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ABSTRACT
Hoxa5 is a member of the Hox gene family, which plays

critical roles in successive steps of the central nervous

system formation during embryonic and fetal develop-

ment. Hoxa5 expression in the adult mouse brain has

been reported, suggesting that this gene may be function-

ally required in the brain after birth. To provide further

insight into the Hoxa5 expression pattern and potential

functions in the brain, we have characterized its neuroan-

atomical profile from embryonic stages to adulthood.

While most Hox mapping studies have been based

solely on transcript analysis, we extended our analysis to

HOXA5 protein localization in adulthood using specific

antibodies. Our results show that Hoxa5 expression

appears in the most caudal part of the hindbrain at

fetal stages, where it is maintained until adulthood. In

the medulla oblongata and pons, we detected Hoxa5

expression in many precerebellar neurons and in several

nuclei implicated in the control of autonomic functions. In

these territories, the HOXA5 protein is present solely in

neurons, specifically in g-aminobutyric acid (GABA)ergic,

glutamatergic, and catecholaminergic neurons. Finally,

we also detected Hoxa5 transcripts, but not the HOXA5

protein, in the thalamus and the cortex, from postnatal

stages to adult stages, and in the cerebellum at adult-

hood. We provide evidence that some larger variants of

Hoxa5 transcripts are present in these territories. Our

mapping analysis allowed us to build hypotheses regard-

ing HOXA5 functions in the nervous system after birth,

such as a potential role in the establishment and refine-

ment/plasticity of precerebellar circuits during postnatal

and adult life. J. Comp. Neurol. 525:1155–1175, 2017.
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The murine Hoxa5 gene is a member of the Hox gene

family coding for transcription factors that are key regula-

tors of embryo patterning, organ development, and cell

differentiation during animal development, but also adult

life (Mallo et al., 2010; Rezsohazy et al., 2015). During

development, Hox genes play critical roles in successive

steps of central nervous system (CNS) formation, from

neurulation to the establishment of functional neuronal

networks (Nolte and Krumlauf, 2007; Dasen and Jessell,

2009; Narita and Rijli, 2009; Di Bonito et al., 2013a). Ear-

ly in neurulation, the combinatorial expression of Hox

genes provides segmental identity and anteroposterior

patterning information to proliferating neural progenitors

(Nolte and Krumlauf, 2007). After neurulation, Hox

expression patterns are often maintained up to late fetal

stages in restricted neuronal subpopulations (Oury et al.,

2006; Pasqualetti et al., 2007; Geisen et al., 2008; Di

Bonito et al., 2013b; Tomas-Roca et al., 2014). At these
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stages, Hox expression is notably required for normal

tangential migration of pontine neurons, for proper axo-

nal projection and arborization, for topographic connec-

tivity, and for survival of neurons (Oury et al., 2006; Di

Bonito et al., 2013b; Philippidou and Dasen, 2013;

Bechara et al., 2015).

The evidence for an important role of Hoxa5 in devel-

opment comes mainly from the study of Hoxa5 mutant

mice. Depending on the genetic background, 50–80% of

homozygous knockout (KO) pups die within 4 days of

birth from respiratory distress, most probably caused

by dysmorphogenesis of the respiratory tract (Aubin

et al., 1997). Although Hoxa5 is expressed in the devel-

oping spinal cord, where its anterior limit of expression

corresponds to the posterior border of the myelenceph-

alon (Nolte and Krumlauf, 2007), no alteration of the

CNS was reported in the early studies of Hoxa5 mutant

mice. Indeed, the Hoxa5 KO mice that survived until

adulthood were fertile, with apparently normal behavior

(Aubin et al., 1997, 1999, 2002). However, two recent

reports have highlighted the expression and functions

of Hoxa5 at fetal stages in the spinal cord and more

rostral CNS territories. First, within the spinal cord, Phil-

ippidou et al. (2012) showed that absence of Hox5

genes (that is, Hoxa5, Hoxb5, and Hoxc5) resulted in a

severe defect in diaphragm innervation and an impor-

tant reduction and disorganization of motor neurons in

the phrenic motor column. This defect could also con-

tribute to the respiratory failure observed in Hoxa52/2

mutant mice (Philippidou et al., 2012). Hoxa5 thus

seems to be involved, together with other members of

the paralogy group 5 (PG5) genes, in the clustering,

intramuscular branching, and survival of neurons of the

phrenic motor column. Second, although Hoxa5 expres-

sion has not been reported in the hindbrain at early

embryonic stages, it is detected in the posterior hind-

brain at fetal stages, where it is involved in the tangen-

tial migration of precerebellar neurons from the

rhombic lip toward the pontine gray nucleus (Di Meglio

et al., 2013). The authors demonstrated that HOX5 pro-

teins are functionally implicated in the topographic

organization of migrating precerebellar pontine neurons,

notably through the negative regulation of Unc5b

expression, a netrin-repulsive receptor.

More recently, we have shown that Hox gene expres-

sion is maintained in the mouse brain at adulthood in

territories derived from their early segmental expression

domains in the hindbrain. Our data also revealed the

presence of transcripts of Hox genes in territories

where they have not been previously described during

embryonic and fetal development, suggesting neo-

expression in specific brain territories at adulthood

(Hutlet et al., 2014). Strikingly, the relative abundance

of Hoxa5 transcripts measured by reverse transcrip-

tase–qualitative polymerase chain reaction (RT–qPCR)

in several brain subregions is similar to (e.g., in the cer-

ebellum) or higher than (e.g., in the brainstem) the

abundance measured in RNA extracted from embryos

at different developmental stages, suggesting that

Hoxa5 expression is not trivial and could be functionally

required in the brain after birth.

To complement these data and to fill in the gaps in

what is understood about the dynamics of Hoxa5

expression in the CNS, we undertook a spatiotemporal

characterization of its expression pattern, at both RNA

and protein levels, from embryonic stages to adulthood.

Abbreviations

AP area postrema
Bfd barrel field cortex
Cb cerebellum
CNu cerebral nuclei
Cx cortex
CSC cervical spinal cord
CU cuneate nucleus
DMX dorsal motor nucleus of the vagus nerve
ECU external cuneate nucleus
GL granular layer
HF hippocampal formation
Hy hypothalamus
GL granular layer
GR gracile nucleus
IF5 interfascicular trigeminal nucleus
IRN intermediate reticular nucleus
KF K€olliker–Fuse subnucleus
LGd dorsal part of the lateral geniculate complex
LGv ventral part of the lateral geniculate complex
LRN lateral reticular nucleus
Mb midbrain
MG medial geniculate complex
MDRNd dorsal part of the medullary reticular nucleus
ML molecular layer
MO medulla oblongata

MV medial vestibular nucleus
NTS nucleus of the solitary tract
OV otic vesicle
P pons
PARN parvicellular reticular nucleus
PAS parasolitary nucleus
PC Purkinje cells
PG pontine gray
PIR piriform cortex
PRP nucleus prepositus
PSV principal sensory nucleus of the trigeminal
S somite
SC spinal cord
SPIV spinal vestibular nucleus
SPVC caudal part of the spinal nucleus of the trigeminal
SPVI interpolar part of the spinal nucleus of the trigeminal
S3–S6 somites 3–6
Th thalamus
TRN tegmental reticular nucleus
WT wild type
X nucleus X
I–VI cortical layers
Va cortical layer 5a
XII hypoglossal nucleus
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Our analysis revealed that Hoxa5 expression appears in

the most caudal part of the hindbrain at fetal stages,

where it is maintained until adulthood. In the hindbrain/

medulla oblongata, Hoxa5 expression is particularly

enriched in precerebellar neurons, although it is also

present in different nuclei implicated in the control of

autonomic functions. In these territories, the HOXA5

protein is present specifically in g-aminobutyric acid

(GABA)ergic, glutamatergic, and catecholaminergic neu-

rons. Finally, in agreement with our previous report,

Hoxa5 transcripts are also detected in forebrain territo-

ries, but only from postnatal stages onward. This mapping

analysis allows the building of hypotheses about Hoxa5

function in the nervous system after birth, and will thus

serve as a stepping-stone for future functional studies.

MATERIALS AND METHODS

Animal and tissue processing
C57Bl/6J male and female mice (RRID: IM5R_

JAX:000664), purchased from Charles River (Larbresle,

France), were maintained in a conventional facility and

fed a standard diet (rat/mice maintenance diet, Carfil

Quality, Oud-Turnhout, Belgium) on a 14-hour light/10-

hour dark cycle. Experimental procedures on animals

were performed in accordance with the guidelines of

the Animal Ethics Committee of the Universit�e catholi-

que de Louvain (approval 122803) and in agreement with

European directive 2010/63/UE. For all gas euthanasia,

CO2 was administered by progressive delivery to the

cage, with the volume in accordance with the guidelines.

