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Netrin-1 receptor DCC is required for the
contralateral topography of lamina I anterolateral
system neurons
Farin B. Bourojenia,b, Hanns Ulrich Zeilhoferc,d, Artur Kaniaa,b,e,*

Abstract
Anterolateral system (AS) neurons relay nociceptive information from the spinal cord to the brain, protecting the body from harm by
evoking a variety of behaviours and autonomic responses. The developmental programs that guide the connectivity of AS neurons
remain poorly understood. Spinofugal axons cross the spinal midline in response to Netrin-1 signalling through its receptor deleted in
colorectal carcinoma (DCC); however, the relevance of this canonical pathway to ASneuron development has only been demonstrated
recently. Here, we disrupted Netrin-1:DCC signalling developmentally in AS neurons and assessed the consequences on the path
finding of the different classes of spinofugal neurons.Many lamina I AS neurons normally innervate the lateral parabrachial nucleus and
periaqueductal gray on the contralateral side. The loss of DCC in thedeveloping spinal cord resulted in increased frequency of ipsilateral
projection of spinoparabrachial and spinoperiaqueductal gray neurons. Given that contralateral spinofugal projections are largely
associated with somatotopic representation of the body, changes in the laterality of AS spinofugal projections may contribute to
reduced precision in pain localization observed in mice and humans carrying Dcc mutations.
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1. Introduction

Nociception involves spinal neural circuit processing of noxious
stimuli and their relay to nociceptive brain centres such as the
thalamus, the lateral parabrachial nucleus (LPbN), and the
periaqueductal gray (PAG).1 This is accomplished by anterolateral
system (AS) spinofugal neurons, whose axons ascend in the
anterolateral tract of the spinal cord. The ventral posterolateral
(VPL) thalamus relays somatotopically organized nociceptive
inputs to the somatosensory cortex,5 a pathway associated with
the sensory-discriminative aspects of pain. The LPbN has been
associated with the affective-emotional components of nocicep-
tion,36 whereas the PAG is involved in escape/defense

responses.27,67 Despite extensive anatomical studies of AS
neurons, how their connectivity is specified is largely unknown.

Anterolateral system neuronal function has been inferred from
their anatomy and physiology. In rodents, these are primarily
confined to lamina I of the superficial dorsal horn (SDH), the deep
dorsal horn (DDH; lateral lamina V), and the lateral spinal nucleus
(LSN).46 Lamina I AS neurons in the SDH have small receptive
fields80 and respond to discrete nociceptive stimuli that, for
example, induce thermal or mechanical pain sensation.2,16,25 By
contrast, lamina V/LSN AS neurons have broad receptive fields
and wide dynamic range receptivity, such as activation by a
variety of noxious and innocuous stimuli.17 Because of their
extensive projections to the dorsal LPbN29 and the medial
thalamus,33 lamina V/LSN AS neurons are likely to transmit the
affective-motivational aspects of nociception. Most lamina I AS
neurons innervate their brain targets on the contralateral side,72

whereas the proportions of lamina V/LSNAS neurons that project
ipsilaterally and contralaterally are more similar.19,46 One possi-
bility is that the laterality of lamina I AS neurons is an essential part
of their somatotopic organization, allowing localization or top-
ognosis, of noxious stimuli.

During development, axons of spinal projection neuron either
cross themidline at the floor plate or remain on the ipsilateral side,
and then grow rostrally to their target, in specific white matter
tracts.34 Themolecular mechanisms that control midline crossing
are mostly elucidated,11 although their perturbation has provided
few insights into adult neural circuit function. Netrin-1 signalling
through its receptor deleted in colorectal carcinoma (DCC) is a
principal determinant of commissural crossing.23,45,52,78,82 De-
velopmental perturbations of Netrin-1:DCC signalling result in
abnormal motor behaviour in mice and humans, presumably
caused by decreasedmidline crossing by spinal interneurons and
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*Corresponding author. Address: Institut de recherches cliniques de Montréal
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corticospinal axons.63,64,73 However, the role of Netrin-1:DCC
signalling in AS neuron development and function is only
beginning to emerge. Loss of embryonic DCC expression in the
caudal spinal cord (Dcc spinal knockout; DccSpKO) results in
increased ipsilateral innervation of the thalamus by spinothalamic
(ST) neurons and inability to accurately localize noxious stimuli.
Humans with mirror movement disorder caused by DCC
mutations also display a similar phenotype. Despite this, the
impact of spinal Dcc mutation on the laterality of most AS
spinofugal pathways remains unknown, hindering accurate
interpretations of their specific roles in nociception. Here, we
describe the temporal and spatial aspects of Hoxb8::Cre
expression and present evidence of AS neuron connectivity
changes as a result of DccSpKO mutation (Hoxb8::Cre; Dccflox/–).

2. Materials and methods

2.1. Mouse lines and animal care

All mice were housed at the Animal Housing core facility of Institut
de recherches cliniques de Montréal, kept on a 12:12-hour light/
dark cycle, and provided food and water ad libitum. All
experimental procedures were approved by the Animal Care
and Use Committee at the Institut de recherches cliniques de
Montréal, in accordance with the regulations of the Canadian
Council on Animal Care. The generation of Hoxb8::Cre mice has
been described previously.81 Cre-dependent reporter lines R26:
LS-tdTomato50 and Tau:LS-mGFP-nLacz38 were obtained from
the Jackson Laboratory (#007914 and #021162). Dccflox/– were
generated from crossing of Dccflox/flox48 and Dcc1/–,28 both
obtained from F. Charron (Table 1 for details).

2.2. Tissue harvest and immunohistochemistry

Animals were anaesthetized with an intraperitoneal injection of
ketamine/xylazine solution (10 mg/mL ketamine, 1 mg/mL
xylazine, in 0.9% saline; dose: 0.1 mL/g body weight). They were
then transcardially perfused with 15 mL of a 0.9% saline solution
followed by an equal volume of 4% paraformaldehyde (PFA) in
1 M phosphate buffered saline (PBS). Brain and spinal cord
tissues were harvested and postfixed with PFA for 1 hour at 4˚C
while shaking. Embryos were dissected in 4˚C PBS and then
transferred to 4% PFA for 1 to 2 hours at 4˚C while shaking. The
tissue was then cryoprotected in a 30% sucrose/PBS solution.
Frozen spinal and DRG samples were sectioned at 25 mm and
brain sections at 50 mm, collected on slides and kept frozen until
use.62 Alternatively, frozen embryonic samples were cut on a
cryostat into 16-mm thick sections.

For immunostaining, the slides were rinsed 3 times with PBS
and blocked with 5% horse serum prepared in PBS containing
0.1% Triton X-100. Upon 3 further rinses, the sections were
treated with the appropriate primary antibodies (Table 1 for
details) overnight at 4˚C. After PBS rinses, the samples were
treated with fluorophore-conjugated secondary antibodies and
counterstained with DAPI (49,6-diamidino-2-phenylindole) for 2
hours at room temperature before coverslipping and imaging.

