabbit anti-CGRP Peninsula Laboratories 1/500
(T-4239)
Rabbit anti-NF200 Sigma (N4142) 1/1000
Sheep anti-Chx10 Exalpha (X1180P) 1/300
Rabbit anti-TH Millipore (AB152) 1/1000
Goat anti-ChAT Millipore (AB144P) 1/100
Rabbit anti-MAP2 Millipore (AB5622) 1/1000

was administered as a local anesthetic at the site of surgery and
karprofen (Norocarp vet; N-vet, 5 mg/kg) was used for postoperative
analgesia.

2.3 | Tissue preparation and
immunohistochemistry

To fix the tissue for immunohistochemical analysis, the mice were tran-
scardially perfused with PBS (ThermoFisher, Sweden) followed by 4%
formaldehyde (Histolab, Sweden) in PBS. The spinal cords, dorsal root
ganglia (DRG), and brains were dissected out and post-fixed in 4%
formaldehyde overnight at 4°C and then washed 3 times in PBS. Tis-
sues for vibratome sectioning were embedded in 4% agarose and the
spinal cord sectioned at 50-60 pm (one Dmrt3-Cre animal and all the
controls) and the brains sectioned at 60-100 pm (all the animals). Tis-
sues for cryosectioning were incubated in a sequence of 10%, 20%,
and 30% sucrose in PBS. The tissue was mounted in cryostat embed-
ding medium (Killik Bio-Optica, Italy) and snap frozen in dry ice cooled
isopentane (Sigma). Sections were cut using a Cryocut 1800 cryo-
stat (Leica, Germany). Spinal cords were sectioned at 20 um and DRG
between 7 um and 12 um, and the sections were stored at —20°C until
used.

For immunohistochemical analysis of frozen sections, slides were
thawed and dried for 30 to 45 min, and then washed in PBS three times
for 10 min. Sections were blocked for 1 h in blocking solution (5% don-
key serum [VWR], 3% BSA [Sigma], 0.3% Triton X-100 [Sigma] in PBS) at
room temperature. Primary antibodies (see Antibody characterization
section and Table 2 for details) were incubated on the slides for approx-
imately 16 h at 4°C (or 48 h for Brn3c). Sections were washed three
times for 15 min in PBS and then incubated with secondary antibodies

Donkey anti-rabbit ThermoFisherScientific 1/1000
A647 A32795
Donkey anti-mouse ThermoFisherScientific 1/500
Ab47 A-31571
Goat anti-chicken A488 Jackson 1/1000
ImmunoResearch
103-545-155
Donkey anti-sheep ThermoFisherScientific 1/500
A647 A-21448
Donkey anti-rat A598 ThermoFisherScientific 1/1000
A-21209
Isolectin GS-1B4 ThermoFisherScientific 1/1000

AlexaFluor 647
conjugate

(132450)

and for some DRG sections with isolectin GS-1B4 AlexaFluoré47 con-
jugate (see Table 3 for details) mixed in blocking solution (with DAPI
200 ng/ml) for 1 h. Sections were washed three times for 15 min in
PBS, and then mounted in ProLong® Gold Antifade Mountant (Life
Technologies, USA) or Fluoroshield (Abcam, UK). For MAP2 immuno-
histochemistry, the lumbar spinal cord was sectioned at 40 um with the
vibratome, and the staining was performed on free-floating sections as
described above. The only difference is the blocking buffer (5% donkey
serum (VWR), 3% BSA (Sigma), 0.5% Triton X-100 (Sigma) in PBS) and
the 48 h primary antibody incubation.

2.4 | Antibody characterization

The list of the antibodies used in this study is recapitulated in Table 2.

24.1 | Anti-GFP

The polyclonal green fluorescent protein (GFP) antibody made in
chicken (Aves Labs Cat# GFP-1020, RRID:AB_10000240, used at
1:1000) was produced by immunizing chickens with a purified recombi-
nant GFP. The specificity of the antibody was verified by Western blot
and immunostaining on transgenic mouse expressing GFP (manufac-
turer datasheet).

2.4.2 | Anti-calretinin

The monoclonal calretinin antibody (Swant Cat# 6B3, RRID:AB
10000320, used at 1:500) was made by immunization of mice with
a recombinant human calretinin-22k. It recognized a 29 kDa band on
immunoblot performed on brain extracts from different animal species

(including rats and mice) and immunohistochemistry performed with
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this antibody on brains from control and calretinin knock-out mice
showed its specificity (manufacturer datasheet).

The polyclonal calretinin serum (Swant Cat# CR 7697, RRID:AB
_2619710, used at 1:500) was produced by immunization of rabbits
with a recombinant human calretinin containing a 6-his tag at the
N-terminal. In Western blot on brain from different species (among
which mice), the antiserum specifically recognizes a band of 29-
30 kDa, and immunohistochemistry performed with this antibody
on brains from control and calretinin knock-out mice showed its

specificity (manufacturer datasheet).

243 | Anti-PKCy

The PKCy (C-19) antibody (Santa Cruz Biotechnology Cat# sc-211,
RRID:AB_632234, used at 1:500) is a polyclonal rabbit antibody that
recognizes a peptide mapping at the C-terminus of the mouse PKCy
protein. Western blot performed on 293T cell lysates transfected with
human PKCy showed a band between 69 kDa and 101 kDa (manufac-
turer datasheet). No PKCy staining was observed in the brain and spinal
cord of PKCy knock-out mice (Malmberg et al., 1997).

244 | Anti-parvalbumin

The polyclonal parvalbumin rabbit antiserum (Swant Cat# PV27,
RRID:AB_2631173, used at 1:1000) recognizes the recombinant
rat parvalbumin protein. Western blot performed on brain extract
from wildtype mouse shows a band of 12 kDa, which is absent in
brain extracts from parvalbumin knock-out mice. Immunostainings
with PV27 performed on hippocampus from parvalbumin knock-out
mice demonstrated the specificity of this antiserum (manufacturer
datasheet).

2.4.5 | Anti-calbindin

The rabbit anti-Calbindin D-28k antiserum (Swant Cat# CB38,
RRID:AB_10000340, used at 1:1000) was raised against a recombi-
nant rat calbindin D—28k. Western blot performed on brain lysates
from different species showed a band of 28 kDa. Immunostainings with
CB38 performed on cerebellum from calbindin knock-out mice demon-

strated the specificity of this antiserum (manufacturer datasheet).

24.6 | Anti-Brn3c

The mouse monoclonal IgG1 anti-Brn3c antibody (Santa Cruz Biotech-
nology Cat# sc-81980, RRID:AB_2167543, used at 1:200) was raised
against recombinant human Brn3c protein. Western blot performed on
nuclear lysates from Hela cells showed a band between 25 kDa and

37 kDa (manufacturer datasheet).