For adult brain analyses, after a 4-hour fasting period,

12-week-old males were sacrificed by gas inhalation at

11–12 AM, and whole brains were rapidly isolated. For

embryo and fetus recovery, pregnant females underwent

gas euthanasia before dissection. The day of vaginal plug

was considered as embryonic day (E)0.5, and embryos/

fetuses were collected at several stages between E10.5

and E18.5. At postnatal stages, pups were sacrificed by

gas inhalation, and whole brains were rapidly isolated.

Embryos, fetus heads, and whole brains for in situ hybridi-

zation (ISH) were embedded in OCT mounting medium

(Shandon Cryomatrix, Thermo Electron, Villebon sur

Yvette, France), snap-frozen on dry ice, and stored at

280 8C. For RT-qPCR and western blot, adult brains were

collected as described above, immediately dissected into

eight subregions, frozen in liquid nitrogen, and stored at

280 8C. For immunohistochemistry (IHC) procedures,

12-week-old males were deeply anesthetized with an

intraperitoneal lethal injection of sodium pentobarbital

(Nembutal, CEVA, Sophia Antipolis,France; 80–100 mg/kg)

and then rapidly perfused transcardially with phosphate-

buffered saline (PBS, pH 7.4), followed by ice-cold 4%

paraformaldehyde in PBS. After a last PBS wash, fixed

brains were removed and cryopreserved in graded solutions

of 10–20–30% sucrose in PBS at 4 8C (about 24 hours in

each solution). Brains were embedded in OCT medium, fro-

zen on dry ice, and stored at 280 8C. Embryos/fetuses

were fixed in 4% paraformaldehyde in PBS for 15 minutes to

1 hour depending on the developmental stage and cryopre-

served in 30% sucrose in PBS for several hours at 4 8C.

E12.5 and older embryos were decapitated before fixation.

Gene expression studies: nonradioactive
in situ hybridization

For ISH, 12 sets of 18-mm-thick serial coronal or sagittal

cryosections per brain were cut on a Leica CM 3050S

cryostat. Gene expression was detected using digoxigenin-

labeled RNA probes, as previously described (Chotteau-

Lelievre et al., 2006), and as optimized for Hox genes

analysis in the adult brain (Hutlet et al., 2014).

Hoxa5 mRNA expression was detected with a probe

transcribed from a 529-bp cDNA fragment containing nt

237–765, which specifically corresponds to Hoxa5 gene

exon 1 (Colberg-Poley et al., 1985). To detect only the

longer Hoxa5 transcripts, a probe of 603 bp correspond-

ing to the Hoxa5–Hoxa6 intergenic region was kindly pro-

vided by L. Jeannotte (Universit�e Laval, Qu�ebec, Canada;

probe b in Coulombe et al., 2010). The Hoxb5 probe was

transcribed from a 742-bp cDNA fragment overlapping

exon 1 and exon 2 (Krumlauf et al., 1987), while the

Hoxc5 probe was transcribed from a 825-bp cDNA frag-

ment overlapping exon 1 and exon 2 (Hutlet et al., 2014).

Gene expression studies: RT-qPCR
For the simultaneous isolation of RNA and proteins from

the brain samples, the TRI Reagent product (T9424,

Sigma-Aldrich, Machelen, Belgium) was selected. Brain

subregions were homogenized in 1 ml of TRI Reagent for

30 seconds using a high-throughput tissue homogenizer

(Precellys 24, Bertin Instruments, Montigny-le-Bretonneux,

France). RNA was isolated from the dissected brain subre-

gions following the manufacturer’s instructions. The pre-

cipitated RNA pellet was dissolved in 100ml of nuclease-

free water, and reverse transcription was performed using

a reverse transcription kit (Qiagen, 205311, Qiagen, Ant-

werpen, Belgium) according to the manufacturer’s instruc-

tions. Hoxa5 expression was assessed by qPCR on a

StepOne 1 apparatus (Applied Biosystems, Ghent, Bel-

gium) using SYBR Green as the detection method, and the

geometric mean of two reference genes (H2A and 36B4)

as internal normalization reference. Normalized mRNA

expression levels (means 6 SEM from five mice) were

reported as the mean value of Hoxa5 in all brain samples.

Hoxa5 spatiotemporal expression in the brain
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The resulting relative expression levels were obtained by

the DDCQ method (see Table 1 for primer sequences).

Protein localization studies:
immunohistochemistry

For IHC, 18-mm-thick serial cryosections were cut as

above. After washes in TBS-Tx (Tris-buffered saline

0.05 M/Triton X-100 1%, pH 7.4), sections were blocked

in a solution of 5% milk (Regilait 0% skim milk, Saint-

Martin-Belle-Roche, France) in TBS-Tx (1 hour at room tem-

perature [RT]). Sections were incubated overnight at 4 8C

with primary antibody solution (antibody diluted in TBS-Tx

1% skim milk) in a humid chamber. After incubation with

primary antibody, sections were rinsed with TBS-Tx and

incubated for 1 hour at RT with the appropriate secondary

antibody (1:500 in TBS-Tx 1% milk). After TBS-Tx washes,

sections were stained with TB–406-diamidino-2-

phenylindole [DAPI]; 1:20,000 for 10 minutes), and then

mounted with Fluorescence Mounting Medium (Dako, Leu-

ven, Belgium). The immunostained samples were examined

with an Axioskop2 fluorescence microscope (Zeiss Instru-

ments), and images were acquired on a Zeiss LSM 710

confocal microscope.

Protein localization studies: western blotting
After homogenization in TRI Reagent as described

above, proteins were isolated from adult brain samples

following the manufacturer’s instructions, and the pellet

was dissolved in sodium dodecyl sulfate (SDS) 1%/

urea 8 M (v/v). Protein concentration was determined

with a BCA protein assay (Pierce, Rockford, IL). Thirty

mg of total soluble protein was loaded per lane on a

15% acrylamide SDS–polyacrylamide gel electrophoresis

(SDS-PAGE). After transfer, the nitrocellulose mem-

branes were blocked in 5% nonfat dry milk in TTBS

(150 mM NaCl, 20 mM Tris, pH 7.5, with 0.1% Tween) at

RT for 1 hour and then incubated in the primary anti-

body solution (TTBS, 1% milk, 0.05% sodium azide) over-

night (see Table 2 for antibody information and

dilution). Blots were washed in TTBS, followed by incu-

bation with horseradish peroxidase (HRP)-conjugated

secondary antibody (Dako, Carpinteria, CA) for 1 hour.

Blots were developed with the Western Lightning

Chemiluminescence kit (PerkinElmer, Oak Brook, IL)

according to the manufacturer’s instructions.

Antibody characterization
All primary antibodies used in this study are described

in Table 2. To increase the robustness of our data, two

anti-HOXA5 antibodies were used. Because results with

these antibodies have not previously been published, we

TABLE 2.

Primary Antibodies Used in This Study

Antigen Immunogen Source Dilution

b-ACTIN Recombinant protein corresponding to
amino acids 2–15 of mouse b-Actin

Mouse monoclonal Sigma-Aldrich
cat# A3854, RRID: AB_262011

1:20,000 (WB)

CD11b/CD18
(Mac1)

T-cell–enriched splenocytes from B10 mice Rat monoclonal Millipore cat# MAB1387Z,
RRID: AB_2280649

1:200 (IF)

ChAT Choline acetyltransferase purified
from rat brain

Mouse monoclonal Millipore cat# MAB305,
RRID: AB_94647

1:70 (IF)

GFAP Bovine glial fibrillary acidic protein Rat monoclonal Calbiochem cat# 345860 1:200 (IF)
HOXA5 Recombinant protein corresponding to

amino acids 40–189 of human HOXA5
Rabbit polyclonal Sigma-Aldrich

cat# HPA029319,
RRID: AB_10601430

1:200 (IF)
1:500 (WB)

HOXA5 Synthetic peptide corresponding to amino
acids 83–92 (EPRYSQPATS) of mouse HOXA5

Goat polyclonal antibodies-online.com
cat# ABIN1590003

1:100 (IF)

NEUN Purified cell nuclei from mouse brain Mouse monoclonal Millipore cat# MAB377,
RRID: AB_2298772

1:500 (IF)

OLIG2 Recombinant mouse Olig2 Rabbit monoclonal Millipore cat# AB9610,
RRID: AB_570666

1:1,000 (IF)

TH Tyrosine hydroxylase purified from PC12 cells Mouse monoclonal Millipore cat# MAB318,
RRID: AB_2201528

1:500 (IF)

VGLUT2 Recombinant protein from rat vesicular
glutamate transporter 2

Mouse monoclonal Millipore cat# MAB5504,
RRID: AB_2187552

1:100 (IF)

Abbreviations: IF, immunofluorescence; WB, western blot;

TABLE 1.