2.3. Retrograde tracing

Animals were first anaesthetized using 5% isoflurane/oxygen and
maintained in 2% isoflurane/oxygen during the surgery. The head
was immobilized in a stereotaxic frame (Kopf Instruments). The
skin was incised to expose the underlying skull. A pulled glass
needle backfilled with mineral oil was mounted in a syringe

(Hamilton Company, Reno, NV) and then placed in a stereotaxic
syringe pump with Micro4 controller (David Kopf Instruments,
Tujunga, CA). Retrograde tracer cholera toxin B (CTB) conjugated
to Alexa Fluor 488 was then loaded in the electrode from the tip.
The glass capillary electrode tip was placed at the appropriate
coordinates (LPbN: AP25.35/ML 1.4/DV23.05; PAG AP24.5/
ML 0.95/DV 22.55) from bregma (defined by the coronal Allen
Brain Reference Atlas24), and a handheld drill was used to create
a burr hole for the injection. A volume of 250 nL of tracer was
injected at a rate of 100 nL/min in each target and the glass
electrode was left in place for 2.5 minutes before removal to
minimize tracer leakage. The skin was then sutured, and the
mouse placed in a heated recovery chamber and allowed back
into its cage once fully mobile. Spinal and brain tissues were
harvested for analysis 7 days after the injection.

2.4. Intraspinal virus injections

A dorsal dermal incision of approximately 1.5 cm was made to
expose the underlying vertebral column at the lumbar region.47 To
access the L3 to L5 spinal region, the connective and muscle
tissues overlaying the intervertebral space between T13 and L1
vertebral segments were removed. The vertebral column was
then immobilized in the stereotaxic frame to minimize respiration-
induced mobility of the spinal column. A pulled glass needle
backfilled with mineral oil was mounted in a syringe and then
placed in a stereotaxic syringe pump with Micro4 controller (Kopf
Instruments). The virus was then forward-pulled in the electrode.
Three unilateral injections of 250 nL were made (ML 0.45 mm; AP
0 6 0.5 mm; DV 0.35 mm dorsal spinal midline). The injections
were each completed at a rate of 100 nL/minute followed by
equal time for resting the needle to minimize leakage. Surround-
ing muscles were then sutured over the injection site and the skin
stapled. The mouse was then placed in a heated recovery
chamber and allowed back into its cage once fully mobile. Spinal
and brain tissues were harvested for analysis 4 weeks after the
injection.

2.5. Microscopy and image processing

Imageswere acquired with a confocal laser scanningmicroscope
(Leica Microsystems, Inc., Wetzlar, Germany; TCS SP8) equip-
pedwith Leica Application Suite X. For cell count analysis, images
captured using the inverted epifluorescent microscope (Leica
Microsystems, Inc; Leica DM6) were deemed appropriate for
quantification based on high signal/noise ratio. Image files were
processed and analyzed in ImageJ (NIH). All presented figures
and illustrations were assembled in Graphic (Picta, Inc).

2.6. Statistics

Quantification and statistical analyses were completed using
Prism 8 (GraphPad, Inc). Nonparametric 2-tailed Mann–Whitney
test was used for the quantifications in the 2 last figures.

3. Results

3.1. Hoxb8::Cre labels commissural neurons that express
DCC during development

Hoxb8::Cre-driven excision ofDcc results in impaired nociceptive
topognosis.18 To uncover the extent to which AS neuron
connectivity contributes to this phenotype, we first assessed
the expression of Hoxb8::Cre. The AS consists of neurons that
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extend axons rostrally and innervate supraspinal targets in the
brainstem and thalamus before birth.19,75 To assess the
expression of Hoxb8::Cre in spinal neurons, we first examined
the temporal and spatial domains of Cre recombination by
determining the onset of recombination in the developing caudal
neural tube.Hoxb8::Cremice were crossed to homozygous R26:
LS-tdTomato (Ai14) reporter mice to generate Hoxb8::Cre1/–;
R26:LS-tdTomato1/– (Hoxb8-tdTomato) embryos that express
the fluorescent protein tdTomato in Cre-expressing tissues. In
9.5-day-old embryos (E9.5), at a timewhen first spinal postmitotic
neurons are generated in the cervical spinal cord,60,79 tdTomato
expression occurred predominantly in the caudal neural tube at
spinal levels caudal to forelimbs (Fig. 1A). In sections of hind limb-
level spinal cord, tdTomato expression was present throughout
the mediolateral extent and dorsoventral extent of the neural tube
without any apparent bias (Figs. 1B and C). At this stage,
postmitotic neurons are yet to be generated in the caudal neural
tube and all cells therein are neural progenitors expressing the
stem cell marker Sox2. Sox21 cells colocalized with tdTomato
demonstrate that Hoxb8::Cre-driven recombination readily oc-
curs in spinal neuron progenitors.

At E11.5, after the generation of postmitotic neurons,
tdTomato expression was also observed throughout the
dorsoventral extent of the spinal cord (Figs. 1D and E). The
majority of commissural axons, thought to contribute to the AS,
cross the spinal midline between E10 and E12, soon after the
birth of commissural neurons.11 We therefore asked whether
Hoxb8-tdTomato expression overlaps with DCC, required for
commissure crossing of many axons, including those of
spinothalamic (ST) neurons (Fig. 1E). Virtually, all DCC-
expressing E11.5 neurons throughout the dorsoventral extent
of the neural tube coexpressed tdTomato (DsRed1; Fig. 1F; 5
sections/animal). Spinal commissural neurons arise from
multiple postmitotic cardinal groups.49,70 In particular, the
dI1,37 dI5,74 and V383 clusters give rise to populations of
commissural neurons, many of which project supraspinally (Fig.
1G). We observed expression of tdTomato within all 3
populations, identified through their respective transcription
factor markers Lhx2, Lmx1b, and Nkx2.2 (Figs. 1H–J).
Collectively, our results show that Hoxb8::Cre is expressed in
classes of transcriptionally distinct commissural neurons that
express DCC during development.

Table 1

Resource table.

Reagents Resource Identifier (RRID)

Mice (MGI notation)

Dcc1/– (Dcctm1Wbg) Frédéric Charron MGI:3665466

Dccflox/flox (Dcctm1.1Nki/Dcctm1.1Nki) Frédéric Charron MGI:5308804

Hoxb8::Cre (Tg(Hoxb8-cre)1403Uze) Hanns Ulrich Zeilhofer MGI:4881836

R26:LS-tdTomato (B6.Cg-Gt(ROSA)

26Sortm14(CAG-tdTomato)Hze/J)

JAX IMSR_JAX:007914

Tau:LS-mGFP-nLacz

(B6;129P2-Mapttm2Arbr/J)

JAX IMSR_JAX:021162

Antibodies (dilution)

Chicken anti-b-galactosidase (1:2000) Abcam AB_307210

Goat anti-DCC (1:500) R&D Systems AB_2089765

Guinea pig anti-vGluT2 (1:1000) Synaptic Systems AB_887884

Mouse anti-Lhx2 (1:500) DSHB AB_2618817

Mouse anti-Lmx1b (1:10,000) Thomas Müller & Carmen Birchmeier AB_2314752

Mouse anti-NeuN (1:500) Abcam AB_2298772

Mouse anti-Nkx2.2 (1:500) DSHB AB_531794

Rabbit anti-DsRed (1:1000) Clonetech AB_10013483

Rabbit anti-GFP (1:1000) Life Technologies AB_221569

Rabbit anti-Iba1 (1:1000) Wako AB_839504

Rabbit anti-Sox2 (1:1000) Abcam AB_2341193

Rat anti-RFP (1:1000) ChomoTek AB_2336064

Donkey anti-chicken Cy5 (1:500) Jackson ImmunoResearch AB_2340365

Donkey anti-goat AF488 (1:500) Jackson ImmunoResearch AB_2336933

Donkey anti-guinea Pig AF488 (1:500) Jackson ImmunoResearch AB_2340472

Donkey anti-mouse AF488 (1:500) Jackson ImmunoResearch AB_2340846

Donkey anti-mouse Cy5 (1:500) Jackson ImmunoResearch AB_2340819

Donkey anti-rabbit AF488 (1:500) Jackson ImmunoResearch AB_2313584

Donkey anti-rabbit Cy3 (1:500) Jackson ImmunoResearch AB_2307443

Donkey anti-rat Cy3 (1:500) Jackson ImmunoResearch AB_2340683

Chemicals (dilution/concentration)

