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a b s t r a c t

Oxytocin can influence various spinal functions. However, little is known about the spinal neuronal net-
works responsible for oxytocin effects. The aim of this study was to localize and characterize spinal
neurons expressing oxytocin receptors. We used an oxytocin receptor-reporter mouse in which the flu-
orescent protein Venus is expressed under the control of the oxytocin receptor gene promoter. At all
segmental levels, Venus-expressing neurons were most numerous in the substantia gelatinosa, mingled
with protein kinase C� interneurons in the innermost layer of the inner lamina II, which, in contrast to
the outer two thirds of this layer, does not receive nociceptive input. Venus-expressing neurons were
xytocin receptor
ain
acral dorsal gray commissure
pinal cord
ubstantia gelatinosa

also observed in the intermediolateral and sacral parasympathetic nuclei, where they represented about
5% of presumed preganglionic neurons identified by choline acetyltransferase immunoreactivity. Finally,
Venus immunoreactivity was detected in lumbar and sacral dorsal gray commissures as well as in isolated
neurons scattered in different regions of the dorsal horn. Altogether, our results establish the location of

ed in
neurons putatively involv
and nociception.

ubstantial evidence suggests that oxytocin (OT) is a mod-
lator of various spinal functions. Thus, OT-immunoreactive
xons [16,27,33,36,37] originating from the hypothalamic par-
ventricular nucleus [11,15,27,36] as well as OT binding sites
18,29,35,40,42,43] are detectable at all segmental levels. Func-
ional studies have shown that OT is involved in pain modulation
1,5–7,19,31,32,46,49], may modulate the autonomic outflow
8,10,15,28,38,47], facilitates micturition [25], penile erection
21,22,43], female receptivity [44] and uterine motility [4]. How-
ver, little is known about the neuronal spinal networks responsible
or OT effects. This is due mainly to the lack of tools to identify spinal
eurons expressing OT receptors (OTRs). Indeed, autoradiography

oes not allow for the localization of binding sites at the cellular

evel, and anti-OTR antibodies available so far are not selective and
ensitive enough. Recently, a knock-in mouse strain expressing the
uorescent Venus protein under the control of the endogenous reg-
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ulatory region of the OTR gene has been generated [48]. In knock-in
mice, Venus-expressing neurons were observed in brain regions
previously reported to contain OT binding sites, thus indicating that
they correspond to OTR-expressing neurons [48]. The aim of the
present study was to localize and characterize Venus-expressing
neurons in the spinal cord of OTR-reporter mice.

The care and use of animals involved in this study were
in accordance with NIH guidelines for animal research. Five
adult male OTR-Venus knock-in mice [48] were anesthetized
with i.p. 2,2,2-tribromoethanol (200 mg/kg) and perfused with 4%
paraformaldehyde in 0.1 M phosphate buffer (PB, pH 7.4). Spinal
cords were removed, post-fixed overnight in the same fixative con-
taining 15% sucrose, transferred in 0.1 M PB containing 30% sucrose
until they sank and frozen. 30-�m coronal sections were collected
in PB, distributed in 3–7 alternate series, and immunostained. All
antibodies were diluted in 0.1 M phosphate buffered saline (PBS, pH
7.4) containing 0.3% Triton X-100. Venus was detected with an anti-
green fluorescent protein (GFP) antibody either from rabbit (598,
MBL) or from goat (ab5450, Abcam). All incubations were done at

room temperature.

For double-immunofluorescence labeling, sections were incu-
bated overnight in anti-GFP antibody (rabbit, 1:2000 and goat,
1:500), either alone or with mouse anti-NeuN (MAB377, Milli-
pore, 1:200), goat anti-choline acetyltransferase (ChAT; AB144P,

dx.doi.org/10.1016/j.neulet.2011.03.033
http://www.sciencedirect.com/science/journal/03043940
http://www.elsevier.com/locate/neulet
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illipore, 1:100), rabbit anti-protein kinase C � (PKC�; sc211, Santa
ruz Biotechnology, 1:1000), mouse anti-OT-neurophysin (PS 38,
rovided by Dr. H. Gainer; 1:50) or biotinylated Bandaireae simplici-

olia isolectin (IB4, 5 �g/ml; L2140, Sigma–Aldrich). Next, sections
ere rinsed in PBS and incubated 4 h in the appropriate secondary

ntibodies diluted 1:50 (711-225-152, Cy2-anti-rabbit; 715-
65-150, Cy3-anti-mouse; 705-165-147, Cy3-anti-goat; Jackson

mmunoresearch) or Cy3-conjugated streptavidin (016-160-084,
ackson, 1:150).