Primers Used for Quantitative Polymerase Chain Reac-

tion (qPCR)

Gene Gene ID Primer 50 to 30

Hoxa5 NM_010453 Hoxa5_qPCR-forward gcgcaagctgcacattagt
Hoxa5_qPCR-reverse ggcatgagctatttcgatcc

H2A NM_016750 H2A_qPCR-forward gctggtggtggtgtcatcc
H2A_qPCR-reverse tttcttcccgatcagcgatt

36B4 NM_007475 36B4_qPCR-forward tgagattcgggatatgctgttg
36B4_qPCR-reverse ttccaatggtgcctctggaga

Lizen et al.
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validated their specificity in IHC using tissues from Hoxa5

KO embryos and adult brains (provided by L. Jeannotte,

Universit�e Laval, Qu�ebec, Canada; Aubin et al., 1997).

Immunolabeling with the anti-HOXA5 antibody produced

in rabbit (Sigma-Aldrich cat# HPA029319, RRID: AB_

10601430) showed an intense signal on wild-type brain tis-

sues and embryos while no signal was observed in the KO

tissues, as illustrated in the caudal part of the spinal nucle-

us of the trigeminal nerve (SPVc) in the brain (Fig. 1A,B).

Immunolabeling with the anti-HOXA5 antibody produced in

goat (antibodies-online.com, cat# ABIN1590003) showed

an intense signal on wild-type embryos and brains while no

signal was observed in the KO embryos, as illustrated in

the cervical spinal cord (CSC) at E12.5 (Fig. 1C,D). Other

primary antibodies used in this study have previously been

used in published studies (Goemaere and Knoops, 2012).

The monoclonal mouse anti-neuronal nuclei (NEUN)

antibody (Millipore, Billerica, MA, cat# MAB377, RRID:

AB_2298772) gave a strong signal in most neuronal nuclei,

although some specific neurons, for example, cerebellar

Purkinje cells, did not show any signal for NEUN (Mullen

et al., 1992). The OLIG2 rabbit polyclonal antibody

(Millipore, cat# AB9610, RRID: AB_570666) was used to

specifically stain the oligodendrocyte lineage (Zhou et al.,

2000). The rat monoclonal anti-glial fibrillary acidic protein

(GFAP) (Calbiochem, EMD Millipore, cat# 345860) was

used as an astrocyte marker (Lee et al., 1984). CD11b/

CD18 (macrophage antigen complex 1, Mac1) rat

monoclonal antibody (clone M1/70; Millipore, cat#

MAB13872 RRID: AB_2280649) labels a heterodimer

(Springer, 1981; Sanchez-Madrid et al., 1983) correspond-

ing to the aM integrin chain (165–170 kDa, CD11b) and

the b2 integrin (95 kDa, CD18) which is expressed by

mononuclear phagocytes, including microglia and granulo-

cytes. In mouse brain this antibody was used as a micro-

glial marker. Tyrosine hydroxylase (TH) mouse monoclonal

antibody (Millipore, cat# MAB318, RRID: AB_2201528)

was used to stain catecholaminergic (dopaminergic and nor-

adrenergic) neuron populations (Masserano and Weiner,

1983). The vesicular glutamate transporter 2 (VGLUT2)

mouse monoclonal antibody (Millipore, cat# MAB5504,

RRID: AB_2187552) and the choline acetyltransferase

(ChAT) mouse monoclonal antibody (Millipore, cat#

MAB305, RRID: AB_94647) gave a signal with a distribution

and a cellular pattern similar to those observed in previous

publications (Cavicchioli et al., 1991; Vigneault et al., 2015).

Secondary antibodies used were as follows: Alexa Fluor

546 goat anti-rat IgG (H1L) (1:500, Thermo Fisher Scien-

tific, Waltham, MA, cat# A1108, RRID: AB_10563603),

Alexa Fluor 488 donkey anti-goat igG (H1L) (1:500,

Thermo Fisher, cat# A11055 RRID: AB_10564074), Alexa

Fluor 488 donkey anti-rabbit IgG (H1L) (1:500, Thermo

Fisher, cat# R37118, RRID: AB_2556546), polyclonal goat

anti-rabbit immunoglobulins/HRP (1:2,000, Dako, cat#

P0448). Background labeling arising from the secondary

antibodies was tested and considered not significant.

Figure 1. Specificity control for the

two anti-HOXA5 antibodies used in

this study. Immunolabeling of HOXA5

(green) on coronal cryosections of

adult mouse brain using anti-HOXA5

(SIGMA HPA029319) (A,B) and on

transversal cryosections of cervical

spinal cord (CSC) of E12.5 embryo

using anti-HOXA5 (antibodies-online.

com ABIN1590003) (C,D). A,C: In the

Hoxa5 wild-type individuals, intense

signal was observed (A) in the caudal

part of the spinal nucleus of the tri-

geminal nerve (SPVC) and (C) in CSC

of the E12.5 embryo. B,D: In the

Hoxa5 knockout, no signal was visible

either in SPVC (B) or in CSC of E12.5

embryo (D). For abbreviations, see

list. Scale bar 5 50mm in C (applies

to A–D). [Color figure can be viewed

at wileyonlinelibrary.com]
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RESULTS

Dynamic expression of Hoxa5 in the brain
from embryonic to postnatal stages

As one of the PG5 genes, Hoxa5 expression in the

CNS during embryonic development (E9–E10.5) is

known to be limited to the spinal cord, with an anterior

border of expression located in the cervical region

(Joksimovic et al., 2005; Nolte and Krumlauf, 2007).

However, Hoxa5 expression was recently reported in

the adult brain, in territories derived from the hindbrain

and forebrain (Hutlet et al., 2014). To provide further

insight into this adult pattern, we first investigated how

and when Hoxa5 expression appeared in these territo-

ries, using ISH at different developmental and postnatal

stages. At E10.5, we detected signal in the CNS with

an anterior limit located in the spinal cord, facing

somite 3 (Fig. 2A), as previously described (Joksimovic

et al., 2005). At E12.5, the signal was maintained in

the spinal cord, but labeling was also present in the

caudal part of the hindbrain, extending rostrally over

the cervical flexure (Fig. 2B). This expression domain in

the caudal hindbrain remained unchanged until E14.5

(Fig. 2C). However, at E16.5, a few labeled cells were

also observed in the ventral region of the anterior hind-

brain, at the level of the pontine flexure (red arrow in

Fig. 2D). This pattern, including the expression in the

caudal hindbrain and the pons region, was stable until

birth. After birth, expression of Hoxa5 was maintained

in these regions with no apparent changes in cellular

pattern or intensity levels (Fig. 2E–J). In the cerebellum,

we did not detect signal during postnatal stages (Fig.

2K–M). At postnatal day 12 (P12), a faint and scattered

signal was first observed in several nuclei of the thala-

mus, mainly visible in the lateral geniculate nucleus

(Fig. 2O). This signal was maintained through later

stages (Fig. 2P) until adulthood. From P18, a signal was

also detectable in the cortex (Fig. 2Q–S). This signal

always appeared weaker than the signal detected in

the caudal hindbrain of the same individual, and was

observed in a few scattered cells located in a medial

layer of the somatosensory cortex and in layer II of the

piriform and entorhinal cortices.

Hoxa5 expression in the adult mouse brain
To gain insight into the later functions of Hoxa5 in

the brain, we next analyzed in detail the anatomical

localization of Hoxa5 transcripts in the adult mouse

brain by ISH. For this systematic analysis, Hoxa5 mRNA

expression was detected with a probe transcribed from

a 529-bp cDNA fragment containing nt 237–765, which

specifically corresponds to the first (exon 1) of the two

exons of the Hoxa5 gene (Colberg-Poley et al., 1985).