DAPI (49,6-diamidino-2-phenylindole) (1:500) Life Technologies AB_2629482

Neurotrace 450 (1:500) Life Technologies N/A; Cat# N21479

AlexaFluor488 cholera toxin B

(1% weight/volume)

Life Technologies N/A; Cat# C22841

Viruses (titre)

AAV2.8-hSyn-SYP1-miniSOG-citrine (2.2E13

GC/mL)

Neurophotonics Centre, Université Laval Addgene #50971

AAV, adeno-associated virus.
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3.2. Somatic Hoxb8::Cre expression is essentially absent
from the brain

To determine the extent to which brain or peripheral sensory
neuron Hoxb8::Cre expression may contribute to the phenotypes
previously characterized in DccSpKO mice,61,62 we examined
neuronal expression of Hoxb8::Cre outside of the spinal cord in
adult tissue. In linewith expression in caudalDRGat E12.5,Hoxb8-
tdTomato expression was detected in all neurons in adult DRG
caudal to the third cervical DRG (Fig. 2A). In addition to the spinal
cord and DRG, sparse expression of neuronal tdTomato (NeuN1/
DsRed1) was detectable in the anteroventral nucleus of the
thalamus (Figs. 2B and C). We also observed numerous cells in
the forebrain (in particular the cortex) and to a lesser extent in
brainstem regions. These cells were commonly in close proximity
to one another and interspersed in clusters of 20 to 30 units (Fig.
2D), and displayed a radial morphology characteristic of microglia.
In agreement with a previous report of Hoxb8-driven cortical
microglia expression,10 virtually all the tdTomato-expressing cells in
Hoxb8-tdTomato cortical sections were not labelled by the
neuronal marker NeuN but expressed the microglial marker Iba1

(Fig. 2D). In addition, we observed occasional single tdTomato1
pyramidal neurons in the cortex and hippocampus (data not
shown). These results complement the previous observations that
Hoxb8::Cre recombination is highly present in DRG neurons but
essentially absent fromneurons located rostral to the spinal cord.81

To quantify the proportion of spinal neurons expressing the
Hoxb8::Cre transgene, we generated Hoxb8::Cre1/2; Tau:LS-

mGFP-nuclearLacZ1/2 (Hoxb8-nLacZ) adult mice. The expression
of nuclear LacZ allowed us to label individual spinal neuron cell
bodies, without confounding axonal labelling, allowing their
quantification. This is particularly important in the dorsal horn of
the spinal cord where most AS neurons are located. In whole-
mounted adult Hoxb8-nLacZ spinal tissue, mGFP expression was
visible throughout the cord at all levels caudal to midcervical
segments (Fig. 3A). To visualize the location of neuronal cell bodies
expressing Hoxb8::Cre, cross-sections from all levels of Hoxb8-
nLacZ spinal cord tissue were stained with X-gal. Consistent with
mGFP expression, LacZ1 nuclei were visible throughout the gray
matter and white matter (Fig. 3B). In the cervical enlargement,
nuclear LacZ expression attenuates approximately at the C4 level
with most LacZ1 cells sparsely distributed in the dorsal horn (data

Figure 1.Hoxb8::Cre expression during the development of spinal commissural neurons. Fluorescent images ofHoxb8-tdTomato expression (magenta) in whole-
mount embryos at embryonic day 9.5 (A) and 11.5 (D). White arrowheads in A and D designate the relative position of the cross-sections in C and E, respectively.
(B) The neural tube at E9.5 largely comprises neural progenitors in the VZ. (C) Cre-driven reporter expression (RFP; magenta) highly colocalizes with progenitor
cells marked by Sox2 expression (green) (n5 7; 3 sections/animal). (E) (Top row) Cross-sections of E11.5 caudal neural tube show extensive tdTomato expression
in the postmitotic cells in the (1) spinal marginal zone (1) and (2) DRG cells. (Bottom row) Numerous commissural neurons express DCC in dorsal, medial, and
ventral regions of the neural tube (in boxes and magnified in F) (F) tdTomato expression (RFP1) is detectable in dorsal, intermediate, and ventral spinal cord cells
(arrowheads) that also express DCC (green) on their membranes (n 5 4; 3 sections/animal). (G) Major populations of commissural neurons arise from the
postmitotic cardinal groups dI1, dI5, and V3. (H–J) Extensive intersection of DsRed immunoreactivity (magenta) is detectable with transcriptionalmarkers (green) of
dI1 (Lhx21), dI5 (Lmx1b1), and V3 (Nkx2.21) (n5 4; 3 sections/animal). Scale bar: (C and F) 50mm (E) 100mm (H–J) 25mm.D, dorsal; DRG, dorsal root ganglion;
dI1, dorsal interneuron class 1; dI5, dorsal interneuron class 5; FL, forelimb; FP, floorplate; HL, hind limb; RP, roofplate; SpC, spinal cord; T, tail; V, ventral; VZ,
ventricular zone; V3, ventral interneuron class 3.
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not shown). In the cervical segments C1 to C3, virtually no LacZ1
cells were detected. At midlumbar levels L3 to L5, the majority of
spinal neurons (NeuN1) coexpressed b-galactosidase (Fig. 3C;
88.9% 6 1.35), indicating that Hoxb8::Cre is expressed in the
majority of caudal spinal neurons.

We next examined Hoxb8-tdTomato expression in adult spinal
tissue where tdTomato efficiently labels the cellular membrane,
including themost distal extent of axons to supraspinal targets. In
agreement with mGFP labelling in Hoxb8-nLacZmice, tdTomato
expression was detectable throughout the Hoxb8-tdTomato

adult caudal spinal cord in both the white matter and gray matter
(Fig. 3D). Using reporters driven by the ubiquitous Rosa26
promoter or Tau (MAPT), we detected numerous cells with
somatic expression of the reporter throughout the white matter
suggesting that Hoxb8::Cre is expressed in both neuronal and
nonneuronal progenitors (eg, glia or astrocytes). This expression
is in agreement with reports that Tau is detectable in both neurons
and to a lesser extent in glial cells.43

In the upper cervical segments, we identified axons primarily
innervating the ventral horn (Fig. 3D right panel), in agreement with
previous reports of intraspinal axonal projections from caudal
propriospinal and motor circuits to upper cervical neurons.26 We
also detected dense axonal tdTomato expression in regions of the
spinal white matter containing ascending projections (Figs. 3D and
E). In particular, tdTomato-expressing axons were detectable in the
dorsal and lateral white matter that encompass ascending sensory
and motor pathways. Thus, the absence of neuronal expression of
Hoxb8-tdTomato above cervical spinal levels implies that the
fluorescent axons in the ascending white tracts at the cervical level
originate from spinofugal neurons located more caudally.

