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SUMMARY

Oxytocin (OT) is a neuropeptide elaborated by the
hypothalamic paraventricular (PVN) and supraoptic
(SON) nuclei. Magnocellular OT neurons of these
nuclei innervate numerous forebrain regions and
release OT into the blood from the posterior pitui-
tary. The PVN also harbors parvocellular OT cells
that project to the brainstem and spinal cord, but
their function has not been directly assessed.
Here, we identified a subset of approximately 30
parvocellular OT neurons, with collateral projections
onto magnocellular OT neurons and neurons of
deep layers of the spinal cord. Evoked OT release
from these OT neurons suppresses nociception
and promotes analgesia in an animal model of in-
flammatory pain. Our findings identify a new popu-
lation of OT neurons that modulates nociception in
a two tier process: (1) directly by release of OT
from axons onto sensory spinal cord neurons and
inhibiting their activity and (2) indirectly by stimu-
lating OT release from SON neurons into the peri-
phery.
INTRODUCTION

Oxytocin (OT), a neuropeptide that plays an important role

in sociability, is produced in the brain exclusively in the

hypothalamic paraventricular (PVN), supraoptic (SON), and

intermediate accessory nuclei (Swanson and Sawchenko,

1983). OT neurons can be classified in magnocellular

OT (magnOT) and parvocellular OT (parvOT) neurons,

which are distinct in size and shape, subnuclear location,

the amount of OT production, and involvement in distinct cir-

cuitries and functions (Armstrong et al., 1980; Swanson and

Kuypers, 1980; Sofroniew, 1983; Swanson and Sawchenko,

1983).

According to a long-held dogma, magnOT neurons provide

systemic OT supply by release into the blood via the posterior pi-

tuitary (Scharrer, 1928; Scharrer and Scharrer, 1940, Bargmann

and Scharrer, 1951). Simultaneously, magnOT neurons inner-

vate the forebrain, including the nucleus accumbens (Ross

et al., 2009; Knobloch et al., 2012; Dölen et al., 2013) and the

central nucleus of the amygdala (Knobloch et al., 2012). The fore-

brain fibers, as exemplarily studied in the central amygdala,

allow for focal release and discrete, modulatory action of OT

(Knobloch et al., 2012). These characteristics might account

for the distinct impact of OT on numerous types of brain-region

specific behaviors (Lee et al., 2010).
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Figure 1. Anatomical and Functional Connectivity between OT Neurons of the PVN and SON

(A) OT projections from PVN to SON.

(A1) Scheme of the viral vector used to infect PVN neurons.

(A2–A9) PVN OT neurons infected with cell-type specific viral vector project Venus-positive axons to contralateral PVN (A3) and to contra- and ipsilateral SON

(A4 and A5). OT neurons of the SON (A6) do not project Venus axons to contralateral SON (A7) or PVN (A8) and only marginally enter the external border of

ipsilateral PVN (A9). The scale bars represent 200 mm (left) and 50 mm (right).

(B) OT axon terminals contain vGluT2.

(B1) Scheme of viral vector.

(B2) GFP-positive terminals in the area of the SON (left). In the magnified inset (right), the OT neuron (blue) is surrounded by GFP terminals, which also contain

vGlut2 (red). Both of the immunosignals overlap (yellow) in virtually all of the terminals. The scale bars represent 100 mm (left) and 25 mm (right).

(legend continued on next page)

2 Neuron 89, 1–14, March 16, 2016 ª2016 Elsevier Inc.

Please cite this article in press as: Eliava et al., A New Population of Parvocellular Oxytocin Neurons Controlling Magnocellular Neuron Activity and
Inflammatory Pain Processing, Neuron (2016), http://dx.doi.org/10.1016/j.neuron.2016.01.041