This probe thus detects the short 1.8-kb transcript that

was shown to be translated in the HOXA5 protein

(Coulombe et al., 2010). However, the use of multiple

promoters and alternative splicing at the Hoxa5 locus

results in the production of larger transcript variants

that all contain the two Hoxa5 exons, and are thus also

detected by our probe (see below). The signal described

in this section thus corresponds to all the transcripts

belonging to the Hoxa5 transcriptional unit, including

noncoding transcripts, independently of their potential to

produce the HOXA5 protein.

Hindbrain
In sagittal section, a boundary was observed between a

caudal territory in the medulla oblongata where labeling

was widespread, and an anterior territory where signal

was restricted to a few nuclei (data not shown). Dorsal-

ly, this boundary was located at the anterior limit of the

area postrema (AP) corresponding to the enlarged 8th

rhombomere. In the dorsolateral regions, Hoxa5 signal

was both stronger and more widespread than in the

ventral part, where the signal was more scattered. On

coronal sections, we identified 19 nuclei in the medulla

oblongata in which Hoxa5 transcripts were detected

reproducibly at a high level (n 5 19 brains; Fig. 3A–E,G,

Table 3). While in some nuclei the signal was scattered,

with only a fraction of cells labeled (e.g., MDRN), or

patchy, with some cells appearing more labeled than

others (e.g., SPVI; Fig. 3D), in other nuclei the signal

appeared more homogenous, with a larger number of

cells being labeled (e.g., AP; Fig. 3B). In addition to the

medullar nuclei, labeling was also observed reproducibly

in four nuclei in the pons (Fig. 3H–J, Table 3).

Strikingly, among the 23 nuclei labeled in the hind-

brain, 18 were precerebellar nuclei, gathering neurons

that project to the cerebellar cortex. By providing the

main afferents to the cerebellum, these nuclei are

essential for coordinated motor activity, motor learning,

and procedural memory. The majority of the precerebel-

lar nuclei give rise to mossy fibers (Rodriguez and

Dymecki, 2000; Fu et al., 2013) that synapse with cere-

bellar granule cells. Among the nuclei in which we

detected Hoxa5 labeling were the pontine gray (PG),

the tegmental reticular nucleus (TRN; Fig. 2I), the exter-

nal cuneate nucleus (ECU; Fig. 3B,E), the lateral reticu-

lar nucleus (LRN; Fig. 3C), the interfascicular trigeminal

nucleus (IF5; Fig. 3J), and the nucleus prepositus (PRP;

Fig. 3E). These nuclei are referred to as the “major”

precerebellar nuclei because they provide inputs almost

exclusively to the cerebellum. In addition, we detected

Hoxa5 labeling in scattered cells of the cuneate nucleus

(CU; Fig. 3B), nucleus x (X; Fig. 3G), the spinal nucleus

of the trigeminal (SPV; Fig. 3A,D), and the K€olliker–Fuse
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Figure 2. Dynamics of Hoxa5 expression in the central nervous system at prenatal and postnatal stages. A: Whole-mount in situ hybridiza-

tion (ISH) of embryo at E10.5. Hoxa5 is expressed in the neural tube with an anterior limit of expression facing the somite 3 (black arrow).

B–D: ISH of Hoxa5 on sagittal cryosections of fetuses at E12.5, E14.5, and E16.5. Hoxa5 is detected in the spinal cord (SC) and in the

posterior part of the medulla oblongata (MO) at all stages (black arrows), while an additional expression domain is detected in the pons

(P) only at E16.5 (red arrow). Dotted lines indicate the presumptive SC/brain boundary. E–S: ISH of Hoxa5 on coronal cryosections of

mouse brains at postnatal days P10, P12, and P18. Schematic views of coronal brain sections on the left side indicate the localization

within the brain, with square red boxes referring to the localization of the pictures. At P10 (E,H,K,N,Q), a signal was present in the MO

and P, but no signal was detected in the cerebellum (Cb), thalamus (Th), or cortex (Cx). At P12 (F,I,L,O,R), a signal was present in the

MO, P, and Th, but no signal was detected in the Cb and Cx. At P18 (G,J,M,P,S), a signal was observed in the MO, P, Th, and cortex, while

no signal was detected in the Cb. Medial is on the right, and lateral is on the left for E–S. For abbreviations, see list. Scale bar 5 500 mm

in A,C,D; 100 mm in B,E–S. [Color figure can be viewed at wileyonlinelibrary.com]
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subnucleus (KF; Fig. 3H), which are “minor” precerebellar

nuclei that have a less prominent projection to the cere-

bellum. Within the SPV, many cells are Hoxa5 positive,

suggesting that Hoxa5 transcripts are also present in neu-

rons that are not projecting to the cerebellum. Although it

is not included in the precerebellar nuclei, we also

detected Hoxa5 labeling in the parasolitary nucleus (PAS;

Fig. 3B). Neurons of the PAS relay vestibular signals to

the inferior olive, the principal precerebellar nucleus that

gives rise to climbing fibers, which synapse directly to

dendrites of Purkinje cells. These signals provide informa-

tion about spatial orientation along the longitudinal axis

(Barmack and Yakhnitsa, 2000).

Finally, we also detected signal in the cerebellum at

adulthood. It was of note that labeling was detected

only in 10 cerebella out of the 19 brains analyzed by

ISH, and with a different intensity of signal between

brains. These observations could either suggest interin-

dividual variation in expression or reflect the sensitivity

threshold of ISH in territories of low gene expression.

In cerebella where detectable signal was observed, it

was always restricted to Purkinje cells, and was never

detected reproducibly in other cerebellar layers or in

deep cerebellar nuclei. Within Purkinje cells, the signal

was variable between neighboring cells, giving a patchy

appearance to the labeling (Fig. 3F). We observed this

Figure 3. Hoxa5 expression in the hindbrain of adult mice analyzed by in situ hybridization on coronal cryosections. Schematic views of

coronal brain sections indicate the localization within the brain and areas with Hoxa5 signal are highlighted by the blue color. Square red

boxes on the schemes refer to the localization of the pictures. A: Expression in caudal part of the spinal nucleus of the trigeminal and dor-

sal part of the medullary reticular nucleus. B: Expression in the external cuneate nucleus, cuneate nucleus, gracile nucleus, nucleus of the

solitary tract, parasolitary nucleus, dorsal motor nucleus of the vagus nerve, area postrema and intermediate reticular nucleus. C: Expres-

sion in the lateral reticular nucleus. D: Expression in the interpolar part of the spinal nucleus of the trigeminal and parvicellular reticular

nucleus. E: Expression in the spinal vestibular nucleus, nucleus of the solitary tract, medial vestibular nucleus, nucleus prepositus, and

anterior part of the hypoglossal nucleus. F: Expression in some Purkinje cells. Red arrow shows high-intensity signal in Purkinje cell, while

gray arrow points to low-intensity signal. G: Expression in nucleus x. H: Expression in the K€olliker–Fuse subnucleus. I: Expression in the

tegmental reticular nucleus and pontine gray. J: Expression in the interfascicular trigeminal nucleus. Medial is on the right, and lateral is

on the left. For abbreviations, see list. Scale bar 5 100mm in A–E,G–J; 50mm in F. [Color figure can be viewed at wileyonlinelibrary.com]
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patchy appearance throughout the cerebellar cortex,

and no relationship to lobular organization or band pat-

tern could be established. Purkinje cells are central to

the neuronal machinery of the cerebellum, receiving

and integrating inputs from parallel fibers and climbing

fibers, to provide information to the deep cerebellar

nuclei, the sole output of the cerebellum (Sillitoe and

Joyner, 2007).

Apart from the precerebellar system and cerebellum,

we detected Hoxa5 labeling in different nuclei implicat-

ed in the control of autonomic functions. The AP and

the nucleus of the solitary tract (NTS) are two nuclei

where Hoxa5 transcripts were highly detected (Fig. 3B).

These two nuclei are involved in the control of physio-

logical functions including food intake and the cardio-

vascular system. The NTS is also implicated in

gustatory processing, being the first central relay in the

taste pathway (Norgren and Leonard, 1971; Norgren,

1978; Travers, 1988; Whitehead, 1990). We also

detected signal in the dorsal part of the dorsal motor

nucleus of the vagus nerve (DMX; Fig. 3B), which is

involved in the control of food intake (Williams et al.,

2000; Zhang et al., 2013) and in gastric function (Wash-

abau et al., 1995; Krowicki et al., 2002). Finally, we

detected Hoxa5 labeling in the gracile nucleus (GR) as

well as in its counterpart in the somatosensory system,

the cuneate nucleus, carrying proprioceptive and touch

sensation from the upper and lower body, respectively

(Fig. 3B).