WILEY-?
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2.4.7 | Anti-mCherry

The monoclonal 1gG2 rat antibody (Thermo Fisher Scientific Cat#
M11217, RRID:AB_2536611, used at 1:500) was raised against the
full-length protein mCherry. Western blot performed on lysates from
HEK-293 cells transfected with a mCherry-histone H3 construct
showed a band of 43 kDa and the weight of H3-mCherry. No band
was detected in the lysates from untransfected cells. Immunostain-
ing with 1D7 on HEK-293 cells transfected with a mCherry-histone
H3 construct showed nuclear expression. There was no staining in

untransfected cells.

248 | Anti-CGRP

The polyclonal CGRP antiserum (Peninsula Laboratories Cat#
T-4239.0050, RRID:AB_518150, used at 1:500) was made by immu-
nization of rabbits with a synthetic peptide from human protein.
Immunostaining performed with this antibody showed the expression
of CGRP in spinal cord dorsal horn from wildtype mice. No expression
was observed in a-CGRP knock-out mice (Gangula et al., 2000).
Western blot performed on spinal cord and DRG lysates using this

antiserum showed a band (Wang et al., 2011).

24.9 | Anti-NF200

The polyclonal NF200 rabbit antibody (Sigma-Aldrich Cat# N4142,
RRID:AB_477272, used at 1:1000) was raised against the Neurofil-
ament200 protein from bovine spinal cord. Western blot performed
with NF200 antibody on lysates from wildtype mice optic nerves, cor-
pus callosum, spinal cord, and sciatic nerves showed a band which
was absent in the same tissue from a-internexin, neurofilament heavy
polypeptide (NFH), and neurofilament light polypeptide (NFL) triple
knockout mice (Yuan et al., 2015).

2410 | Anti-Chx10

The sheep polyclonal Chx10 antibody (Exalpha Cat# X1180P, RRID:AB
_2314191, used at 1:300) was raised against a recombinant protein
corresponding to amino acids 1 to 131 derived from the N-terminal
region of the human Chx10 protein. Western blot performed with
this antibody in retina lysates from mice and rats showed a band
around 50 kDa when there was no band in lysates from liver tissue

(manufacturer datasheet).

2411 | Anti-TH

The purified anti-TH rabbit polyclonal antibody (Millipore Cat# AB152,
RRID:AB_390204, used at 1:1000) was raised against the denatured
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tyrosine hydroxylase protein from rat pheochromocytoma. Western
blot performed on lysates from PC12 cells showed a band around
62 kDa (manufacturer datasheet). In mouse brain, immunostaining
using this anti-TH antibody showed expression of TH in the locus
coeruleus. In conditional TH-flox mutant in DbhCre-positive neurons,
there was no staining of TH in the locus coeruleus (Tsetsenis et al.,
2021).

24.12 | Anti-ChAT

The purified anti-ChAT goat polyclonal antibody (Millipore Cat#
AB144P,RRID:AB_2079751, used at 1:100) was raised against Human
placental enzyme. Western blot performed on NIH/3T3 cell lysates
with this antibody showed a band around 68-70 kDa (manufac-
turer datasheet). Immunohistochemistry performed on mouse embryo
spinal cords with this antibody showed motor neuron staining in the
ventral horn which was absent from ChAT knock-out mice (Misgeld
etal.,, 2002).

2.4.13 | Anti-MAP2

The purified anti-MAP2 rabbit antibody (Millipore Cat# AB5622,
RRID:AB_91939, used at 1:1000) was raised against purified
microtubule-associated protein from rat brain. Western blot per-
formed on rat brain extracts showed a single band (manufacturer
datasheet). Immunohistochemistry performed with this antibody on
cultured hippocampal neurons from mice showed the expression of
MAP2 in the dendrites of the neurons as expected (Bodaleo et al,,
2016).

2.5 | Imaging and post processing
Wide field images were taken using an Olympus BX61WI fluorescence
microscope (Olympus, Japan) with a Volocity software (Quorum Tech-
nologies) or a Zeiss Axio Imager Z2 (Zeiss, Germany) with a colibri LED
7 and Zen blue software (Zeiss, Germany). Some images were taken
using a Zeiss LSM700 confocal microscope (BioVis facility, Uppsala
University). Brightness and contrast were adjusted in ImageJ, equally
for the whole image and without obscuring any data. Images of brain-
stem were stitched using the Pairwise Stitching in ImageJ (ImageJ,
RRID:SCR_003070) (Preibisch et al., 2009). Cell counts were done
manually with ImageJ’s Cell counter plugin (Schneider et al., 2012). For
estimation of the total number of traced cells in the spinal cord, cells
were identified and counted using an ImageJ macro based on signal
intensity and size. A selection of automatically counted images was
re-counted manually, and the macro was found to identify 50-80% of
cells.

Brain regions were identified based on the Allen Brain atlas and The
Mouse Brain in Stereotaxic Coordinates (MBSC) (Franklin & Paxinos,
2008; Lein et al., 2007). Abbreviations followed the MBSC.

3 | RESULTS

3.1 | Rabies monosynaptic tracing is a valid
method for exploring the connectivity of ventral
spinal cord interneurons

In this study, the aim was to identify the pre-synaptic neurons pro-
jecting onto lumbar Dmrt3-expressing interneurons using a rabies
virus-based approach (Figure 1a). Here, an EnvA-AG-mCherry rabies
virus was used, which requires a TVA receptor (avian tumor virus
receptor A) to enter cells, and an oG protein (optimized glycoprotein
for rabies virus SAD B19) to retrogradely cross a synapse (Figure 1b).
The TVA and oG proteins, together with GFP, are dependent on the
Cre-protein for their expression and are delivered into the spinal cord
by two adeno-associated virus (AAV) helper viruses. With the introduc-
tion and rise of this technique, undesired leakage of the TVA receptor
expression has been reported, which can lead to unspecific rabies virus
expression and unreliable results (Lavin et al., 2020). Moreover, ret-
rograde tracing experiments have not yet, to our knowledge, been
performed on interneurons located in the ventral spinal cord. Hence,
control experiments were first carried out to verify that the rabies
virus-based technique is suitable to study presynaptic connections
onto ventral spinal cord interneurons.

First, the specificity of the AAV2-EF1a-FLEX-GFP-T2A-TVA (here-
after referred to as TVA-GFP) helper virus was evaluated by injection
into the lumbar spinal cord of Dmrt3-Cre/tdTomato reporter ani-
mals (Figure 1c-e). Nearly all cells expressing GFP also expressed
tdTomato (tdTomato expression was found in 98.5% of GFP-expressing
cells [603 out of 612 GFP-expressing cells] n = 3 animals), indicat-
ing that the GFP and TVA proteins were strongly expressed in the
Cre-expressing Dmrt3 neurons in lamina VII and VIII, and that Cre
activity in these cells persists into adulthood, even though the expres-
sion of Dmrt3 mRNA has been shown to decrease after birth (Perry
etal, 2019).