For immunoperoxidase studies, sections incubated overnight
n rabbit anti-GFP (1:8000) were rinsed in PBS, incubated 2 h in
iotinylated anti-rabbit antibody (BA-1000, Vector Laboratories),
nd processed with an avidin–biotin–peroxidase system (Vectas-
ain Elite, ABC kit, Vector Laboratories) and diaminobenzidine
DAB). Other sections incubated in rabbit anti-GFP and mouse
nti-OT-neurophysin were treated as just described, then further

ncubated 2 h in biotinylated anti-mouse antibody (BA-2000, Vec-
or Laboratories), and processed with the ABC complex and a
olution containing DAB and nickel sulfate [14].

A semi-quantitative evaluation of data was performed by count-
ng labeled neurons under the light microscope in sections from

ig. 1. Distribution of Venus-expressing neurons in the spinal cord of a male OXTR-Ven
ielding a brown precipitate. Segmental levels are indicated on the bottom left corner of l
reas boxed in B, D, G, L, N and S are illustrated at a higher magnification on photographs l

V and V of the spinal gray; IMM, intermediomedial nucleus; IML, intermediolateral nucleu
tar: central canal. Bars: low magnification photographs, 500 �m and high magnification
etters 495 (2011) 49–54

3 animals. In the dorsal horn, we counted the number of Venus-
positive neurons in the area containing most of them (see Fig. 2)
on sections stained with anti-GFP, and the total number of neu-
rons in the same area on sections stained with anti-NeuN. Fifteen
sections at cervical, thoracic and lumbar levels were analyzed in
each animal and the values averaged to estimate the percent-
age of Venus-expressing neurons. To estimate the percentage of
autonomic spinal neurons expressing Venus, the number of double-
labeled Venus/ChAT neurons and the total number of ChAT-positive
neurons were counted in the intermediolateral nucleus (IML, 25–30
sections/animal) and the sacral parasympathetic nucleus (SPN,
10–15 sections/animal).

Fig. 1 gives a comprehensive report of the overall distribution
of Venus-immunoreactivity. It was most abundant in the superfi-
cial dorsal horn where numerous labeled neuronal cell bodies and
processes form a distinct layer at all segmental levels (Fig. 1A–V).

Small clusters of Venus-immunoreactive neurons were found in
autonomic areas, the intermediolateral (IML; Fig. 1G–L) and sacral
parasympathetic (SPN; Fig. 1Q–T) nuclei. Some immunolabeled
neurons were regularly found in lamina X (LX), dorsally to the cen-
tral canal, being most abundant in the lumbar (LDGC; Fig. 1K–M)

us knock-in mouse. Venus immunoreactivity was revealed using a DAB procedure
ow magnification photographs (C, cervical; T, thoracic; S, sacral and Co, coccygeal).
ocated on the right (C, E, H, M, O and T). Other abbreviations: II, IV and V, laminae II,
s; LDGC, lumbar dorsal gray commissure and SDGC, sacral dorsal gray commissure.
photographs, 100 �m.
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Fig. 2. Localization of Venus-expressing neurons in the dorsal horn. (A, B, F and G) Epifluorescence images and (C–E, H–J) confocal images. (A) and (B) are from two adjacent
sections at level C3–C4. To calculate the percentage of Venus-positive neurons, the area containing most of them was outlined on (A), and the frame obtained applied on
( 1 sho
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B). (C–E) all Venus-positive cells express NeuN, (F) double-labeled section at level S
arrowhead), (G) double-labeled section at level C2 showing that most Venus-pos
eurons do not express PKC� (less than 0.5% of cells were found double-labeled, ill

nd sacral (SDGC; Fig. 1Q–V) dorsal gray commissures. A dense
etwork of reciprocal immunoreactive processes was observed
etween SDGC and SPN (Fig. 1T). A small group of large-size
ultipolar neurons was also labeled dorsally to the central canal

etween LDGC and SDGC, at level L3–L4 (Fig. 1N and O). In addi-
ion, small immunoreactive neurons were regularly detected in
amina IV (LIV), laterally to the dorsal corticospinal tract (Fig. 1E,
, M and O). Finally, isolated Venus-positive neurons were found

cattered within the entire central gray of the dorsal horn at all
evels whereas no immunoreactivity was ever observed in the
entral horn. Double-immunofluorescence labeling of Venus and
euN demonstrated that all Venus-positive cells were neurons