Forebrain
In continuity with the postnatal pattern, we detected

signal in the thalamus and cerebral cortex in adulthood

(Fig. 4). With respect to the cerebellum, we detected

signal above background level in only a subset of brains

(12 out of 19), but in expressing brains, the signal was

always observed in both the thalamus and the cortex.

The intensity of the hybridization signal in these two

regions was also variable from one brain to another,

reflecting either a biological variation between individu-

als or the limit of ISH sensitivity.

In the neocortex we detected Hoxa5 labeling in a

narrow layer of cells located in the medial region of

sensory areas (visual, auditory, somatosensory; Fig. 4A),

which are characterized by the presence of a prominent

granular layer IV. In contrast, we did not observe label-

ing in the motor cortex or in the agranular cortices. The

morphological features of labeled cells (pyramidal cell

morphology) and their location (at the ventral border of

layer IV) suggest that the signal is present in neurons

of layer Va. To confirm this hypothesis, we performed

double ISH with Cux2, a marker of cortical layers II–IV

(Zimmer et al., 2004); and Plxnd1, a marker of layers

II–Va (Watakabe et al., 2006). Comparison of Hoxa5

TABLE 3.

Profile of Hoxa5 Transcripts and HOXA5 Protein in the Medulla Oblongata and Pons Nuclei at Adulthood

Main functions

Transcripts

and protein

Medulla oblongata XII (Hypoglossal nucleus) MCNN R
X (Nucleus x) mPN H
SPIV (Spinal vestibular nucleus) mPN R-S
MV (Medial vestibular nucleus) mPN R-S
PRP (Nucleus prepositus) MPN R-S
PAS (Parasolitary nucleus) ANS H
PARN (Parvicellular reticular nucleus) mPN R-S
MDRN (Medullary reticular nucleus) mPN R-S
IRN (Intermediate reticular nucleus) mPN R-S
GRN (Gigantocellular reticular nucleus) mPN R-S
DMX (Dorsal motor nucleus of the vagus nerve) ANS- MCNN R
LRN (Lateral reticular nucleus) MPN H
SPVI (Spinal nucleus of the trigeminal, interpolar part) mPN- SCNN R-S
SPVC (Spinal nucleus of the trigeminal, caudal part) mPN- SCNN H
NTS (Nucleus of the solitary tract) mPN- ANS H
ECU (External cuneate nucleus) MPN H
GR (Gracile nucleus) ANS S
CU (Cuneate nucleus) mPN S
AP (Area postrema) ANS H

Pons IF5 (Interfascicular trigeminal nucleus) MPN H
TRN (Tegmental reticular nucleus) MPN R
PG (Pontine gray) MPN R
KF (K€olliker–Fuse subnucleus) mPN R-S

Abbreviations: H, homogenous expression; R, regionalized expression; S, scattered expression; mPN, minor precerebellar nucleus; MPN, major pre-

cerebellar nucleus; ANS, autonomic nervous system; MCNN, motor cranial nerve nucleus; SCNN, sensory cranial nerve nucleus.
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and Cux2 signals showed that Hoxa5-positive cells are

located close to the ventral border of Cux2 labeling but

without any colocalization of the two signals (Fig. 4B).

However, double ISH for detection of Hoxa5 and Plxnd1

revealed colocalization of the two signals, confirming

that Hoxa5 transcripts are present in layer Va of the

sensory cortices (Fig. 4C). In addition to the sensory

cortex, we detected labeling in the piriform cortex,

which is the primary olfactory cortex (Fig. 4D), and in

the entorhinal cortex (Fig. 4E), the interface between

the hippocampus and neocortex. In these areas the ISH

signal was also restricted to a specific strip of cells

located in layer IIa.

We also detected Hoxa5 signal in 25 nuclei of the

thalamus (Table 4). The major role of the thalamus is to

gate and otherwise modulate the flow of information to

the cortex, thus providing the most significant subcorti-

cal input to the neocortex (Jones, 1998). We paid par-

ticular attention to the sensory relays projecting to the

neocortex areas in which we detected Hoxa5 tran-

scripts. In the auditory system, we detected labeling in

the dorsal, medial, and ventral divisions of the medial

geniculate complex (MG; Fig. 4F). Concerning the visual

system, we detected signal in the dorsal lateral genicu-

late nucleus (LGd; Fig. 4G). In the somatosensory sys-

tem, ISH signal was detected in the ventral posterior

nucleus (VP) and the posterior nucleus (PO). In all the

nuclei in which we detected Hoxa5 signal, labeling

appeared scattered.

Members of the Hox paralogy group tend to share

broadly similar expression and regulation. Notably,

Hoxa5 and Hoxb5 share a similar expression profile and

induction pattern in the rostral CNS during development

(Oosterveen et al., 2003, 2004; Ahn et al., 2014). We

previously showed that Hoxb5 is highly expressed in

the hindbrain, but not in the anterior territories (Hutlet

et al., 2014). To evaluate the singularity of Hoxa5

expression in anterior territories and to complete the

Figure 4. Hoxa5 expression in the forebrain of adult mice analyzed by single in situ hybridization (ISH) (A,D–G) and double ISH with Cux2

and Plxnd1 (B,C) on coronal cryosections. Schematic views of coronal forebrain sections indicate the localization within the brain, and

areas with Hoxa5 signal are highlighted in blue. Square red boxes on the schemes refer to the localization of the pictures. A: In the barrel-

field cortex, blue labeled cells were observed in a stripe of cells located medially between cortical layer IV and layer V. B: Hoxa5 (blue

labeling, gray arrows) show no colabeling with Cux2 (red labeling) expressed in the layer IV of the somatosensory cortex. C: Hoxa5 (blue

labeling) and Plxnd1 (red labeling) show a partly overlapping pattern in layer Va of the somatosensory cortex (white arrows). D: Signal was

observed in the external part of layer II of the piriform area. E: Signal was observed in layer II of the lateral part of the entorhinal area. F:

In the most posterior region of the thalamus (Th), the medial geniculate complex was labeled. G: In the posterior Th, signal was observed

in the dorsal part of the lateral geniculate complex but not in the ventral part of the lateral geniculate complex. Medial is on the right,

and lateral is on the left. For abbreviations, see list. Scale bar 5 100mm in A,D–G; 50mm in B,C. [Color figure can be viewed at wileyonli-

nelibrary.com]

Lizen et al.

1164 The Journal of Comparative Neurology |Research in Systems Neuroscience

http://wileyonlinelibrary.com
http://wileyonlinelibrary.com


information regarding the PG5 Hox genes, we compared

expression of all three PG5 genes on neighboring coro-

nal sections of adult brain (Fig. 5). In the hindbrain,

Hoxa5 and Hoxb5 expression domains were highly simi-

lar, while Hoxc5 was expressed at a lower level and in

a more restricted pattern (Fig. 5A–F). In contrast, only

Hoxa5 transcripts were detected in the cerebellum,

thalamus, and cortex (Fig. 5G–O).

Localization of HOXA5 protein in the brain
The distribution of the HOXA5 protein among the dif-

ferent brain cell types was examined by IHC using spe-

cific anti-HOXA5 antibodies, which were validated by

IHC on Hoxa5 KO tissues (Fig. 1).

Single labeling on adult brain sections at stages iden-

tical to those used for ISH analyses revealed HOXA5

signal in all nuclei of the medulla oblongata and the

pons where transcripts were detected. In the 23 nuclei

expressing Hoxa5, the presence of the protein was

observed in the same pattern as described for the

transcripts, either homogenous, restricted to a specific

part of the nucleus, and/or scattered within nuclei cell

populations (Table 3, Fig. 6A–F). In contrast, in the cer-

ebellum, thalamus, and cortex no signal was detected

by IHC in areas labeled with the Hoxa5 probe corre-

sponding to exon 1 as described above (Fig. 6G and

data not shown). To increase the robustness of our

data, two anti-HOXA5 antibodies were used that provid-

ed identical results. Next, double staining with anti-

bodies directed to HOXA5 and NEUN, a marker of most

neuronal cell types, was performed on hindbrain coro-

nal sections (Fig. 7A–C). All the HOXA5-positive

(HOXA51) cells appeared to be NEUN1, suggesting

that HOXA5 protein is present solely in neurons. Double

IHC was next carried out with antibodies directed to

the following glial markers: OLIG2 (Fig. 7D–F), a tran-

scription factor expressed in oligodendrocyte nuclei,

GFAP (Fig. 7G–I), specific to astrocytes, and MAC1

(CD11b/CD18; Fig. 7J–L), an integrin expressed by

microglia. None of the glial markers tested colocalized

with HOXA5, confirming that HOXA5 protein is present

exclusively in neurons.