Next, the two helper viruses, and 5 to 7 days later, the EnvA-AG-
mCherry rabies virus were injected in the lumbar spinal cord in control
mice (n = 5) to evaluate the presence of mCherry, which would indicate
leak expression of TVA and subsequent rabies infection in the absence
of Cre. Previous studies have found that dilution of the helper virus
is an important factor to achieve efficient trans-synaptic labeling in
Cre mice and to avoid background labeling in Cre-negative control
mice (Lavin et al., 2020). Here, a 1:20 mix of helper viruses AAV9-
CAG-FLEX-0G-WPRE-SV40-pA and TVA-GFP helper virus was used,
since larger amounts of the former were found to kill infected cells
(data not shown). The injected amount corresponded to approximately
4.45 x 10° viral genomes of the AAV9-CAG-FLEX-0G-WPRE-SV40-pA
virus and 2.109 x 108 viral genomes of the TVA-GFP helper virus. The
subsequent histological analysis showed that all control animals were
injected around L4/L5 and identified two GFP-expressing cells and one
GFP/mCherry cell, indicative of a double TVA-GFP virus/EnvA-AG-
mCherry rabies virus-infected cell at the ipsilateral side in a spinal cord
section from one animal. Despite this low number of GFP-expressing

neurons, a moderate number of cells with mCherry expression in



VIEILLARD ET AL. ?551‘;‘52'&';’5msmc; 11
THE JOURNAL OF COMPARATIVE NEUROLOGY W l L E Y

(a) Virus injected in Locations screened (b2) TVA receptor
L5 spinal cord for traced cells: i

Spra.cord Brain \AV-0G EnvA—pseudotypedﬁ
AG, mCherry g
Dorsal root Dmrt3-Cre rabiESIriS Dmrt3 Cre

pangl= (b3) (b4) AG-rabies
AG-rabjes
=
———> Q)
oG
Day 0 Day 5-7 Day 13-14 mrt3-Cre Dmrt3-Cre Traced cell
AAV helper AG-rabies perfusion GFP + mCherry GFP + mCherry mCherry

Dmrt3-tdTomato AA\

>
s
E
0]
N o=
(®)
1S
@
Q2
a
©
b

rabies-mCherry AA

rabies-mCherry

FIGURE 1 Inputstolumbar Dmrt3 neurons can be retrogradely traced using a recombinant rabies virus strategy. (a) Helper AAV and
recombinant rabies viruses were injected unilaterally in the lumbar spinal cord to retrogradely trace their presynaptic inputs. (b) AAV helper
viruses containing Cre-dependent TVA-GFP and oG constructs were injected first (b1), followed by EnvA-pseudotyped AG, mCherry rabies virus
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TABLE 4 Summary of the analysis of GFP and mCherry cells found in the spinal cord and brain of control animals
Number of spinal Number of spinal Number of spinal Spread of the Percentage of cells
cord GFP cells cord mCherry cells cord mCherry cells cellsinthe spinal  at 1 mm from Number of cells in
Mice ipsilateral ipsilateral contralateral cord (mm) injection site (%) brain
Control 1 0 200 6 1.8 95 0
Cre-
Control 2 2 92 2 1.9 79 2 (medulla)
Cre-
Control 3 1 490 9 4.3 78 1 (Cortex), 1
Cre- (medulla)
Control 4 0 36 3 1.1 92 0
Cre-
Control 5 0 89 2 14 87 0
C57Bl/6

the spinal cord was identified, which was restricted to the site of
injection (Figure 1f-h and Table 4). In the five control mice analyzed,
an average of 182 mCherry cells at the proximity of the injection
sites were identified (with control animal 3 having 499 cells and the
remaining four animals had less than 210 cells) (Table 4). In control
animal 3, with the highest number of cells, we noticed increased scar
tissue around the injection site, suggesting that mechanical injury at
the time of virus injection might have promoted unspecific infection.
The unspecific infection with the EnvA-AG-mCherry rabies virus in
control animals was mainly restricted to the ipsilateral side and to
approximately two segments (around 2 mm) of the spinal cord with
more than 79-95% of the cells being restricted to only one segment
(n = 4 animals). However, for control animal number 3 with the higher
number of cells, the cells were spread to approximately four segments
with more than 78% located in approximately one segment around
the injection site (Table 4). An average of 4.8 mCherry-expressing
cells and no GFP-expressing cells were found on the contralateral
side (n = 5 animals). In comparison, in experimental Dmrt3-Cre+
animals, we found thousands of mCherry-expressing cells along the
entire length of the spinal cord (from 1255 to 14,125 cells), with
similar numbers on both sides of the spinal cord and less than 40%
located within one segment around the injection site (n = 3 animals)
(please see the detailed analysis further down). These control exper-
iments demonstrated that the concentration of helper viruses used
led to a minor leakage of the TVA, mainly restricted to the injection

site and with almost no mCherry expression on the contralateral
side.

In the lumbar dorsal root ganglia (DRG) of the Cre-negative con-
trol mice (n = 5 animals), an average number of 4.6 neurons were
found, consistently located in ipsilateral lumbar DRG. Notably, 19 out
of the 23 cells counted were found in two DRG from control ani-
mal 3, having the highest number of mCherry neurons in the spinal
cord as described above. In the brain, a total of four cells were found
(n = 5 animals), three cells in the medulla, and one cell in the cor-
tex (Table 4). Thus, very few traced neurons were found in control
tissue from brain, DRG, and spinal cord segments outside of the injec-
tion site, demonstrating the low rate of TVA leakage with our method.
We therefore consider that the results obtained from the Dmrt3-Cre-
based tracing experiments are reliable and appropriate for identifying
neurons making presynaptic connections onto spinal cord Dmrt3

interneurons.

3.2 | Both intra- and intersegmental spinal neurons
contact spinal Dmrt3 neurons

To evaluate the presynaptic input to adult spinal Dmrt3 neurons,
the two helper viruses and the EnvA-AG-mCherry rabies virus were
injected in five Dmrt3-Cre+ mice. The expression of GFP (TVA-GFP
helper virus-infected cells) was found in the lumbosacral spinal cord,

(b2). The TVA receptor allows entry of EnvA-pseudotyped rabies virus into the cells and oG allows the packaging of rabies genomes for retrograde
monosynaptic spread (b3). Dmrt3 estimated starter cells will be marked by GFP (green) and mCherry (pseudocolored magenta), and retrogradely
traced cells with only mCherry (magenta) (b4). (c1-e1) with enlargements (c2-e2): The specificity of the helper virus TVA-GFP was confirmed
using the Dmrt3-Cre/tdTomato reporter line. After unilateral injection of TVA-GFP, green fluorescence was almost exclusively found in tdTomato
(pseudocolored magenta) Dmrt3 neurons. Arrows indicate double positive cells. (f1-h1), with enlargements (f2-h2): In Cre-negative control mice
injected with AAV helper and rabies virus, GFP expression was not observed but mCherry-positive cells were found close to the injection site.
(i1-k1) with enlargements (i2-k2): In Dmrt3-Cre+ mice injected with AAV helper and rabies virus, double labeled cells were found around the site
of viral injection (arrows). Green cells, infected only with AAV helper but not rabies virus (arrowhead), were also found. (I, m) In Cre-negative AAV
helper and rabies injected controls, mCherry-expressing cells were scarce at level L3 and L6, outside the injection site. (n, 0) In Dmrt3-Cre+ AAV
helper and rabies injected animals, many mCherry-labeled traced cells were found at L3 and Lé. Injected side is left in all micrographs. (f-h and I-m)
are 60 pm thick vibratome sections whereas (c-¢, i-k and n-o0) are 20 um cryosections. Scale bars: 200 umin (c1,f1,i1, 1), | also applies to (m, n, 0);