3.3. Major motor and sensory spinofugal tracts are defined
by Hoxb8::Cre expression

Given that supraspinal areas of the nervous system are spared
from Hoxb8::Cre recombination, we reasoned that tdTomato1
axon terminals in the brain ofHoxb8-tdTomatomicemust originate

from spinofugal neurons.Most of these projections act as conduits
of excitatory sensory inputs from the spinal cord to various brain
regions involved in processing of sensory and motor information.
To assess the innervation of supraspinal targets from the Hoxb8::

Cre-expressing spinal domain, the brains from Hoxb8-tdTomato
mice were transversely sectioned and immunostained for the
neuronal marker NeuN and the glutamatergic presynaptic protein
vGluT2 (vesicular Glutamate Transporter 2), to discriminate
between passing and innervating axons. To enhance the detection
of tdTomato, we used the anti-red fluorescent protein antibody
(anti-DsRed). In Hoxb8-tdTomato mice, DsRed1 axon terminals
were detected throughout the brain, although more frequently in
the hind brain (Fig. 4A).We also detected substantial innervation of
both sensory- and motor-related brain targets. In particular, in the
hind brain, the DsRed1/vGluT21 appositions were present in the
dorsal column nucleus (Fig. 4B left), nucleus of the solitary tract
(Fig. 4B right), intermediate and lateral reticular nuclei (Fig. 4C left),
and inferior olivary complex (Fig. 4C right). The densely labelled
tdTomato axon termini in the dorsal column nucleus represent the
accumulation of both spinal68 and primary afferents57 that carry
signals related to innocuous touch. Spinocerebellar axon terminals
were visible in the granular layer of the central lobule of the
cerebellum andwere organized in columns (Figs. 4D andE). In the
midbrain, the LPbN (Fig. 4F) and the PAG that are the principal
targets of AS neurons had dense Hoxb8-tdTomato terminals (Fig.
4G). In addition, the motor-related pontine gray nucleus received
many spinal inputs (Fig. 4H). Other sparsely innervated areas in the
midbrain included the inferior colliculus and superior colliculus
(data not shown). In the forebrain, all major somatosensory-related
nuclei of the thalamus were also heavily innervated (Fig. 4I),
including medial thalamic nuclei (Fig. 4J). Not surprisingly, the
lateral spinothalamic pathway that primarily innervates the VPL
(Fig. 4K) was well defined byHoxb8-tdTomato axonal expression.
Although evidence for a monosynaptic spinohypothalamic tract
has been described in rats and cats,9,44 no innervation of the
medial hypothalamusbyHoxb8-tdTomato spinofugal neuronswas
detectable (data not shown). Instead,weonly observed innervating

Figure 2.Hoxb8::Cre expression is detectable in selective nonspinal nuclei. (A) Nearly all DRG neurons (NeuN1; blue) caudal to cervical segment 3 (C3) including
thoracic and lumbar express tdTomato (DsRed1; red) (n 5 5; 3 sections/animal). (B) Schematic of the relative position of detected supraspinal tdTomato
expression illustrated in C and D (bregma 20.88). In the brain, sparse neuronal expression of tdTomato (DsRed1/NeuN1) is detectable in (C) anteroventral
nucleus of the thalamus. (D) In the cortex, RFP immunoreactivity (tdTomato1; magenta) is detectable in microglia (Iba11; green) but not in neurons (NeuN; blue) (n
5 7, 3 sections/animal). Scale bar: (A) 50 mm; (C) 100 mm, (inset) 25 mm; (C) 100 mm, (inset) 25 mm. AD, anterodorsal nucleus; AV, anteroventral nucleus; IAD,
interanterodorsal nucleus; LD, lateral dorsal nucleus; MD, mediodorsal nucleus, sm, stria medullaris.
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appositions in the parasubthalamic nucleus in the lateral hypothal-
amus (Fig. 4L). These appositions were located adjacent to axon
tracts that eventually innervate the globus pallidus (Fig. 4M).13,33,58

Collectively, our results demonstrate that Hoxb8::Cre spinal
neurons innervate all the major brain regions receiving somato-
sensory and motor inputs.

3.4. Spinal deletion of Dcc alters spinofugal innervation

We subsequently examined the effect of spinal cord deletion of
Dcc on the supraspinal connectivity of AS neurons inHoxb8::Cre;
Dccflox/– (DccSpKO) mice. We have previously demonstrated that
through this genetic approach, DCCexpression is completely lost
in the caudal neural tube by E11.5, the time at which many axons

cross the ventral spinal commissure. By E14.5, when essentially
all commissural axons have crossed the midline, the size of the
ventral commissure in DccSpKO embryos was reduced by
approximately 42%,18 similar to that in mice with constitutive
Dcc deletion.28,82 To uncover the changes in the innervation of
AS supraspinal targets VPL,18 PAG, and LPbN, in the absence of
DCC, we first labelled these projections anterogradely. We made
unilateral lumbar injections of an adeno-associated virus driving
the expression of the yellow fluorescent protein citrine (YFP) in
presynaptic terminals (AAV2/8-SYP1-miniSOG-citrine) of trans-
duced neurons, in DccSpKO mice and their control littermates
(Dccflox/1 or Dcc flox/flox) (Fig. 5A). In all cases, the transduction
was confined to one side of the lumbar spinal cord and generally
biased to the SDH where lamina I AS neurons are located but