To identify the neuronal subpopulations in which

HOXA5 is present, we performed double staining with

TABLE 4.

Expression of Hoxa5 in the Major Thalamic Nuclei at Adulthood

Expression

Sensory-motor
cortex related

Ventral group VAL (Ventral anterior–lateral complex) R
VM (Ventral medial nucleus) R
VPL (Ventral posterolateral nucleus) R
VPLpc (Ventral posterolateral, parvicellular part) R
VPM (Ventral posteromedial nucleus) R
VPMpc (Ventral posteromedial

nucleus, parvicellular part)
H

Geniculate group,
dorsal thalamus

MGd (Medial geniculate complex, dorsal part) H
MGv (Medial geniculate complex, ventral part) H
MGm (Medial geniculate complex, medial part) H
LGd (lateral geniculate, dorsal part) H

Polymodal association
cortex related

Lateral group LP (Lateral posterior nucleus) R
PO (Posterior complex) H
POL (Posterior limiting nucleus) R
SGN (Suprageniculate nucleus) H

Anterior group AV (Anteroventral nucleus) H
AMd (Anteromedial nucleus, dorsal part) H
AMv (Anteromedial nucleus, ventral part) H
IAM (interanteromedial nucleus) R

Medial group IMD (Intermediodorsal nucleus) R
MDc (Mediodorsal nucleus, central part) H
MDl (Mediodorsal nucleus, lateral part) H
MDm (Mediodorsal nucleus, medial part) H
SMT (Submedial nucleus) H
PR (Perireunensis nucleus) H

Midline group PVT (Paraventricular nucleus) R
PT (Parataenial nucleus) R

Intralaminar nuclei RH (Rhomboid nucleus) R
CM (Central medial nucleus) R
PCN (Paracentral nucleus) R
CL (Central lateral nucleus) H

Abbreviations: H, homogenous expression; R, regionalized expression.
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antibodies/probes directed to HOXA5 and to specific

neuronal markers: ChAT for cholinergic neurons; TH for

catecholaminergic neurons; VGLUT2 for glutamatergic

neurons; and the two isoforms of glutamic acid decar-

boxylase (Gad65 and Gad67) for GABAergic neurons.

We did not observe any colocalization between HOXA5

and ChAT 1 cells, suggesting that HOXA5 is not present

in cholinergic neurons (Fig. 7M–O). In contrast, in all

the areas where HOXA5 was detected, HOXA5 1 cells

were also VGLUT21, suggesting that HOXA5 is

localized mainly in glutamatergic excitatory neurons

(Fig. 7P–R). In a few nuclei, some HOXA5 1 cells were

TH 1 (Fig. 7S–U). Using ISH and IHC, we also observed

colocalization between HOXA5 and the markers Gad67

Figure 5. Comparative expressions of Hoxa5, Hoxb5, and Hoxc5 in the adult brain analyzed by in situ hybridization on coronal cryosec-

tions. In the medulla oblongata (A,B) and the pons (D,E), a highly similar pattern was observed for Hoxa5 and Hoxb5. In contrast, for

Hoxc5 only weak signal was detected in the medulla (C), and pons (F). In the cerebellum (G–I), the thalamus (J–L), and the cortex (M–O),

labeling was detected only for Hoxa5. Medial is on the right, and lateral is on the left. For abbreviations, see list. Scale bar 5 100mm in

A–O. [Color figure can be viewed at wileyonlinelibrary.com]
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(Fig. 7V–X) and Gad65 (data not shown) in the medulla

oblongata and the pons, suggesting that HOXA5 is also

present in some GABAergic inhibitory neurons.

Differences in transcripts and protein
profiles

The difference observed between Hoxa5 transcripts

and HOXA5 protein patterns could be explained either

by the presence of a low amount of protein that would

be below the threshold of IHC sensitivity, or by the

presence of only noncoding transcripts in the cerebel-

lum, thalamus, and cortex. To provide additional infor-

mation regarding this discrepancy, and to test the first

hypothesis (lower sensitivity of the IHC procedure com-

pared with the ISH), we used RT-qPCR and western

blotting approaches. Based on the expression profile

observed by ISH, adult brains (n 5 5) were macrodis-

sected to isolate areas where Hoxa5 transcripts were

detected (posterior medulla oblongata; pons; cerebel-

lum; thalamus; lateroventral cortex) and areas without

detectable signal (mesencephalon; dorsomedial cortex;

ventral telencephalon) (Fig. 8A). Both transcripts and

proteins were isolated from the same samples, allowing

for direct comparison of transcripts and proteins in the

same extracts. RT-qPCR analysis confirmed the pres-

ence and high abundance of Hoxa5 transcripts in the

posterior medulla oblongata (Fig. 8B). In the pons, tran-

scripts were amplified in all samples, at an abundance

of about 4% compared with the medulla oblongata.

Even though transcripts were reproducibly amplified in

some other brain regions, they were not detected in all

brains and/or the threshold cycles for amplification

were too high (Ct> 33) to allow a robust conclusion.

Using the western blot procedure, we were able to

detect the presence of a specific band migrating

approximately at 45 kDa (Joksimovic et al., 2005) only

in the posterior medulla oblongata, and not in the pons

(Fig. 8C), in contrast to IHC. This suggests that, in the

present context of detection of transcripts/proteins

with highly restricted distribution in endogenous tis-

sues, these procedures are less sensitive than ISH and

IHC, despite accurate dissection aimed to enrich the

Figure 6. Anatomical localization of HOXA5 in the brain analyzed by immunolabeling of HOXA5 (green) on coronal cryosections. Schematic

views of coronal brain sections indicate the localization within the brain, and areas with Hoxa5 signal are highlighted in blue. Square red

boxes on the schemes refer to the localization of the pictures. A: HOXA5 labeling in the caudal part of the spinal nucleus of the trigeminal

and dorsal part of the medullary reticular nucleus. B: HOXA5 labeling in the external cuneate nucleus, cuneate nucleus, gracile nucleus,

nucleus of the solitary tract, parasolitary nucleus, dorsal motor nucleus of the vagus nerve, area postrema, and intermediate reticular

nucleus. C: HOXA5 labeling in the lateral reticular nucleus. D: HOXA5 labeling in nucleus x. E: HOXA5 labeling in the interfascicular

trigeminal nucleus. F: HOXA5 labeling in the tegmental reticular nucleus and pontine gray. G: HOXA5 labeling in the cerebellum. Medial is

on the right, and lateral is on the left. For abbreviations, see list. Scale bar 5 100 mm in A–F; 50mm in G. [Color figure can be viewed at

wileyonlinelibrary.com]
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samples in Hoxa5 1 cells. Technical limitations there-

fore prevent us at this stage from making conclusions

as to the presence, or absence, of protein in anterior

territories.

We next attempted to investigate the presence of

noncoding transcripts in anterior areas. In embryonic

tissues, multiple overlapping transcripts are produced

from the Hoxa5 transcriptional unit (Coulombe et al.,

Figure 7. Cellular localization of HOXA5 in the brain analyzed by colabeling of HOXA5 (green) with neuronal, glial, and neuronal subpopulation

markers (red and blue) on coronal cryosections of adult hindbrain. A–C: HOXA5-positive cells were detected in a fraction of neuronal cells that

expressed NEUN. All the HOXA5-positive cells appeared to be NEUN positive (C). D–L: No colocalization was observed between HOXA5-positive

cells and cells marked with OLIG2 expressed in oligodendrocytes (D–F), with GFAP expressed in astrocytes (G–I) and MAC1 expressed in microglia

(J–L). M–O: HOXA5 was not detected in cholinergic neurons labeled with CHAT. P–R: In contrast, many HOXA5-positive cells were also VGLUT2-

positive, identifying glutamatergic neurons. S–U: HOXA5 was present in the nuclei of a subset of catecholaminergic neurons labeled with TH. V–X:

Immunolabeling of HOXA5 (green) on in situ hybridization labeling of the GABAergic marker Gad67 (blue). HOXA5 protein was also detected in

GABAergic neurons expressing Gad67. White arrows show examples of colocalization, while gray arrows show examples of cells only positive for

HOXA5. For abbreviations, see list. Scale bar 5 50mm in A (applies to A–X). [Color figure can be viewed at wileyonlinelibrary.com]
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2010). Among the 1.8-, 5.0-, 9.5-, and 11.0-kb RNA

species that have been described, all containing the

HOXA5 open reading frame (ORF), only the shortest

form would be translated into protein in vivo. Although

we cannot distinguish all transcript variants, ISH was

carried out on adult mouse brain cryosections using a

probe corresponding to the Hoxa5–Hoxa6 intergenic

region recognizing only the longest transcripts (Probe b

in Fig. 5 in Coulombe et al., 2010), and compared with

signal observed with our probe corresponding to Hoxa5

exon 1 and common to all transcripts (Fig. 9). Striking-

ly, the signal for the long transcripts appeared weak

and less reproducible in the hindbrain nuclei where

intense signal was observed with the exon 1 probe (Fig.