Please cite this article in press as: Eliava et al., A New Population of Parvocellular Oxytocin Neurons Controlling Magnocellular Neuron Activity and
Inflammatory Pain Processing, Neuron (2016), http://dx.doi.org/10.1016/j.neuron.2016.01.041
In contrast to magnOT neurons, parvOT neurons project to

distinct brainstem nuclei and different regions of the spinal

cord (SC) (Swanson and Sawchenko, 1983; Sawchenko and

Swanson, 1982). Based on the location of parvOT axons and

the effects of externally applied OT, it has been proposed that

OT from parvOT axonal terminals contributes to modulation of

cardiovascular functions, breathing, feeding behavior, and noci-

ception (Mack et al., 2002; Petersson, 2002; Condés-Lara et al.,

2003; Atasoy et al., 2012). However, no selective and specific

genetic access to parvOT neurons has been available and,

hence, there was no evidence for the capacity of parvOT axons

to release endogenous OT and to selectively modulate the

above-mentioned functions. Moreover, it has remained un-

known how parvOT neurons are incorporated into the entire

OT system and functionally interact with magnOT neurons.

Based on recent reports that OT-modulated nociception and

pain response comprise a peripheral (Juif and Poisbeau, 2013)

and a central component (Juif et al., 2013; González-Hernández

et al., 2014), it is tempting to propose that these components are

dependent on different OT cell types. The central component re-

sults from parvOT innervation of SC targets (Swanson and

McKellar, 1979), whereas peripherally acting OT, in contrast, is

provided to the blood stream by magnOT neurons and presum-

ably targets C-type fibers in the dorsal root ganglion (DRG; Juif

and Poisbeau, 2013). We therefore hypothesized that the com-

plementary, analgesic OT action—at central and peripheral

levels—depends on the communication between magnOT and

parvOT neurons residing in spatially segregated OT nuclei. Our

present results reveal that the modulation of pain signals by OT

is triggered by only a handful of parvOT neurons that innervate

simultaneously ‘‘sensory wide dynamic range’’ (WDR) neurons

in the deep laminae of the SC, expressing neurokinin-1 (NK1R)

and OT receptors (OTR), and SON neurons that secrete OT in

the periphery.We show that these separate innervations underlie

a two-tier modulation of pain byOT reaching the SC through fast,

direct neuronal projections and a slower, indirect peripheral

pathway.

RESULTS

Intrahypothalamic Axonal Trees of the OT System
To examine the intrahypothalamic OT system, we used recombi-

nant adeno-associated virus (rAAV), allowing cell-type specific

fluorescent labeling of OT neurons with 98%–100% cell-type

specificity, as reported in Knobloch et al. (2012). To compare

the OT system with the vasopressin (VP) system, we used AAV
(C–C2) Electron microscopy OT axon terminals (Venus visualized as diaminobenz

synapses on OT-ir dendrite within the SON. The OT-immunoreactivity (clusters

postsynaptic dendrite (d) at lower (C1) and higher magnifications (C2). The scale

(D) Scheme of the viral vector and setup of in vivo electrophysiological recordings

infusion (green pipette).

(D1–D3) Functional connection between PVN and SONOT neurons. (D1) Average

blue bar) or systemic injection of CCK (n = 3, yellow bar), and after washout e

condition (blue bar), after infusion of NBQX (1 mM, 0.5 ml; green bar), after addition

(dark blue bar). (D3) Histograms of the frequency rates recorded under condition

(E) Effect of unilateral SON-BL effect on OT blood concentration at the end of SON

The statistical significances: ++ p < 0.01 and Wilcoxon’s test. (�p < 0.05, Friedm

stimulation at 30 Hz with 10 ms pulses of BL stimulation.
carrying different fluorescent markers driven by an evolutionarily

conserved VP promoter (for specificity, see Table S1;

Figure S1A).

After injection of rAAV expressing Venus, under the control of

an OT promoter (Figure 1A), we observed that OT neurons of the

PVN give rise to fibers connecting to the ipsi- and even contralat-

eral SON and form a pronounced plexus (Figures 1A4 and 1A5).

Interconnections within the intrahypothalamic VP system, in

contrast, were absent (Figure S1C). The OT plexus might stem

from PVN OT neurons projecting above the third ventricle to

the contralateral PVN (Figure 1A3). OT connectivity from the

PVN to SON was present in females and males (Figure S2A).

The connection between the OT nuclei was one-way: the SON-

arising OT fibers reached only marginally the ipsi- (Figure 1A9)

and never the contralateral SON (Figure 1A7) or PVN

(Figure 1A8).