Figure 3. Characterization of Hoxb8::Cre expression in the spinal cord. (A) Dorsal view of whole-mount spinal cord of an adult Hoxb8-nLacZ-mGFP spinal cord
showing inverted GFP fluorescence (black) caudal to midcervical segments. (B) Cross-sections of X-gal-stained segments throughout the spinal cord showing
widespread b-galactosidase expression (blue signal) in the white matter and graymatter (see insets). The upper cervical segments (C1) are devoid of recombinase
activity. (C) b-galactosidase (green) and neuronal marker NeuN (blue) in superficial dorsal horn of the lumbar spinal cord. Insets are double-positive neurons (black
arrowheads) and b-gal-only cells (white arrowheads) (D) Dense tdTomato expression within the spinal cord of Hoxb8-tdTomato mice (S, T, L, C7; DsRed1: red
signal). In upper cervical segments (C1), axons with DsRed immunoreactivity are primarily observed in white matter tracts (n 5 5; 5 sections/animal). (E) These
axons are present throughout ascending tracts of (1) dorsal funiculus and (2) lateral funiculus. Scale bar: (B) 250 mm, (C and E) 100 mm; (C inset) 25 mm. ALT,
anterolateral tract; cu, cuneate fasciculus; DH, dorsal horn; dcs, dorsal corticospinal tract; LCN, lateral cervical nucleus; psdc, postsynaptic dorsal column; SCT,
spinocerebellar tract; VH, ventral horn.
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Figure 4.Hoxb8::Cre defines genetic access to sensory andmotor-related spinofugal neurons. (A) Transverse sections from themedulla inHoxb8-tdTomatomice
show extensive axonal innervation (DsRed1) in numerous nuclei associatedwith both sensory- andmotor-related integration. Neurons (NeuN1; blue) of DCN and
NTS in the dorsal medulla (B) and IRN/LRN and IOC in the ventral medulla (C) are highly innervated by DsRed1/vGluT21 (red/green) appositions. (D)
Representative transverse sections from rostral hind brain (bregma 26.055 mm) and midbrain (bregma 25.055 mm). Dense innervation of the motor-related
regions: cerebellum (E) and pontine gray (H) and sensory-related regions: lateral parabrachial nucleus (F) and periaqueductal gray (G). Hoxb8-tdTomato
innervation of multiple nuclei in caudal (bregma 22.88) and rostral (bregma 21.55) thalamus (I). Dense innervation of primary targets of spinothalamic neurons:
medial thalamus (J) and VPL (K). Lateral hypothalamic nuclei PSTN and ZI (L) and reticulated internal segment of GP (M). (n5 5, 3 sections/animal). Scale bar: (A)
250 mm; (D and J) 500 mm; all others 100 mm. Medulla: CU, cuneate nucleus; DCN, dorsal column nucleus; ECU, external cuneate nucleus; GR, gracile nucleus;
GRN, gigantocellular reticular nucleus; IOC, inferior olivary complex; IRN, internal reticular nucleus; LRN, lateral reticular nucleus; MDRNv, medullary reticular
nucleus, ventral part; MV, medial vestibular nucleus; NTSm, nucleus of solitary tract, medial part; PARN, parvocellular reticular nucleus; PRP, nucleus prepositus.
Pons: PG, pontine gray; PCG, pontine central gray; PRN, pontine reticular nucleus. Cerebellum: CB, cerebellum; CENT2/3: central lobule II/III; CUL4, culmen
lobule IV; gr, granular layer;ml, medial layer.Midbrain: APN, anterior pretectal nucleus; AQ, cerebral aqueduct; IC, inferior colliculus; KF, Kölliker–Fuse subnucleus;
lc, PBN central lateral part; le, PBN external lateral part; MRN, midbrain reticular nucleus; PAG, periaqueductal gray; PBm, PBN medial part; PBN, parabrachial
nucleus; SC, superior colliculus. Thalamus: MD, mediodorsal nucleus; MDc, mediodorsal nucleus, central part; MDm, mediodorsal nucleus, medial part; MG,
medial geniculate complex; PO, posterior complex; PVT, paraventricular nucleus; RT, reticular nucleus of the thalamus; SPFp, subparafascicular nucleus,
paracellular part; VAL, ventral anterior–lateral complex; VM, ventral medial nucleus; VPL, ventral posteromedial nucleus; VPM, ventral posteromedial nucleus.
Hypothalamus: PTSN, parasubthalamic nucleus; ZI, zona incerta. Cerebral cortex: AMY, amygdala; GPi, globus pallidus, internal segment. Fibre tracts: cpd,
cerebral peduncle; fr, fasciculus retroflexus; icp, inferior cerebellar peduncle; int, internal capsule; mcp, middle cerebellar peduncle; ml, medial lemniscus; mlf,
medial longitudinal fascicle; py, pyramidal tract; scp, superior cerebellar peduncle.
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excluding those in lamina V or LSN (Figs. 5BandC).We detected
some YFP1 synaptic terminals in the LSN in agreement with
propriospinal peptidergic inputs to this region.14,35 Citrine-
expressing (YFP1) appositions were detectable in both ipsilateral
and contralateral ventral horn neurons (Fig. 5D) in DccSpKO and
control lumbar spinal cords, most likely from local interneu-
rons.3,32 We also observed a change in the morphology of the
dorsal horn of DccSpKO mice (Fig. 5B dashed region), similar to
that previously seen in constitutive Dcc mutants8,22,28: dorsal
white matter area appeared increased and the medial portion of
the dorsal horn appeared highly reticulated compared to control
littermates. We then examined the VPL, LPbN, and PAG of both
injected groups, to qualitatively assess AS spinofugal innervation.
The distributions of the AS spinofugal axons in the thalamus were
consistent with our previous report18 where we demonstrated

that ST neurons in DccSpKO project bilaterally to the thalamus
using retrograde labeling. Here, although dense YFP-expressing
axons were exclusively detected in the contralateral VPL in
control mice, we observed dense appositions in DccSpKO on
both ipsilateral and contralateral lobes of the lateral thalamus in
DccSpKO mice (Fig. 5E). Similarly, in the midbrain, although
control animals had very sparse labelling in the ipsilateral PAG,
we detected an increased presence of YFP1 terminals in the
ipsilateral PAG of DccSpKO mice (Fig. 5F). By contrast, given
that the LPbN receives bilateral innervation,72 we observed
similar labelling bilaterally in both control and DccSpKO mice
(Fig. 5G). Together, these results suggest that the loss of DCC
expression during the formation of spinal commissural circuits
alters the lateralization of AS axon terminals at their supraspinal
targets.

Figure 5. Viral anterograde labelling of AS axons reveals a shift in laterality in DccSpkO. (A) Schematic of the unilateral injections of AAV2/8-hSyn-SYP1-miniSOG-
Citrine in the lumbar enlargement. (B) Representative transverse images showing YFP expression restricted to one side of the lumbar spinal cord in control and
DccSpkOmice. YFP1 synaptic terminals are largely enriched in the superficial dorsal horn (C) andmore sparsely in the ipsilateral and contralateral ventral horn (D) of
control andDccSpkOmice. YFP1 spinofugal neuron axon terminals are primarily contralateral in the VPL thalamus (E) and PAG (F) in control mice. InDccSpkOmice,
spinofugal projections appear bilateral in VPL and PAG (E and F). Spinoparabrachial neuron axon terminals seem to innervate the LPbN bilaterally in both control
and DccSpkO (G). (n 5 3/genotype, 3 sections/animal). Scale bar: (C and D) 25 mm, (B and E–G) 100 mm; (E–G inset) 25 mm. AQ, cerebral aqueduct; AS,
anterolateral system; AAV, adeno-associated virus; CBX, cerebellar cortex; IC, inferior colliculus; LPbN, lateral parabrachial nucleus; PAG, periaqueductal gray;
PBN, parabrachial nucleus; PCG, pontine central gray; PRN, pontine reticular nucleus; PSV, principal sensory trigeminal nucleus; VPL, ventral posterolateral.
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3.5. Laterality changes in lamina I but not lamina V or lateral
spinal nucleus anterolateral system neurons

Despite this apparent shift in laterality of anterogradely labelled
spinofugal axons in DccSpKO mutants, a bias in viral transduction
favouring the SDH impeded a thorough assessment of the impact
of deletion of Dcc in the major AS clusters in lateral lamina V and
LSN (Fig. 5B, insets). To accurately assess the changes in
laterality of most AS neuronal projections caused by the loss of
DCC, we made a unilateral injection of the retrograde fluorescent
tracer CTB conjugated to Alexa Fluor 488 in the LPbN of DccSpKO

and their control littermates, and examined the distribution of SPb
(spinoparabrachial) neurons in the lumbar enlargement (Fig. 6A).
In all experimental animals, the injected CTBwas largely restricted
to the LPbN (Fig. 6B). In agreement with previous studies,41,46,56