9A–D). In contrast, in the cerebellum, thalamus, and

cortex, the signal observed was identical for both

probes (Fig. 9E–J). Although we cannot exclude the

presence of the shortest transcript in the forebrain and

cerebellum, these results show that the signal observed

in these territories is due, at least in part, to the pres-

ence of the larger, noncoding, transcripts.

DISCUSSION

In this study we characterized the expression profile

and the neuroanatomical localization of Hoxa5/HOXA5

in the fetal, postnatal, and adult brain. At the RNA level,

we showed that Hoxa5 transcripts are present in the

medulla oblongata and the pons from fetal to adult

stages, and in the thalamus and the cortex from post-

natal stages until adulthood (summarized in Fig. 10).

We also showed that Hoxa5 is transcribed in the adult

cerebellum. At the protein level, we were able to detect

HOXA5 solely in neurons of the hindbrain derivatives,

mainly in glutamatergic and GABAergic neurons, as well

as in some catecholaminergic neurons.

Dynamic expression of Hoxa5 in CNS
development

The establishment and maintenance of Hox gene

expression at gastrulation stages has been well

described. While it has long been assumed that these

patterns are maintained during later development, it

has recently been shown that some undergo dynamic

changes (Deschamps and van Nes, 2005; Ahn et al.,

2014). In agreement with these data, we observed a

rostral expansion of Hoxa5 expression in the hindbrain

between E10.5 and E12.5. Although the morphologic

demarcations between rhombomeres are no longer visi-

ble at those late stages, the Hoxa5 expression domain

is clearly rostrally restricted to the caudalmost part of

the hindbrain, likely corresponding to the enlarged

embryonic r8. Based on the recently described segmen-

tal map of the fetal mouse medulla oblongata, Hoxa5

expression could be more precisely located in the so-

called crypto-rhombomeres r9–r11, with scattered cells

in r8 (Tomas-Roca et al., 2014; see also Allen Develop-

ing Mouse Brain Reference Atlas; http://mouse.brain-

map.org/static/atlas). This pattern also fits with the

Hox mapping data reported by Tomas-Roca et al.

(2014) at E14.5 and P0. As two conserved retinoic acid

response elements (RAREs) have been identified within

the Hoxa locus, one 50 to Hoxa4 and the other 30 to

Figure 8. Hoxa5 transcripts and proteins analyzed in the adult brain

by RT-qPCR and western blotting. A: Schematic representation of

the eight regions macrodissected for analysis (posterior medulla

oblongata [pMO]; pons [Po]; cerebellum [Cb]; mesencephalon

[Mes]; thalamus [Th]; lateroventral cortex [CxLV]; dorsomedial

cortex [CxDM]; ventral telencephalon [Tel]). Blue color represents

dissected areas, while green color illustrates the Hoxa5 expression

pattern detected by in situ hybridization (homogenous or restrict-

ed/patchy). B: The RT-qPCR data are expressed according to the

relative quantification of the DDCt method, using Hoxa5 expression

in the whole brain as calibrator. Data are reported as means 6 SEM,

n 5 5. Transcripts were reproducibly amplified only in the posterior

medulla oblongata and in the pons. C: Western blot analysis using

the rabbit anti-HOXA5 antibody. Aliquots (30 lg) of protein lysate

were separated by SDS-PAGE and probed with anti-HOXA5

antibody. b-ACTIN detection was performed as loading control.

A specific band migrating approximately at 45 kDa was detected

only in the posterior medulla oblongata. [Color figure can be viewed

at wileyonlinelibrary.com]
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Hoxa4, the Hoxa5 rostral expansion could be regulated

by retinoic acid signaling (Ahn et al., 2014). Such an

actively regulated change in a Hox gene expression

domain is not trivial and suggests a functional require-

ment at later developmental stages. Indeed, it has been

shown that Hoxa5, together with other PG5 genes, is

functionally involved in the tangential migration of ponti-

ne precerebellar neurons at fetal stages (Di Meglio

et al., 2013). This is of particular interest, as we

showed here that Hoxa5 expression is enriched in pre-

cerebellar nuclei at adulthood.

Hoxa5 and the precerebellar circuits
During fetal development, lower rhombic lip progeni-

tors undergo a long-distance migration to generate pre-

cerebellar nuclei. Progenitors from r6–r8 migrate

through three different paths: the PG, TRN and the IF5

neurons take the anterior extramural migratory stream

(AES) toward the pontine region, while the ECU and

LRN neurons take the posterior extramural migratory

stream (PES) toward the medulla region. The third

stream is the intramural migratory stream (IMS), which

gives rise to the inferior olive nuclei (Ray and Dymecki,

Figure 9. Differential expression of

Hoxa5 transcripts in the adult brain

analyzed by in situ hybridization (ISH)

on coronal cryosections. The middle

column illustrates ISH labeling observed

with a probe targeting sequences

common to all transcripts described in

Coulombe et al. (2010), while the right

column illustrates labeling observed

with a probe targeting only the larger

(noncoding) transcripts of Hoxa5. In the

medulla oblongata (A,B) and pons (C,D),

no signal was observed with the probe

targeting only the larger transcripts, in

contrast to the probe targeting all

transcripts. In the cerebellum (E,F), the

thalamus (G,H), and the cortex (I,J),

similar labeling was observed with

both probes. Medial is on the right, and

lateral is on the left. For abbreviations,

see list. Scale bar 5 100mm in A–J.

[Color figure can be viewed at

wileyonlinelibrary.com]
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2009; Sotelo and Ch�edotal, 2013) In agreement with

the presence of Hoxa5 transcripts in the caudal rhom-

bomeres, and hence in rhombic lip progenitors, we

detected Hoxa5 expression in the PG, TRN, IF5, ECU,

and LRN from E14.5–E16.5 until later stages. We thus

confirmed and extended previous data showing that

Hoxa5 expression is maintained in migrating and in

settling precerebellar neurons in the AES and PES (Di

Meglio et al., 2013). These authors also demonstrated

that PG5 HOX proteins are functionally implicated in

the topographic organization of migrating pontine

neurons, notably through the negative regulation of

Unc5b expression, a netrin repulsive receptor.

Once established, Hoxa5 expression in the precere-

bellar neurons is maintained postnatally until adulthood.

While most Hox mapping studies are based solely on

transcript analysis, we show in the present study that

the HOXA5 protein is present in all the Hoxa5-express-

ing hindbrain nuclei at adulthood. These data strength-

en the idea that the activity of HOXA5 in these nuclei

is required for processes beyond the patterning and

neuronal migration phases. This could include axonal

growth, pathfinding, and synapse formation during cir-

cuit establishment; refinement of neural circuits during

early postnatal life in response to environmental cues;

or adult synaptic plasticity. Although very few specific

HOXA5 target genes have been identified, some sup-

port a role for HOXA5 in several of these processes.

Axonal growth relies on the interplay between envi-

ronmental cues and their receptors belonging to the

Ephrin/Eph, Slit/Robo, Netrin/Dcc-Unc families located

on the growth cone. As mentioned above, Unc5b is a

downstream target of HOX5 proteins (Di Meglio et al.,

2013), and this regulation is required for topographic

organization of migrating pontine neurons. After settling

of the precerebellar neurons, HOXA5 could be involved

in axonal growth and pathfinding of mossy fibers toward

the developing cerebellum through a similar regulation.