50 umin(c2,f2,i2)
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and cells co-expressing GFP and mCherry were found in all injected
Dmrt3-Cre mice. More specifically, at level L5 for three animals (ani-
mals 3, 4, and 5), at both level L5 and L6 for one animal (animal 1, the
only Dmrt3-Cre mouse that received two injections of the modified
rabies virus), and more caudally at level S1 for the last one (animal
2) (Figure 1i-k, Figure S1 and Table 1). An estimate of the relative
numbers of starter cells between animals was made by assessing
GFP/mCherry double labeling. This is likely an overestimate because
not all TVA-GFP+ cells will be coinfected with the second helper
virus and express the rabies glycoprotein required for rabies spread.
Nevertheless, because the rate of co-infection should be similar for all
animals, this estimate allows quantitative comparisons across animals.
The number of estimated starter cells (GFP/mCherry) varied from 60
to 130 per animal, except for animal 4, which contained less than 10
estimated starter cells. They were found only ipsilateral, except for
animal 2 (with injection site at the S1 level), which had around 10%
of the estimated starter cells on the contralateral side. We therefore
excluded this animal from quantifications and specifically comment
only if the tracing pattern from this animal differs from the other
animals.

Whereas the number of ipsilateral mCherry-expressing cells was
similar in controls and Dmrt3-Cre+ animals close to the injection site,
the controls were largely devoid of mCherry expression on the con-
tralateral side and outside the injection site. At L3 and Lé, very few
mCherry-expressing cells were found in control animals (Figure 11,m)
compared to Dmrt3-Cre+ animals (Figure 1n,0). The number of cells
per spinal cord section in Dmrt3-Cre+ animals was highest in the
tissue close to the injection site in the lumbar spinal cord, and cells
were also found at the thoracic and cervical levels (Figure 2a). The
locations of traced cells at different sites along the spinal cord were
plotted, where each plot is a summary of the total number of cells on
25 20-pm sections (Figure 2b-e and Figure S2). At the cervical level,
most of the traced cells were observed in the ventromedial part of
the gray matter with a slightly higher number of cells in the contralat-
eral side for three animals (Figure 2b and Figure S2). At the thoracic
level, a higher number of cells was found in the ventral part, with a
moderately higher number in the contralateral side compared to ipsi-
lateral as well for three animals. Fewer cells were found in the dorsal
part where they were mainly localized in layer V-VI (Figure 2c and
Figure S2). At the lumbar level, the distribution between the ipsilat-
eral and contralateral side appeared more differentiated (Figure 2d
and Figure S2). In the ipsilateral side, traced cells were predominantly
found in lamina IV to VI of the dorsal horn. In the contralateral side,
cells were more aggregated in the mediodorsal part of the ventral
horn where commissural interneurons are known to reside (Eide et al.,
1999), and accordingly, fibers were seen decussating in the ventral
commissure (Figure 2f2,f3, arrowheads). Regarding the localization
pattern of the traced cells in the sacral part, it differed between the
animals injected at L5 and the ones injected at L6/S1 (Figure 2e and
Figure S2). For the former (animals 3 and 5), there was a higher num-
ber of traced cells in the ventro-lateral region. Animal 1 also displayed
traced cells in the ventral region, but many of them were also con-

centrated in the deep dorsal horn lamina IV-V and above the central

canal at the level of the sacral dorsal commissure (SDcom) (Watson
etal, 2009).

Consistently for all the segments of the spinal cord, traced cells were
largely excluded from the superficial dorsal horn, lamina I-11l, where
the ventral border of lamina Il was identified by expression of protein
kinase C, gamma (PKCy) (Figure 2b-e). In addition, almost no cells were
found in the deep ventral horn where the alpha motor neurons are
located (Figure 2b-e and Figure S2). To begin to identify spinal cord
subpopulations that connect to Dmrt3-Cre+ neurons, immunostain-
ings were performed using a panel of available and working markers for
different population of neurons in the adult spinal cord (Figure 2f-k).
The analysis disclosed that six traced cells expressed choline O-
acetyltransferase (ChAT) (2 ipsi/4 contra in 40 sections counted, n = 2
animals) among which three were located in close proximity of the
central canal, suggesting that they belong to the VO¢ population (Zago-
raiou et al., 2009) (Figure 2f,i). However, as expected, no traced cells
were found in the deep ventral horn overlapping with ChAT, showing
that motor neurons do not project onto Dmrt3 neurons. The analy-
sis further demonstrated that 12 traced cells co-expressed Calbindinl
(CALB1) (nine ipsi/3 contra in 39 sections, n = 2 animals), where
three were located in the ipsilateral deep ventral horn, which indicate
that they might be Renshaw cells (Carr et al., 1998) (Figure 2g,j). The
analysis also identified 30 traced cells co-expressing Chx10 (Ceh-10
homeodomain-containing homolog also known as VSX2; 30 in 63 sec-
tions counted, n = 2 animals) (Ericson et al., 1997), a marker for the V2a
population; 83% of them (25/30) were situated in the ipsilateral side
(Figure 2h,k).

3.3 | Proprioceptive neurons in DRG make
monosynaptic connections with spinal Dmrt3
neurons