CTB-labelled neurons were largely found in lamina I, lateral lamina
V, and the LSN of the dorsal horn in both control and DccSpKO

mice (Figs. 6C and D). We quantified 156 6 56.6 SPb neurons
from 10 transverse sections per animal (both ipsilateral and
contralateral in 25-mm sections). These neurons were subdivided
into 3 main clusters: SDH (lamina I), DDH (lamina III-V), and the
LSN. We plotted the relative position of both ipsilateral and
contralateral neurons (Figs. 6E and F) using the central canal as
the reference point.76 SPb neurons in the SDH were pre-
dominantly found in the contralateral lumbar cord in control mice.
By contrast, in theDccSpKO, manySDHneuronswere visible in the
ipsilateral spinal cord. SPb neurons in the LSN and DDH seemed
to be present bilaterally in both groups. In the DDH of DccSpKO

mice, however, SPb neurons seemed to be more broadly
distributed throughout the gray matter (Fig. 6F). We examined
the ratio of contralateral to ipsilateral neurons (C/I ratio) in each
group to determine whether the impact ofDcc deletion affects the
connectivity of SPb clusters differentially (Fig. 6G and Table 2). In
control mice, most SDH SPb neurons projected contralaterally
(contra 85.9% vs ipsi 14.1% 6 3.4%; C/I ratio of 10.53 6 5.19).
Therewere no apparent laterality biases in DDH (contra 46.64%vs
ipsi 53.37% 6 4.1%; C/I ratio of 0.92 6 0.15) or LSN neurons
(contra 56.20% vs ipsi 43.8% 6 2.4%; C/I ratio of 1.31 6 0.13),
suggesting that SPb neurons are bilaterally distributed in the DDH
and the LSN. By contrast, in DccSpKO mice, SPb neurons in the
SDH were equally distributed between the ipsilateral and
contralateral spinal cord (contra 50.11% vs ipsi 49.89% 6
1.9%; C/I ratio of 1.016 0.07). When comparing the contralateral
%of SPbneurons in SDHbetweenmutant and control groups, we
found it significantly different (Mann–Whitney test, P 5 0.0159).
However, such analyses indicated no changes in the apparent
percent laterality of DDH-SPb neurons (P 5 0.7302) or LSN-SPb
projections (P 5 0.2857). Previous work has demonstrated that
DCC expression is essential for the appropriate migration of spinal
neurons.22 We therefore assessed potential changes to the
mediolateral distribution of labelled SPb neurons using density
plots representing multiple sections (Fig. 6H). We compared the
mean mediolateral distance of labelled neurons between control
and DccSpKO mice on both the contralateral and ipsilateral spinal
cord. The mediolateral distribution of all clusters remained
unchanged in DccSpKO mice (Mann–Whitney test, control vs
DccSpK SDH: 576.8 6 16.4 vs 614.5 6 22.9 mm, P 5 0.3154;
LSN; 838.16 13.8 vs 862.46 13.4mm,P5 0.2115; DDH: 562.7
6 41.7 vs 488.5 6 47.9, P 5 0.1365).

We subsequently examined the distribution of AS neurons
innervating the PAG (spinoperiaqueductal gray; SPAG) through a
similar retrograde labeling approach (Fig. 7A). The injection of
CTB-488 was entirely restricted to one side of the PAG (Fig. 7B).
We then quantified 144.9 6 20.3 labelled neurons from

10 transverse sections per animal (both ipsilateral and contralat-
eral in 25-mm sections). Similar to SPb neuron distribution, SPAG
neurons were primarily confined to the SDH, LSN, and DDH
regions6,51,55 in both control and DccSpKO mice (Figs. 7C–F).
Through our cluster analysis (Fig. 7G and Table 3), we observed
that the contralaterally biased SDH neurons in control mice
(contra 79.6% vs ipsi 20.4% 6 6.0%; C/I ratio of 3.91 6 2.99)
demonstrated a shift toward projecting ipsilaterally in DccSpKO

mice (contra 46.2% vs ipsi 53.8% 6 4.7%; C/I ratio of 0.86 6
0.19) (Mann–Whitney comparing contra% in controls vsmutants;
P 5 0.0286). The SPb and SPAG neurons in the SDH were
entirely confined to lamina I of Rexed.66,71 The broad distribution
of these cells in Figures 6E and 7E, however, seems due to
changes in the general shape of the dorsal horn from the
examined cross-section. However, the laterality of LSN (Control:
contra 52.1% vs ipsi 47.9% 6 1.9%; C/I ratio of 1.09 6 0.08;
DccSpKO: contra 52.9% vs 47.1% 6 4.0%; C/I ratio of 1.12 6
0.21) and DDH (Control: contra 53.2% vs ipsi 46.8% 6 4.9%;
C/I ratio of 1.16 0.21;DccSpKO: contra 52.1% vs 47.2%6 1.6%;
C/I ratio of 1.09 6 0.07) neurons, already projecting evenly to
both sides, did not change (Mann–Whitney, P 5 0.8857 and
0.4857, respectively). Comparing the distribution of the labelled
neurons, no significant mediolateral differences were evident
between control DccSpKO mice (Fig. 7H). Together, these results
suggest that lamina I AS neurons profoundly rely on DCC for
targeting to their respective supraspinal targets during de-
velopment; however, the mediolateral position of AS neurons
seems unaffected in the absence of DCC.

4. Discussion

Together, our experiments provide a detailed overview ofHoxb8::
Cre expression in spinofugal neurons, and further demonstrate
their dependence on DCCduring development. Here, we discuss
our findings in terms of AS ontogeny, anatomy of ascending
sensory and motor pathways, and the potential role of AS
connection topography in nociception.

Hoxb8::Cre is expressed in all spinal progenitors as early as
E9.5, apparently preceding the birth time of many AS neurons.59

It is expressed in cardinal commissural spinal neuron populations
(dI1, dI5, or V3) that likely give rise to excitatory spinofugal
neurons, including those of the AS. However, more generally, the
Hoxb8::Cre characterization study by Witschi et al.81 reported a
slightly higher fraction of spinal neurons that express Hoxb8::Cre
(96.0%6 0.8 vs our 88.9%6 1.35). This may be explained by the
nuclear LacZ reporter allowing us to resolve Hoxb8::Cre
expression at the level of individual cells, without the confound
of cellular Cre reporter signal in dense neurites in the spinal dorsal
horn. In addition, using 2 separate Cre-dependent reporters, we
were unable to detect anyHoxb8::Cre recombinase expression in
the neurons of the spinal trigeminal nucleus or their axon
terminals in the ventral posteromedial thalamus, previously
shown by Witschi et al.81 Because we detected microglial
Hoxb8::Cre expression in the rostral nervous system, including
the brainstem, the previously identified Hoxb8::Cre expression in
the trigeminal nucleus may have been nonneuronal. Given these
observations, we conclude thatHoxb8::Cre drives recombination
in the spinal cord while essentially sparing the brain.