In support of the hypothesis of HOXA5 function in axo-

nal growth, pleiotrophin (PTN), a heparin-binding growth

factor, has been identified as a target of HOXA5 (Chen

et al., 2005; Philippidou and Dasen, 2013). Several in

vitro and in vivo studies have implicated PTN in the reg-

ulation of neurite outgrowth and guidance, as well as

synaptogenesis (Li et al., 1990; Rauvala and Peng,

1997; Tanaka et al., 2003; Yanagisawa et al., 2010;

Basille-Dugay et al., 2013). It is of note that, among the

published downstream targets of HOXA5, Ephrin A1,

Ephrin B2, and Akt (Rhoads et al., 2005; Arderiu et al.,

2007) have also been implicated in cell migration and

neuritogenesis (Read and Gorman, 2009). In addition to

its neurite outgrowth-promoting activity, PTN has also

been implicated in synaptic plasticity and learning in

the hippocampus (Pavlov et al., 2002; del Olmo et al.,

2009), and it has been suggested, based on its localiza-

tion, that it could also participate in synaptic plasticity

in the cerebellum (Basille-Dugay et al., 2013). Another

target of HOXA5, the Gi/o modulator L7/Pcp2, has also

been implicated in synaptic plasticity (Sanlioglu et al.,

1998; Redd et al., 2002; Iscru et al., 2009). Pcp2 is

highly abundant in cerebellar Purkinje cells, and its

expression coincides with Purkinje cell development

after birth. These data are particularly interesting as

Hoxa5 transcripts have also been detected in postna-

tal/adult Purkinje cells in this study and in a previous

report (Sanlioglu et al., 1998).

In conclusion, based on the dynamic of Hoxa5

expression and HOXA5 location, and in relation to the

few identified targets, we can speculate that HOXA5

participates in the establishment and refinement/plas-

ticity of precerebellar neuronal circuits during postnatal

and adult life. Thus HOXA5 could influence adult cere-

bellar functions such as coordinated motor activity,

motor learning, and procedural memory.

Hoxa5 and the autonomic system
We also detected both Hoxa5 transcripts and HOXA5

protein in different nuclei involved in the control of

autonomic functions: the AP and NTS, and the dorsal

part of the DMX. These nuclei are implicated in the

physiological control of food intake, gastric, respiratory,

Figure 10. Summary of the Hoxa5/HOXA5 pattern in the adult

mouse brain in a schematic view of a sagittal section. At the tran-

script level, Hoxa5 was found to be expressed in the medulla

oblongata (MO) and the pons from fetal to adult stages; in the

thalamus and the cortex from postnatal stages until adulthood;

and in the cerebellum at adulthood. At the protein level, HOXA5

was detected in neurons of the hindbrain derivatives in the pre-

cerebellar system (green labeling). In the caudal part of the

medulla oblongata, HOXA5 localization was widespread (dark

green), while in the anterior part it was restricted to a few nuclei

(light green). HOXA5 was also detected in nuclei of the autonom-

ic nervous system (red labeling). Blue labeling identifies brain

regions where only transcripts were detected. For abbreviations,

see list. [Color figure can be viewed at wileyonlinelibrary.com]
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and cardiovascular functions. For example, the NTS is

implicated in gustatory processing (Norgren and Leon-

ard, 1971; Norgren, 1978; Travers, 1988; Whitehead,

1990) and is the first central relay of lung and airway

vagal afferents (Kubin et al., 2006). Strikingly, plasticity

in the NTS has been highlighted in both the gustatory

and respiratory systems (Bonham et al., 2006; Hill and

May, 2007). It is thus tempting to speculate that, as in

the precerebellar circuits, HOXA5 could be maintained

in restricted brainstem neurons to control processes

related to synaptic plasticity at postnatal and adult

stages.

It is also worth mentioning that Hoxa52/2 mutant

mice die perinatally due to respiratory failure that has

been linked to defective development of the respiratory

tract (Aubin et al., 1997). However, these authors also

report impaired breathing, which could be related to

recent data showing that absence of Hox5 genes

results in a severe defect in diaphragm innervation and

an important reduction and disorganization of moto-

neurons in the phrenic motor column (Philippidou et al.,

2012). In addition to the respiratory phenotype, the

loss of Hoxa5 causes a delay in acquisition of the adult

mode of digestion that is normally coordinated with the

process of spontaneous weaning (Aubin et al., 1999).

These data, combined with our observations, suggest

successive and multilevel functions of HOXA5 in respi-

ratory and digestive tracts, and indicate that in addition

to its role in patterning and organogenesis of these sys-

tems, HOXA5 could also coordinate their proper innerva-

tion prenatally and regulate their functions postnatally.

Hoxa5 and the forebrain
In the forebrain, a Hoxa5 signal was detected no ear-

lier than the second week of postnatal life. As cortical

and thalamic neurons are born within these territories,

these domains of expression cannot be explained by

migration of progenitors expressing Hoxa5 at embryon-

ic/fetal stages, and suggest de novo transcription of

the Hoxa5 locus in these differentiated cells after birth.

In the neocortex, Hoxa5 expression was restricted to

a narrow row of cells in the visual, auditory, and

somatosensory cortices, in areas where layer IV is pre-

sent. Double labeling allowed us to localize this expres-

sion to layer Va. This layer integrates information from

layer IV and layer Va and would play a role in intracorti-

cal processing of sensory information (Schubert et al.,

2006). In addition, a signal for Hoxa5 was detected in a

strip of cells at the external side of layer II in the ento-

rhinal and piriform cortices.

In contrast to the brainstem, we did not detect the

HOXA5 protein in the forebrain and the cerebellum.

This difference between mRNA and protein distribution

could be explained by a lower sensitivity of the IHC pro-

cedure with respect to the ISH. In that case, the

HOXA5 protein would be produced, but in an amount

too low to be detected by IHC. In an attempt to sub-

stantiate these data, we implemented more quantitative

procedures, namely RT-qPCR and western blot, with the

objective of detecting both transcripts and proteins in

the same brain samples. Unfortunately, in the paradigm

used here, the sensitivity of both procedures appeared

to be lower than the qualitative detection. As the num-

ber of Hoxa5 1 cells is extremely low, especially in the

anterior territories, the transcripts and proteins were

probably too diluted in the macrodissected samples to

be detected. As this approach did not allow us to cir-

cumvent the sensitivity problem, we cannot conclude at

this stage whether the protein is present in a low

amount or is not produced. Alternatively, it has been

shown that multiple overlapping transcripts encompass-

ing the Hoxa5 coding sequence are produced in embry-

os. They arise from the use of distinct promoters and

from alternative splicing of RNAs. Among the 1.8-, 5.0-,

9.5-, and 11.0-kb RNA species, only the shortest form

would be translated into protein in vivo (Jeannotte

et al., 1993; Coulombe et al., 2010); the other

transcripts would be “noncoding.” Differences in the

expression profiles of these different transcripts have

been reported (Larochelle et al., 1999; Coulombe et al.,

2010). Using a probe allowing the detection of the lon-

ger transcripts but not the shortest one, we provided

evidence that some of these transcripts are indeed pre-

sent in the cerebellum, thalamus, and cortex.

Long noncoding RNAs (LncRNAs) have been the sub-

ject of intense research and debates in recent years,

with potential implications for gene regulation. Notably,

recent advances have revealed the presence of both

sense and antisense noncoding sequences within the

four Hox clusters (Mainguy et al., 2007; De Kumar and

Krumlauf, 2016). Although their functions remain poorly

understood, some of them could be associated with

regulatory functions, both in cis or in trans, in Hox gene

expression (Wang et al., 2011; reviewed by De Kumar

and Krumlauf, 2016). Nevertheless, most of these

LncRNAs are antisense and/or transcribed only from

intergenic regions, and do not contain Hox coding

sequences, in contrast to the larger transcripts variants

described at the Hoxa5 locus. Although it would be

tempting to speculate that these transcripts are

LncRNAs with potential regulatory functions, either on

Hoxa5 or neighboring Hox genes, it is much too early to

discuss these issues.

Our results thus suggest that some of the previously

described Hoxa5 transcript variants are produced in

the cortex and thalamus from postnatal stages until

Lizen et al.
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adulthood, and in the cerebellum at adulthood. Data

produced by IHC, RT-qPCR, and western blot analyses

support the hypothesis that these variants are noncod-

ing RNAs that are not translated into the HOXA5 pro-

tein. Although we cannot totally exclude the possibility

that a protein is produced, it is likely that the only

products generated in the anterior territories are Hoxa5

transcripts. Whether these LncRNAs are functional, and

whether these functions are associated with the Hoxa5

gene or not, are appealing questions that remain to be

addressed.

CONCLUSIONS

Our study has established the foundations for discov-

ering new functions of Hoxa5/HOXA5 in the CNS. To

address all of the functional hypotheses generated by

this descriptive analysis, studies that identify the

HOXA5 target genes in the postnatal brain are urgently

required, as well as the development of conditional

mutants that will allow evaluation of the consequences

of late loss-of-function.
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