In the Dmrt3-Cre+ animals, many traced cells were found in the lum-
bar DRG, primarily on the ipsilateral side (Figure 3a). In whole mount
DRG preparation, 184 neurons were identified in the ipsilateral DRG,
and somewhat surprisingly, 56 traced neurons were also found in the
contralateral DRG (n = 4 animals). In total, 240 neurons were found
in the four Dmrt3-Cre+ animals, which is substantial compared to the
23 neurons observed in the four control animals. Immunohistochem-
istry (Figure 3b-j) displayed co-labeling with NF200 (also known as
Nefh, neurofilament, heavy polypeptide) in about 97% of the traced
neurons (31/32 cells, n = 3 animals), indicating that most of them are
large myelinated mechanoreceptive neurons (Figure 3c). Furthermore,
68% expressed Calbindin (23/34 cells, n = 2 animals), whereas 90% of
the traced cells expressed Parvalbumin (65/73 cells, n = 2 animals),
indicating that the traced cells belong to the Ax proprioceptive sub-
type (Usoskin et al., 2015; Zheng et al., 2019) (Figure 3d,e). Recently,
a mouse DRG single cell transcriptomic study identified markers for
different subtypes of proprioceptive neurons (Wu et al., 2021). The
study identified Calretinin and Brn3c (brain-specific homeobox 3c also
known as Pou4f3) as markers for subtype a3 and b, respectively, and
Calbindin as a marker for la2 and 1a3 subtypes. We found that 16% of
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FIGURE 2 Presynaptic cells to spinal Dmrt3 neurons are found at cervical, thoracic, lumbar, and sacral levels. (a) Schematic illustrating that
traced cells expressing mCherry (magenta) are found along the entire spinal cord axis, with the highest concentration in the lumbar segments close
to the injection site. (b1-e1) Location of traced neurons at different axial levels with density curves. Each drawing shows the combined plots of 25
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the counted traced cells expressed Calretinin (5/31 cells, n = 2 animals)
and 45% expressed Brn3c (5/11 cells, n = 2 animals) (Figure 3f,g). This
indicates that spinal Dmrt3 neurons receive input from a3 and Ib sub-
type primary afferents, and most likely la2 based on the high number
of Calbindin-positive cells in relation to the markedly lower number of
Calretinin-positive cells.

In addition, none of the analyzed traced cells were positive for
CGRP (calcitonin gene-related protein, 0/21 cells, n = 1 animal), IB4
(Isolectin B4, 0/57 cells n = 3 animals) or TH (Tyrosine hydroxylase,
0/25 cells, n = 2 animals) (Figure 3h-j), which indicate that spinal
Dmrt3 neurons do not receive input from primary sensory neurons
involved in nociception (Usoskin et al., 2015; Zheng et al., 2019).
Rabies virus does not infect all cell types, can be cytotoxic, and in
DRG, TH- and IB4-expressing neurons are difficult to infect (Albisetti
et al, 2017). However, IB4 neurons have been successfully traced
(Sun et al., 2017), indicating that our result regarding the absence of
traced nociceptive neurons is valid. Together, these data demonstrate
that spinal Dmrt3 neurons receive inputs primarily from propriocep-
tive primary sensory neurons, including neurons of the a3 and Ib
subtypes.

Somewhat surprising to us, we found a substantial part of the con-
nected cells in contralateral DRG (23%). Functional links between
the two sides of the spinal cord have been described previously,
for example, unilateral pain stimulation induces bilateral changes in
dorsal horn cells (Fitzgerald, 1982). Moreover, tracing studies have
identified nociceptive primary afferents that terminate within the dor-
somedial and dorsolateral regions of the contralateral spinal cord
(Comer et al., 2015). However, our characterization of traced DRG
cells suggests that contralateral inputs to Dmrt3 neurons are also
predominantly proprioceptive. Previous descriptions of contralateral
proprioceptive primary afferents are scarce in the literature; how-
ever, neurons targeted by proprioceptive neurons have been found in
the contralateral ventral horn (Pimpinella & Zampieri, 2021). Another
possibility is that Dmrt3 interneurons, in addition to midline decus-
sating axons, also extend commissural dendrites, as it has been found
in medial motor column motor neurons (Goetz et al., 2015). Our
analysis of MAP2 expression, a dendrite marker, however, suggest
that Dmrt3 interneurons do not send commissural dendrites but
send an extensive number of axons in the contralateral ventral horn
(Figure S3). Thus, one explanation could be that the primary affer-
ents make axo-axonic contact with contralateral axons of the Dmrt3
neurons. Although limited, there is evidence that the rabies virus
can be transmitted by axo-axonic synapse (Zampieri et al., 2014).
Moreover, at least in zebrafish, a subtype of the Dmrt3 neurons
was shown to make axo-axonic contacts with spinal motor neurons
(Kishore et al., 2020).

3.4 | Traced neurons were found in brainstem and
cortex regions involved in motor regulation

Dmrt3 neurons receive presynaptic terminals containing markers
for aminergic transporters, suggesting that they receive modulatory
inputs from the monoaminergic systems (Perry et al., 2019). We next
investigated whether neurons in higher brain centers project to the
Dmrt3 neurons.

We found 154 traced cells in the red nuclei (n = 3 animals)
(Figure 4a,b). In animal three, there was a higher number of traced cells
in the contralateral nucleus (2 ipsilateral, 42 contralateral), whereas
in the other two animals (animals 1 and 5), the number of cells were
more similar in the ipsi- and contralateral nucleus (17 ipsilateral and
39 contralateral; 25 ipsilateral and 29 contralateral). Traced cells were
found in the ventrolateral region of the red nucleus, an area includ-
ing the magnocellular part that projects to spinal lumbar levels (Liang
et al,, 2012). Fibers decussating between the red nuclei, at the loca-
tion of the ventral tegmental decussation of the rubrospinal tract and
continuing ventrally between the red nucleus and the ventral tegmen-
tal area were also identified (Figure 4b). At cervical levels of the spinal
cord, mCherry-positive projections were found in the dorsal part of
the lateral funiculus and lateral to the spinal nucleus, in the location
of the rubrospinal tract (Liang et al., 2012) (Figure 4c). The rubrospinal
tract is known to be contralateral in humans, but some projections have
been found on the ipsilateral side at spinal levels in rodents potentially
explaining the bilateral innervation found here (Antal et al., 1992; Liang
etal, 2012).

Furthermore, in three animals, two to three traced neurons per
animal were found in the ipsilateral lateral periagueductal gray
region (PAG) (Figure 4d,e). The dorsal and lateral periaqueductal
gray have been associated with altered motor behavior in the pres-
ence of a potential threat or via optogenetic activation (Deng et al.,
2016; Mendes-Gomes et al., 2020). It is thus possible that neu-
rons in the lateral periaqueductal gray that contact spinal Dmrt3
neurons may be involved in regulating supraspinal-induced motor
behavior.

The remaining brainstem analysis was performed on the brains
from animal 3 and 5 since the brainstem of animal 1 was sectioned
differently from the reference brain atlas, and although many cells
were mCherry positive, the regions in which they were located were
obscure. Traced cells were found bilaterally in the pontine reticular
nuclei, both in the rostral (oral) and caudal parts (PnO: 61 cells ipsi-
lateral and 41 cells contralateral and PnC: 10 cells ipsilateral and 4
cells contralateral, n = 2 animals) (Figure 4d-f). The mouse oral pon-
tine reticular nuclei project to the entire spinal cord with fibers in

the ipsilateral ventral funiculus terminating in laminae VII-X and some

20-um sections. The number in each quadrant represents the average number of traced cells per section in that quadrant. (b2-e2) show
representative examples of sections from each level. Tissue was counterstained with anti-PKCy (green). (f-h) Subtype-specific markers revealed a
small number of traced neurons expressing ChAT, Calb1 (Calbindin), and Chx10. Arrows indicate double-positive cells shown in magnification.
Arrowheads in f2 and f3 show decussating axons. (i-k) summarize the locations of traced cells positive for each marker. All scale bars 100 pm, for

magnifications 20 um. Scale bar in (b2) applies to (b2-e2)
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collaterals in the contralateral lamina VII (Liang et al., 2015). The cau-
dal part of the pontine nuclei (PnC) has a similar projection pattern
but with higher density of fibers in laminae VII and VIl in the lum-
bar and sacral segments compared to the rostral part (Liang et al.,
2015). Rubrospinal projections were also seen in the pons, lateral to the
pontine reticular nucleus (Figure 4e2).