We also demonstrate that Hoxb8::Cre is expressed in sensory
and motor spinofugal neurons that innervate the brainstem and
the forebrain. One limitation of theHoxb8::Cre line is that it spares
all spinofugal neurons positioned in the upper cervical spinal cord.
Because this region contains numerous neurons that contribute
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Figure 6. Retrograde labelling reveals a shift in the laterality of multiple spinoparabrachial neuron populations in DccSpkO. (A) Schematic of unilateral retrograde
labelling of SPb neurons in control andDccSpkOmice. (B) Representative confocal image of CTB-488 (green) injection restricted to the LPbN (tissue counterstained
with blue fluorescent Nissl stain). Images from the ipsilaterally and contralaterally labelled SPb neurons (top row: CTB1 neurons in black) in the spinal lumbar
enlargement in (C) control mice and (D) DccSpkO. Bottom row: Micrographs of CTB1 (green) projection neurons in lamina I, V, and LSN. Relative position of
identified SPb neurons in SDH (black), LSN (white), and DDH (gray) in the lumbar spinal cord in (E) control and (F) DccSpkO mice. (G) The relative ratio of all (SDH,
LSN, and DDH) identified ipsilateral (white) and contralateral (black) labelled SPb neurons in control and DccSpkO mice. (H) Density of plots of the relative
mediolateral position of labelled SPb neurons in the spinal cord of control (solid) and DccSpkO (dashed) mice. (n5 5 for control and n5 4 for DccSpkO; 10 sections/
side/animal; **P, 0.001, *P, 0.01;Mann–Whitney test). Scale bar: (B) 500mm, (C and D) 100mm; (C andD inset) 25mm; (C) 100mm, (inset) 25mm. AQ, cerebral
aqueduct; CBX, cerebellar cortex; DDH, deep dorsal horn; IC, inferior colliculus; LPbN, lateral parabrachial nucleus; LSN, lateral spinal nucleus; PAG,
periaqueductal gray; PBN, parabrachial nucleus; POR, periolivary region (superior olivary complex); PRN, pontine reticular nucleus; PSV, principal sensory
trigeminal; SC, superior colliculus; SDH, superficial dorsal horn.
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to ascending sensory tracts in rodents,5 our axonal reporter
characterization in the brain is therefore an underrepresentation
of all spinofugal axons terminals. Nevertheless, our analysis
provides the first large-scale description of all caudal spinofugal
inputs in the mouse brain. A previous low-resolution study
showed that Cdx1::Cre, expressed in the caudal spinal cord,
labels spinofugal axons tracts in the prenatal mouse brain.39 Our
analysis, however, provides a more comprehensive analysis of all
spinofugal connections and is combined with the visualization of
presynaptic markers in the adult mouse brain, which distin-
guishes passing axons from axonal termini. In contrast to other
mammalian spinofugal projection mapping using classic ante-
rograde labels,9,13,44,58 we found no spinofugal axon terminals in
the medial hypothalamus. Because spinohypothalamic neurons
are present throughout the rostrocaudal extent of the spinal cord,
including in the lumbar region, the presence of Hoxb8::Cre-
expressing axons in the medial hypothalamus should have been
apparent. The lack of such axon terminals in the mouse suggests
that the innervation pattern of ascending tracts may not
necessarily be phylogenically conserved.

Our quantitative experiments also allow some insights into the
lateralization of AS projections in the absence of Netrin-1:DCC
signalling during spinal cord development. The laterality of AS
axons in the LSN and DDH is largely unaffected by the DccSpKO

mutation. This is in line with apparently similar proportions of
contralateral and ipsilateral axon terminals in the LPbN and PAG,
as revealed by single tracer injections in the lamina V/LSN lumbar
region.7 In addition, ipsilateral DDH SPb neurons are also present
throughout the spinal cord, although in smaller numbers than

contralateral neurons.46 Thus, because many LSN and DDH
axons do not cross the spinal midline, this aspect of their
connectivity is likely to be DCC-independent and may involve
other midline crossing mechanisms. Another technical caveat to
consider is that the LPbN is adjacent to the ventral spinocer-
ebellar tract that originates from a large population of ipsilateral
spinocerebellar neurons found throughout the lumbar DDH.53,54

Given the proximity of the LPbN injection site to the cerebellum, it
is likely that the CTB-labelled neurons found in the DDH of both
control and DccSpKO mice may include some spinocerebellar
neurons.

The most pronounced AS connectivity change in DccSpKO

mice was in the laterality of SDH AS neurons where significantly
more of them were innervating their targets on the ipsilateral side.
Previous work in rats demonstrates that lumbar lamina I SPb
neurons are mostly contralateral, whereas a third project
bilaterally.72 The increase in the proportion of ipsilateral projec-
tions in DccSpKO is consistent with the bilaterally projecting SPb
neurons either losing their midline crossing (ie, contralateral) axon
such that only the ipsilateral projection remains, or with the
contralateral axons ascending alongside their ipsilateral collateral.
However, due to the variability in the absolute numbers of labelled
SPb neurons, we are unable to resolve between these 2
possibilities. Consistent with previous reports that virtually all
lamina I SPAG also innervate the LPbN,72 we observed this
laterality change when assessing SDHAS neuronal projections to
the PAG and LPbN. This is reminiscent of observations made in
Krox20:Cre; Robo3flox/flox (Robo3R3-5cKO) mice in which trigemi-
nothalamic neurons lack Robo3, another important commissural

Table 2

Quantitative assessment of laterality changes in the innervation of lateral parabrachial nucleus by the AS neurons represented

as percent ratios of retrogradely labelled AS neurons.

Mouse SPb

Control (n 5 5) DccSpKO (n 5 4)

No. of cells Percentage (%) Ratio (C/I) No. of cells Percentage (%) Ratio (C/I)