Fig. 2A–E).
In the superficial dorsal horn, Venus-expressing neurons were

oncentrated in a sub-layer of lamina II (LII) where they rep-
esented about 40% of NeuN-positive cells (Fig. 2A and B). No
bvious segment-related differences were observed. The location
nd identity of Venus-positive neurons within LII was specified
n double-immunofluorescence studies. Indeed LII is divided into
n outer layer (LIIo) and an inner layer (LIIi) with respect to the

ature of their sensory afferences. LIIi is further subdivided in a
orsal component receiving projections from nonpeptidergic IB4-
ositive sensory neurons, and a ventral component where the
xcitatory PKC� interneurons are concentrated [30]. Most Venus-
wing that Venus-positive neurons are mainly located ventrally to IB4 labeled fibers
eurons are located within the PKC� interneurons layer and (H–J) Venus-positive

ed in the up right inserts). Bars: 100 �m (A, B, F and G) and 50 �m (C–E, H–I).

positive neurons were located ventral to the IB4 positive band
(Fig. 2F), intermingled with PKC� interneurons (Fig. 2G), but not
expressing PKC� themselves (Fig. 2H–J).

The localization and identity of Venus-immunoreactive neu-
rons in autonomic areas were assessed in sections double-labeled
for Venus and ChAT [2]. Venus-positive neurons detectable in the
IML at thoracic and lumbar levels were always immunoreactive
for ChAT (Fig. 3A–C) and represented about 5% of all IML ChAT-
positive cells. The situation was similar in the SPN, where about
one cholinergic neuron out of five was also Venus-immunoreactive
(not illustrated). In contrast, Venus-positive neurons in LDGC
at levels L1–L2 although intermingled with ChAT-positive neu-
rons, presumed to be preganglionic sympathetic neurons of the
prevertebral chain [12], were never immunoreactive for ChAT
(Fig. 3D–F).

Immunofluorescence and immunoperoxidase detection of
OT-neurophysin gave comparable results. Double labeling of
OT-neurophysin and Venus revealed that the distribution of oxy-
tocinergic fibers overlapped that of Venus-positive neurons, with
however a somewhat inverse relationship. Thus, only moderate

densities of fibers were found in the superficial dorsal horn whereas
a particularly dense network was observed in the autonomic nuclei,
IML and SPN, and dorsally to the central canal in LDGC and SDGC.
Close contacts between OT-neurophysin fibers and Venus-positive

ymym
ハイライト表示
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Fig. 3. Confocal images of sections double-labeled for Venus and ChAT at levels T4 (A–C) and L2 (D–F). (A) Venus-immunoreactive neurons in the intermediolateral nucleus
( ing that all Venus-immunoreactive neurons are cholinergic, (D) Venus-immunoreactive
n vity in the same area and (F) overlay of (D) and (E) showing that Venus-immunoreactive
n
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Fig. 4. Oxytocinergic axons and OT-sensitive neurons in the intermediolateral
nucleus. (A) Confocal image showing OT-neurophysin axons (red) in contact with
IML), (B) ChAT immunoreactivity in the same area, (C) overlay of (A) and (B) show
eurons in the lumbar dorsal commissural nucleus (LDGC), (E) ChAT immunoreacti
eurons are not cholinergic. Star: central canal. Bar: 50 �m.

eurons were constantly observed in these areas (Fig. 4) which
trongly suggest the presence of synaptic contacts.