Inthe medulla, traced cells were found on both sides, near the fourth
ventricle, which corresponds to the location of the lateral (LVe) and
spinal vestibular nuclei (SpVe) (LVe: 36 cells ipsilateral and 23 cells con-
tralateral, SpVe: 10 cells ipsilateral and 10 cells contralateral, n = 2
animals) (Figure 4g-k, rostral to caudal).

The medial parts were devoid of labelled cells, in line with the
notion that the cells of the medial vestibular nucleus do not project
to the lumbar level of the spinal cord (Watson & Harrison, 2012). The
lateral and spinal vestibular nuclei relay information from the otoliths
for righting of body posture in response to body imbalance, while the
medial vestibular nuclei relay information from semicircular canals for
autonomous control of head movements. A limited number of traced
cells were also found in the superior vestibular nuclei, which seem to
be involved in eye movement control (SuVe: 13 cells ipsilateral and 9
cells contralateral) (Watson et al., 2011). Traced axons were observed
in the ventromedial white matter of the cervical spinal cord where the
vestibulospinal tract is located (Figure 4c4).

The caudal medulla also contained traced cells on both sides, mainly
in the gigantocellular reticular nuclei (Gi: 56 cells ipsilateral and 26 cells
contralateral, GiA [alphal: 10 cells ipsilateral and 10 cells contralateral,
GiV [ventral]: 2 cells ipsilateral and 4 cells contralateral, LPGi [lateral
paragigantocellular nuclei]: 5 cells ipsilateral and 8 cells contralateral;
n = 2 animals) (Figure 4g, i-k). The gigantocellular nuclei project to
the spinal cord, join the reticulospinal tract (ReST) in the ventrolat-
eral funiculus (Figure 4c5) and innervate ventral spinal laminae. In the
caudal part of the medulla, axons from traced cells extended dorso-
medial, likely to join the medial longitudinal fascicle in their course
towards the spinal cord. The ReST relays motor-relevant neuronal
commands from the reticular formation to central pattern generator
units in the spinal cord (Liang et al., 2016). A small number of traced
cells were also found in the intermediate/parvocellular reticular for-
mation of the medulla (4 cells ipsilateral and 6 cells contralateral,
n = 2 animals) as well as the medullary reticular formation ventral part
(4 cells ipsilateral and 3 cells contralateral, n = 2 animals, data not
shown).

Further, traced cells were found in the ventral and caudal raphe
nuclei (Figure 4k) that modulate motor circuit activity by release of
serotonin (10 cells; n = 2 animals). Fibers from these nuclei descend
to the spinal cord in the ventrolateral white matter and terminate in
the intermediolateral cell column and on motor neurons in the ventral
horn (Bowker et al., 1982; Tracey, 2004).

In animal 2, excluded from quantifications due to bilateral pres-

ence of estimated starter cells, we found traced cells in the same brain
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regions as the other animals, and in addition, we identified nine cells
in the Barrington nucleus involved in micturition. The other animals
did not contain any cells in this nucleus, thus, a possible explanation
is the more caudal site of the injection in the S1 segment for animal
2, where projections from the Barrington nuclei are known to termi-
nate (Kawatani et al., 2021; Verstegen et al., 2017). For all animals, we
did not observe traced cells in nuclei of other descending tracts in the
hypothalamus, prethalamus, midbrain, pons, and medulla.

Although scarce, traced cells were repeatedly found in the ipsi- and
predominantly in the contralateral motor and somatosensory cortex (5
cellsipsilateral and 12 cells contralateral, n = 3 animals) in an area that
has previously been demonstrated to contribute corticospinal projec-
tions to lumbar levels (Wang et al., 2018) (Figure 5a,b). Labeled cells
had a pyramidal shape (Figure 5c-f) and were located in cortical layer
V (Bregma —0.34 mm to —1.06 mm). The role of the corticospinal tract
for locomotion and motor control is well established, and in humans,
direct projections to lower motor neurons are present. However, the
main area of termination in rat is in the medial part of the deep
dorsal horn and the intermediate gray matter, in laminae IlI-VII

(Brown, 1971), reflecting its indirect control of limb movements.

4 | DISCUSSION

To reach in-depth understanding of mature neuronal circuit function,
a thorough analysis of the participating components is required. Here,
we focused on adult spinal cord Dmrt3 interneurons that are involved
in the control of locomotion, and searched for the origin of their
presynaptic inputs using EnvA-pseudotyped rabies tracing.

4.1 | Methodological considerations

Our study showed that the EnvA-AG-mCherry rabies virus monosy-
naptic retrograde tracing is a powerful technique to identify the
presynaptic neurons, making contacts to the spinal Dmrt3 interneu-
rons. However, some methodological limitations have to be taken in
account while interpreting the data.

Firstly, we performed tracing on five Dmrt3-Cre+ animals, but due
to the limitations and challenges of viral-based tracing, we removed
two of them from the quantitative analysis. Animal 2 was excluded
from analysis because we found cells expressing TVA-GFP+ in the con-
tralateral side, and animal 4 was excluded from brain and DRG analysis
because of a very low number of traced cells in this animal. Moreover,
for animal 1, spinal cord sections were mounted without IHC analysis,
and DRG were not kept after having performed wholemount imaging.
Thus, IHC on the spinal cord and DRG was performed on sections from
two animals, and the location of mCherry neurons in the cerebrum

and midbrain was analyzed in three animals (except for the pons and

subtype markers Calretinin and Brn3c, but no co-labeling with markers for unmyelinated thermo/nociceptive neurons CGRP (Calca), IB4 nor TH
was found. Arrows indicate traced cells shown in enlargements. (e and f) are adjacent sections of the same cell. For (g), note that Brn3c is a nuclear
marker and the staining of membranes is unspecific. Scale bar in (c) equals 100 um and applies for (c-j), 25 um for all enlargements
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FIGURE 4 Spinal Dmrt3 neurons receive input from brainstem areas involved in motor control. (a, b) In the midbrain, traced cells were found
in the red nucleus, mainly in the lateral part and with a contralateral predominance. Magnifications (b2, b3) with increased brightness and contrast
show projections of the rubrospinal tract around the red nuclei. (c) Traced axons were found in the spinal cord at the cervical level mainly in the
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medulla which was done in two animals). The small number of animals
might affect the reliability of our study; however, even if animal 2
was excluded from the quantifications because of the presence of
contralateral GFP cells, we found mCherry cells in the same brain and
brainstem region as well as similar primary sensory neuron subtypes
when performing IHC (data not shown).