Contra Ipsi Contra Ipsi Contra Ipsi Contra Ipsi

SDH

1

2

3

4

5

Mean

SEM

30

51

29

31

35

9

6

6

1

7

76.92

89.47

82.86

96.88

83.33

85.89

3.39

23.08

10.53

17.14

3.13

16.67

14.11

3.33

8.5

4.83

31

5

10.53

5.19

28

19

19

35

27

23

16

35

50.91

45.24

54.29

50

50.11

1.87

49.09

54.76

45.71

50

49.89

1.04

0.83

1.19

1

1.01

0.07

LSN

1

2

3

4

5

Mean

SEM

15

39

43

27

34

16

32

25

19

27

48.39

54.93

63.24

58.7

55.74

56.2

2.44

51.61

45.07

36.76

41.3

44.26

43.8

0.94

1.22

1.72

1.42

1.26

1.31

0.13

18

20

21

28

8

15

13

20

69.23

57.14

61.76

58.33

61.62

2.72

30.77

42.86

38.24

41.67

38.38

2.25

1.33

1.62

1.4

1.65

0.21

DDH

1

2

3

4

5

Mean

SEM

17

31

35

23

38

12

53

57

24

37

58.62

36.9

38.04

48.94

50.67

46.63

4.09

41.38

63.1

61.96

51.06

49.33

53.37

1.42

0.58

0.61

0.96

1.03

0.92

0.15

8

11

17

43

9

15

24

56

47.06

42.31

41.46

43.43

43.57

1.23

52.94

57.69

58.54

56.57

56.43

0.89

0.73

0.71

0.77

0.77

0.04

AS, anterolateral system; DDH, deep dorsal horn; LSN, lateral spinal nucleus; SDH, superficial dorsal horn.
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Figure 7. Retrograde labelling reveals an increase in ipsilateral projections of lamina I spinoperiaqueductal gray (SPAG) neurons in DccSpkO. (A) Schematic of
unilateral retrograde labelling of SPAG neurons in control andDccSpkOmice. (B) Representative confocal image of CTB-488 (green) injection restricted to the PAG
(tissue counterstained with blue fluorescent Nissl stain). Images from the ipsilaterally and contralaterally labelled SPAG neurons (top row: CTB1 neurons in black)
in the spinal lumbar enlargement in (C) control mice and (D) DccSpkO. Bottom row: Micrographs of CTB1 (green) projection neurons in lamina I, V, and LSN.
Relative position of identified SPAG neurons in SDH (black), LSN (white), and DDH (gray) in the lumbar spinal cord in (E) control and (F) DccSpkO mice. (G) The
relative ratio of all (SDH, LSN, and DDH) identified ipsilateral (white) and contralateral (black) labelled SPb neurons in control and DccSpkOmice. (H) Density of plots
of the relative mediolateral position of labelled SPb neurons in the spinal cord of control (solid) andDccSpkO (dashed) mice. (n5 4 for each group; 10 sections/side/
animal; **P, 0.001, *P, 0.01; Mann–Whitney test). Scale bar: (B) 500 mm, (C and D) 100 mm; (C and D inset) 25 mm; (C) 100 mm, (inset) 25 mm. AQ, cerebral
aqueduct; CBX, cerebellar cortex; CTB, cholera toxin B; DDH, deep dorsal horn; IC, inferior colliculus; LSN, lateral spinal nucleus; PAG, periaqueductal gray; PBN,
parabrachial nucleus; POR, periolivary region (superior olivary complex); PRN, pontine reticular nucleus; PSV, principal sensory trigeminal; SC, superior colliculus;
SDH, superficial dorsal horn.
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crossing receptor. In these mice, the number of contralateral
trigeminothalamic connections was decreased, with a concom-
itant increase in ipsilateral ones, suggesting that a ventral
posteromedial thalamus lobe on one side of the thalamus
receives whisker inputs from trigeminal neurons on both sides
of the body.65 We thus envisage that a similar input convergence
may occur in SDH AS neuron innervation of their targets in
DccSpKO mice. Although Dcc loss increased the number of
ipsilateral SDH AS neurons, a considerable number of them
formed contralateral connections suggesting that Nerin1:DCC
signalling may be dispensable for their commissural crossing.
Complete loss of Netrin-1 or DCC is associated with a reduction
but not a total loss of ventral commissures.8,18,82 Remarkably,
combined deletion of DCC and Neogenin1, also a Netrin-1
receptor, generates a near absence of the ventral commissure82

suggesting that Netrin-1 may exert some of its chemoattraction
through a DCC-independent mechanism. All commissural
neurons of the spinal cord also express Robo3.11,31,69,77

Although developmental deletion of Dcc reduces ventral com-
missural crossing, the loss of Robo3 expression completely
eliminates the ventral crossing.42,69 These findings collectively
suggest that although DCC is important for the commissural
guidance, other molecules have been found to make important
contributions to it.

What is the consequence of AS neurons from both sides of the
spinal cord innervating a target on one side of the nervous
system? Most lateralized neural circuits are somatotopically
organized where adjacent projection neurons innervate adjacent
regions of the target, forming classic somatotopically ordered
maps. InRobo3R3-5cKOmice, the axon terminals originating from
left or right side of the trigeminal nucleus segregated into separate
domains within one thalamic lobe, such that left and right side

trigeminothalamic axons innervated separate thalamic neurons
within a thalamic lobe.65 Similar observations were made in
monkey ocular dominance columns40 or retinotectal input
segregation in three-eyed frogs.15 Such aberrant trigeminotha-
lamic maps are the likely cause of the decreased accuracy of
somatosensory function, inferred from aberrant whisker-
dependent behaviors observed in Robo3R3-5cKO mice. Antero-
lateral system neurons are also somatotopically organized,
where, for example, spinothalamic AS neurons from the caudal
spinal cord innervate the lateral edge of the VPL, whereas those in
the cervical spinal cord terminate more medially.30 To determine
whether SDH neuron targeting in DccSpKO mice results in
somatotopic shifts similar to those in Robo3R3-5cKO mutants, it
is imperative to label projections from each side of the superficial
spinal cord and examine the somatotopic organization of axon
terminals in each of the primary targets (ie,: VPL, PAG, and LPbN)
in the brain. However, such an experiment is limited by the small
number of spinothalamic neurons in the caudal spinal cord.
Despite this limitation, given the somatotopic organization of
nociceptive DDH neurons, and a similar arrangement of their VPL
thalamus targets, we propose that the decreased laterality of
DDH-VPL connections may contribute to the inaccurate locali-
zation (topognosis) of painful stimuli in DccSpKO mice.

Could other AS targets be contributing to nociceptive top-
ognosis? A major component of nociception is the rapid
generation of a defense vs escape response, facilitated primarily
by neurons in the PAG.20,27 In the case of escape, for example,
accurate localization of the stimulus may dictate the direction of
escape. The contralateral lamina I spinofugal inputs to the PAG (in
addition to VPL thalamus) may contribute to such responses.
Direct activation of lateral PAG in cats and rats elicit both a
somatotopically organized and asymmetrical defense response.

Table 3

Quantitative assessment of laterality changes in the innervation of periaqueductal gray by the AS neurons represented as

percent ratios of retrogradely labelled AS neurons.

Mouse SPAG

Control (n 5 5) DccSpKO (n 5 4)

No. of cells Percentage (%) Ratio (C/I) No. of cells Percentage (%) Ratio (C/I)

Contra Ipsi Contra Ipsi Contra Ipsi Contra Ipsi

SDH

1

2

3

4

Mean

SEM

30

44

58

15

10

23

11

1

75.00

65.67

84.06

93.75

79.62

6.02

25.00

34.33

15.94

6.25

20.38

3.00

1.91

5.27

15.00

3.91

2.99

19

23

25

16

13

30

31

27

59.38

43.40

44.64

37.21

46.16

4.69

40.63

56.60

55.36

62.79

53.84

1.46

0.77

0.81

0.59

0.86

0.19

LSN

1

2

3

4

Mean

SEM

26

44

33

19

22

38

28

22

54.17

53.66

54.10

46.34

52.07

1.91

45.83

46.34

45.90

53.66

47.93

1.18

1.16

1.18

0.86

1.09

0.08

13

17

23

18

15

15

25

10

46.43

53.13

47.92

64.29

52.94

4.05

53.57

46.88

52.08

35.71

47.06

0.87

1.13

0.92

1.80

1.12

0.21

DDH

1

2

3

4

Mean

SEM

29

37

38

20

23

57

31

12

55.77

39.36

55.07

62.50

53.18

4.90

44.23

60.64

44.93

37.50

46.82

1.26

0.65

1.23

1.67

1.14

0.21

18

20

20

16

15

20

21

13

54.55

50.00

48.78

55.17

52.12

1.60

45.45

50.00

51.22

44.83

47.88

1.20

1.00

0.95

1.23

1.09

0.07

AS, anterolateral system; DDH, deep dorsal horn; LSN, lateral spinal nucleus; SDH, superficial dorsal horn; SPAG, spinoperiaqueductal gray.
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Microinjection of excitatory amino acids or direct electrical
stimulation in the PAG in conjunction with facial tactile stimulation
elicits fight responses with the head moving to the contralateral
side.4 Although the activation of the pretentorial PAG evokes
threat displays towards the contralateral facial and forelimbs
regions, the activation of the subtentorial PAG results in flight
reactions associated with hind limbmovement.21 Recent findings
also illustrate that direct inputs from the LPbN to LPAG are
associated with driving escape behaviours in mice,12 raising the
possibility that lateralized lamina I inputs in the LPbN may be
necessary to drive appropriate cross-talk between LPbN and
LPAG. Consequently, an increase in lamina I AS neuron ipsilateral
connectivity to the PAG may also contribute to the aberrant
nocifensive response to noxious stimuli found in DccSpKO mice.
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