In the present study, we took advantage of the recently gener-
ted OTR-reporter mouse strain [48] to visualize, map and partially
haracterize OTR-expressing neurons in the mouse spinal cord.
n knock-in mice, Venus-positive neurons are most numerous in
reas previously reported to be densely labeled by receptor bind-
ng [18,29,35,40,42,43], which suggests that OTRs are expressed on
euronal somata and/or proximal dendrites rather than on distant
xon terminals. The distribution of OT-neurophysin fibers corrob-
rates previous reports [16,27,33,36,37] and matches well that
f Venus-positive neurons. In support of a role for endogenously
eleased OT, tight appositions between OT-neurophysin axons and
enus-positive dendritic processes can regularly be observed.

Visualisation of OTR-expressing neurons in the substantia
elatinosa is of particular interest. Indeed, whilst the spinal
ntinociceptive effects of OT is well documented [1,5–7,32,46,49],
he local mechanisms involved are not clear. In the rat, the activa-
ion of inhibitory GABAergic interneurons triggered by OT appears
o be mediated by the primary activation of glutamatergic interneu-
ons of LI and LIIo [3,7]. In the present study, Venus-positive
eurons are enriched in the innermost layer of LIIi where they
ingle with PKC�-positive – presumably excitatory glutamatergic
interneurons [24,26]. Notably however, Venus-positive neurons

o not express themselves PKC�, thus representing a distinct cell
opulation. Interestingly, the ventral component of LIIi, in con-
rast to the outer two thirds of LII, does not receive nociceptive
-fiber input, but innocuous tactile information from myelinated
bers [3,17,24,39,45]. It is therefore tempting to speculate that OT-
ensitive neurons are involved in the inhibitory “gating control”
f nociceptive stimuli by non-nociceptive afferents [23]. Alterna-
ively, dorsal horn OTRs may be mainly involved in non-nociceptive
ensory modalities [35]. On the other hand, PKC� neurons neigh-
oring Venus-positive neurons in LIIi are normally activated after

nnocuous mechanical stimuli and thought to be involved in the
eneration of neuropathic pain [20]. Thus, further understanding of

he chemical identity and connections of LIIi Venus-positive neu-
ons is a challenging issue to decipher the role of OT in nociception
odulation.
In the main location of sympathetic preganglionic neurons, the

ML, a small sub-population of cholinergic neurons express Venus

the cell body and dendritic processes of a Venus-immunoreactive neuron (green)
and (B) light-microscopy image showing OT-neurophysin axons in black and Venus-
expressing neurons in brown. Both (A) and (B) are from the right IML at level T2.
Note the characteristic beaded aspect of OT-neurophysin axons. Bar: 20 �m.

ymym
ハイライト表示
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t all segmental levels, suggesting that OT may influence the entire
ML sympathetic outflow rather than exert a differential control of
eripheral targets. Similarly in the SPN, neurons immunoreactive
or both Venus and ChAT showed no topographical organization.
he SPN contains parasympathetic preganglionic neurons which
ontrol smooth muscles involved in perineal functions [13]. Since
T is a potent stimulator of erection when applied intrathecally in

he lumbosacral region [22,43], at least part of SPN OT-sensitive
eurons could contribute to the control of erection.

The SDGC is viewed as a major integrative center, playing a key
ole in the control and coordination of sexual and eliminative func-
ions [9,21,37]. The numerous Venus-positive neurons present in
he SDGC and their reciprocal connections with the SPN (Fig. 1R–T)
upport a possible role of OT in spinal networks regulating these
unctions. Interestingly, another group of Venus-positive neurons
ould also be involved in the regulation of the reproductive func-
ion. Indeed, the large multipolar Venus-positive neurons found
orsally to the central canal in segments L3–L4 (Fig. 1N and O) are

ocated in an area described as a “potential ejaculation generator”
41]. In this area, galanin and gastrin releasing peptide neurons are
rucial for normal penile reflexes and ejaculation in the rat [34,41].

hether OT-sensitive neurons detected there express one or the
ther of these peptides should be determined in order to further
peculate about the contribution of OT to ejaculation.

In summary, our results establish the location of neurons puta-
ively involved in OT modulation of spinal functions, in particular
f sexual functioning and nociception. Most relevant is the identi-
cation of a previously unrecognized dorsal horn OTR-expressing
euronal population restricted to the inner segment of LIIi, but dis-
inct from PKC� interneurons, since it provides a novel perspective
n the mechanisms through which OT may exert its antinociceptive
ffects.
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