Secondly, rabies virus is known to modify the transcriptional pro-
gram of infected cells in the mouse brain (Huang & Sabatini, 2020;
Prosniak et al., 2001). A recent study, which performed single cell
nuclei RNA sequencing on cortical cells infected with an EnvA-AG-
rabies virus, found that the expression of some neuronal markers was
affected. For example, the expression of somatostatin, parvalbumin,
and vasoactive intestinal peptide (VIP) was down-regulated in neurons
infected with the rabies virus. When performing a fluorescent in situ
hybridization, they showed that the detection of somatostatin mRNA
was decreased in cells infected with EnvA-AG-rabies virus (Patifio et al.,
2022). This data suggest that the results from IHC on cells infected
with rabies virus should be taken with caution since some of the EnvA-
AG-mCherry rabies virus infected cells in this study may have been
devoid of an investigated marker due to rabies virus-induced gene
down-regulation.

Finally, we unexpectedly found traced neurons in the ipsilateral
red nucleus (2 brains out of 3) and the contralateral lateral vestibular
nucleus (1 brain out of 2) as well as traced cells in the contralateral
DRG (4 animals). We did not observe Dmrt3 neuron dendrites in the
contralateral side (Figure S3). However, Dmrt3 neurons send axonal
projection to the contralateral side; thus, one possible explanation
could be axo-axonic synapses. For these four animals, we did not find
any expression of TVA-GFP in the contralateral side near the injection
side. However, the presence of low-expressing GFP cells in the con-
tralateral side cannot be ruled out, which could be another potential
explanation.

4.2 | Brainstem areas projecting to Dmrt3
interneurons are related to motor function

Previous retrograde tracing experiments, albeit from cervical seg-
ments, have identified 27 brain centers projecting to the spinal
cord (Nudo & Masterton, 1988) and 25 subregions were found
from lumbar tracing experiments (Wang et al., 2021). In our whole-
brain analysis of Dmrt3-Cre+ animals, we found traced cells in the

motor/somatosensory cortical areas, in the red nuclei, PAG, pontine

reticular nuclei, vestibulospinal nuclei, gigantocellular nuclei, and
raphe nuclei (Figure 5g). These brain areas are associated to motor
function. For example, the majority of the rubrospinal fibers are
excitatory and terminate in contralateral laminae V, VI, and the dorsal
part of lamina VII at all spinal cord levels, which is consistent with the
position of Dmrt3 interneurons (Liang et al., 2012). Studies in various
species have found that the red nucleus is important for sensorimotor
integration and locomotion via connections with interneurons and
motor neurons in the spinal cord. The red nucleus is present in animals
with limbs, wings or fins, and connections between the red nucleus
and the spinal cord appeared during the transition from aquatics to
amphibians. Thus, the development of structured limbs requiring more
intricate limb control may involve Dmrt3 interneurons connected to
the red nucleus (Basile et al., 2021; Holstege et al., 1988; Ktichler et al.,
2002; Nyberg-Hansen, 1966; Nyberg-Hansen & Brodal, 1964; ten
Donkelaar & de Boer-van Huizen, 1982; Warner & Watson, 1972; Wild
etal, 1979).

Moreover, pontine pathways are thought to be involved in muscle
atonia during REM sleep, a hypothesis that needs confirmation. The
caudal part of the PnC, where traced cells were found, project to lum-
bar and sacral segments (Liang et al., 2015), indicating an involvement

in hindlimb motor control.

4.3 | Spinal Dmrt3 neurons are part of circuits
involved in sensorimotor integration

Abundant presynaptic neurons were found at different levels of the
spinal cord, although the number of connected neurons gradually
decreased with increased distance from the estimated starter cells. At
the cervical and thoracic level, the traced neurons were mainly local-
ized in the ventral horns. These direct inputs to Dmrt3 neurons from
ventrally located neurons at cervical levels suggest a possible connec-
tivity with neurons involved in the forelimb CPG. At the lumbar level,
ipsilaterally connected neurons were predominant in the deep dorsal
horn, whereas contralateral neurons were found more medioventral at
the expected location for commissural interneurons (Eide et al., 1999).
The majority of connected cells in the spinal cord remain genetically
unidentified; however, a portion of the cells could be classified using
immunohistochemistry with markers present in adult animals in spinal
cord populations of interest.

First, the analysis identified traced cholinergic cells near the cen-

tral canal; such presumptive VO¢ interneurons project to and activate

ipsilateral ventromedial white matter (location of vestibulospinal and reticulospinal tracts, (c4, c5)) and on the contralateral side at the location of
the rubrospinal tract (c3) (indicated with arrows). Almost no projection was observed on the ipsilateral side at the location of the rubrospinal tract
(c2). (d-f) In the pons, traced cells (indicated with arrows) were found bilaterally in the pontine reticular nucleus oral (PnO) and caudal (PnC) parts.
Projections of the rubrospinal tract were seen laterally (magnification e2 with increased brightness and contrast). A small number of cells were
found in the ipsilateral lateral PAG. (g-k) In the medulla, traced cells (indicated with arrows) were found bilaterally in the lateral, superior, and
spinal vestibular nuclei (LVe, SuVe, and SpVe, respectively) with an ipsilateral predominance, but not in the medial vestibular nucleus (MVe).
Labeled cells were found bilaterally in the gigantocellular reticular nucleus (Gi) and in the raphe nuclei (RN). (h-k) represent a rostral to caudal
progression of the medulla. Dashed lines demarcate approximate borders of relevant anatomical structures, unbroken lines represent the edge of
the tissue. Ipsilateral is left in all images. All scale bars 250 pm, for magnifications (b2, b3) 167 um, for magnifications (c2-cé) and (e2) 125 ym.

Scale bar in (e1) also applies to (f). Scale bar in (h) applies to (h-k)
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FIGURE 5 Spinal Dmrt3 neurons receive input from neurons found in primary motor/somatosensory cortex. (a) Cells from the medial part of
the cortex, approximately the area of primary motorcortex and hindlimb area of primary somatosensory cortex, are retrogradely traced from
lumbar Dmrt3 neurons. (b) With enlargements (c,d), traced cells are found bilaterally and have a pyramidal shape, (e-f) are high magnification
confocal images to show further examples of the morphology. Scale bar 500 um in (b), 100 pmin (c, €) also applies to (d, f). (g) Summary of the main

locations of traced cells in the brain.

motor neurons via the so-called C-boutons (Zagoraiou et al., 2009).
VOc cells are thus candidates for connecting to Dmrt3 interneurons,
which in turn connect to motor neurons (Andersson et al., 2012). A dis-
patch of inhibitory signals released from Dmrt3 interneurons to motor
neurons could thus stem from VO¢ interneurons. If so, VOc cells would,
similar to spinal cord reflex pathways, be endowed with the capability
to send activating signals to motor neurons in parallel with reciprocal
inhibition via Dmrt3 neurons, a hypothesis that remains to be tested.
Our analysis also identified three calbindin-positive cells at the spinal
gray ventral rim, defined as Renshaw cells (Carr et al., 1998; Geiman
et al., 2000), and the low number found indicate that connections are
scarce and probably made to a subset of Dmrt3 interneurons. Even so,
this type of connection has been suggested in the context of indirect
disinhibitory action onto motor neurons from la interneurons, relayed
by Renshaw cells (Hultborn et al., 1971).

Further, the analysis revealed traced Chx10-positive V2a excita-
tory interneurons, mainly in the ipsilateral side of the spinal cord.
These interneurons have been demonstrated to be essential for skilled
reaching (Azim et al., 2014) and to coordinate left-right limb loco-
motion (Crone et al., 2008). Furthermore, they contact commissural
interneurons in the ventromedial region of the lumbar spinal cord,
among which the VO population reside (Lundfald et al., 2007), and our
results indicate that Dmrt3 neurons could also be part of this com-
missural interneuron population. Moreover, our data demonstrated
that Dmrt3 interneurons are contralaterally targeted by a smaller
part of the Chx10 population. In some support, midline crossing of
Chx10 cell projections was previously observed in the mouse hindbrain
(Cepeda-Nieto et al., 2005).

In summary, our data demonstrated that lumbar Dmrt3 interneu-
rons receive inputs from spinal neurons engaged in sensorimotor

coordination.

4.4 | Spinal Dmrt3 neurons receive sensory input
from both muscle spindles and Golgi tendon organs

We consistently found monosynaptically connected cells in lumbar
DRG, and the vast majority of them were classified as large myelinated
mechanoreceptive neurons of the Aa proprioceptive subtype. By the
use of recently reported markers for subclassification of the propri-
oceptive neurons (Wu et al., 2021), the analysis further showed that
the traced neurons included the 1a2 and the 1a3 subtypes, belonging to
group la afferents and group Ib afferents. Primary afferents of group
la contribute to the stretch reflex, through the transmission of signals
directly to a homonymous muscle, and a reciprocal muscle connection
via inhibitory la interneurons to an antagonistic muscle (Eccles et al.,
1956). Monosynaptic input from group | afferents preferentially reach
commissural interneurons in lamina VII (Jankowska et al., 2009), which
is where Dmrt3 interneurons reside in mice. Considering that Dmrt3
interneurons can be commissural and connect to motor neurons both
ipsi- and contralateral (Andersson et al., 2012), it is conceivable that
this inhibition can be forwarded by Dmrt3 interneurons.

How does proprioceptive input and locomotion relate to each other?
It has been shown that the transition of locomotor stance to swing
phases involves shifting muscle spindle activation to Golgi tendon
organ activation and thus, that coordinated activity from propriocep-
tors plays a part in initiation and duration of locomotion (Koch, 2019).
Group la primary afferents are rapidly adapting and report stretch
velocity from nuclear bag fibers (Mihailoff & Haines, 2017), while the
more thinly myelinated group Il primary afferents are nonadapting,
mainly transmit signals from nuclear chain fibers reporting mus-
cle length change, and remain active after the muscle ceased moving.
Therefore, interneurons that connect to group la and group Il afferents

are presumably separate populations. Dmrt3 neurons can be subclassi-
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fied based on their expression of other markers (Anderssonetal., 2012;
Iglesias Gonzélez et al., 2021; Schnerwitzki et al., 2018); thus, it will be
important to examine how the different types of inputs can be func-
tionally linked to Dmrt3 interneuron subpopulations. Furthermore,
it is known that descending tracts connect to la interneurons (Hult-
born et al., 1976), as well as to lamina VIII commissural interneurons
(Bannatyne et al., 2003). In contrast to group la afferents, |b afferents
do not monosynaptically connect to motor neurons; instead, they
connect to Ib interneurons for protective inhibition of muscle activity
in the Golgi tendon reflex circuit. Based on this, we suggest that Dmrt3
neurons can belong to functional subclasses with regard to peripheral
input type (la and Ib) and descending input type (serotonergic and
glutamatergic).

Dmrt3 neurons in the dlé6 mouse spinal cord population have pre-
viously been divided into functional subtypes (Griener et al., 2017;
Perry et al., 2019). A recent single cell sequencing study divided the
spinal Dmrt3 neurons from mice into six clusters (M1-6) based on their
transcriptomic profile (Iglesias Gonzalez et al., 2021). Most clusters,
except M1, express the 5HT-7 receptor, providing some of the molecu-
lar set up required to receive descending serotonergic input from the
Raphe nuclei, and it has been reported that interneurons in laminae
VIl and VIII are likely sites for serotonergic modulation of the cen-
trally activated locomotor network (Noga et al., 2009). The expression
of Neurotrophin-3 (Ntf3) was found in the M3 cluster, and to a lower
extent, in the M1 cluster. This growth factor molecule binds to TrkC,
which is expressed in primary afferents, to transmit a target-derived
survival signal specifically between proprioceptive afferents and motor
neurons (Ernforsetal., 1994; Klein et al., 1994). Notably, the absence of
NTF3 or TRKC resulted in the loss of DRG afferents in both the medial
and lateral spinal cord. One possibility is therefore that the M1/M3
clusters of the Dmrt3 interneurons constitute inhibitory interneurons
connected to proprioceptive primary afferents.

5 | CONCLUSIONS

In this tracing study, we have investigated the spinal Dmrt3 interneu-
rons and our main conclusions are: (1) the peripheral connectivity of
the spinal Dmrt3 population predominantly consist of inputs from pro-
prioceptive primary afferents, positioning Dmrt3 neurons in a senso-
rimotor integrative role, (2) supraspinal areas involved in autonomous
motor control (vestibular, rubrospinal, pontine, and raphe) project to
spinal Dmrt3 neurons, (3) lumbar Dmrt3 interneurons receive informa-
tion from spinal interneurons at all axial levels of the spinal cord.

We show that the functional role of spinal Dmrt3 neurons appears
to be more closely linked to sensory processing than previously
appreciated. In particular, the connectivity of the Dmrt3 inhibitory
interneurons to proprioceptive la and Ib primary afferents defines at
least part of them to be spinal la and Ib interneurons. At limb spinal
levels, la inhibitory neurons provide reciprocal innervation to flexor
and extensor motor pools, and their origin have been suggested to
reside within the V1 and V2b cardinal classes of interneurons (Zhang
etal,, 2014). Our analysis suggests that also Dmrt3 inhibitory interneu-
rons of the dl6 cardinal class contribute to the further transmission of

proprioceptive signaling. It is also clear, however, that the Dmrt3 pop-
ulation is not homogenous; thus, refined techniques to provide a new
level of detail regarding the composition of the Dmrt3 population (Igle-
sias Gonzalez et al., 2021) will be required to tease out the properties
of each of these subpopulations of spinal Dmrt3 interneurons.
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