The OT PVN-SON connection was reconstructed using light

sheet microscopy. As presented in Figure S2B, descending fi-

bers from the PVN mainly project rostro-ventrally, turn horizon-

tally at the level of the SON, and enter the SON from the rostral

position, to run caudally along the whole extent of the nucleus.

PVNOTNeurons Innervate the SON andControlMagnOT
Neuron Activity to Induce OT Release into Blood
Circulation
At the light microscopic level, Venus-labeled OT axons that

arose from the PVN formed tight appositions to dendrites and

somata of magnOT SON neurons resembling synaptic contacts.

To assess if synapses were present, we injected the PVN with

rAAV that expresses the synaptic marker synaptophysin fused

to the green fluorescent marker EGFP in PVN OT neurons (Fig-

ure 1B1). GFP-positive puncta were found in the SON. The

vast majority of terminals with GFP signal overlapped with

VGluT2 signal (red, Figure 1B2). GFP/VGluT2 terminals engulfed

OT cell bodies and dendrites (blue, Figure 1B2). We found that

EGFP signals overlapped with VGluT2 in 92.6% ± 8.3% of all ter-

minals (Figure 1B2). These light microscopic observations sug-

gested the presence of synaptic contacts, which we further

confirmed at the electron microscopic level: EGFP-positive OT

axons from the PVN (EGFP: greyish filling) formed asymmetric

(presumably glutamatergic) synapses on OT dendrites of the

SON (OT: dark aggregate in pre- and postsynaptic elements;

Figures 1C1 and 1C2).

Based on the anatomical evidence for OT connections be-

tween PVN and SON neurons, we aimed for a functional charac-

terization of these connections. We expressed the blue-light
idine [DAB] endproduct, OT, as a silver-gold-intensified DAB) form asymmetric

of silver particles, arrows) are shown in the presynaptic axon (a) terminal and

bar represents 0.5 mm.

(white pipette) in SON, together with SON-BL stimulation (blue fiber) and drug

spike frequencies of SONOT neurons before (Ctrl), after either SON-BL (n = 14,

ffect (Wash). (D2) Relative frequency increase induced by SON-BL in control

al infusion of dOVT (1 mM, 0.5 ml; red bar), and after 30 min washout of the drugs

s described in (D2).

-BL, 1 min and 30min after (n = 4). All results are expressed as average ± SEM.

an’s test followed by Dunn post hoc test) The blue squares represent 20 s BL
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(BL)-sensitive ChR2 protein (Nagel et al., 2003) fused to mCherry

in PVN OT neurons (for construct validation, see Knobloch et al.,

2012). In vivo extracellular recordings in anaesthetized animals

revealed the expression of functional ChR2 in the PVN, as

evident from BL-induced (PVN-BL, 20 s at 30 Hz with 10 ms

pulses), reversible, and reproducible increases of spike fre-

quencies in these PVN neurons (on average the frequency

increased from 4.1 ± 0.7 to 7.8 ± 0.7 Hz; data not shown).

We then further tested in vivo whether exposure to BL of PVN-

OT axons in the SON (SON-BL, scheme in Figure 1D) could also

activate, ipsilaterally, SON neurons. SON-BL exposure evoked a

reversible increase in spike frequencies of SON neurons, from

6.7 ± 1.5 to 14.1 ± 2.7 Hz, confirming that BL stimulation of

parvOT PVN axon terminals could excite SON neurons (Fig-

ure 1D1). To verify that OT was the main transmitter involved,

we recorded the response of a single neuron to the SON-BL in

the absence of any drug, or after sequential infusion of AMPA

and OTR antagonists (respectively, NBQX and dOVT) into the

SON, and after their washout (Figures 1D2 and 1D3). Interest-

ingly, while NBQX decreased the baseline frequency of SON

neurons, SON-BL paired to NBQX application still efficiently

increased the relative frequency of discharge of the recorded

neuron. Subsequent dOVT infusion totally blocked the SON-BL

response, with full recovery 30 min after washout (Figures 1D2

and 1D3). These results are in accordance with our previous ob-

servations in the central amygdala (Knobloch et al., 2012).

We aimed at providing functional evidence for the OT nature

of the SON neurons that were contacted by the PVN. To this

purpose, we first of all injected into the blood circulation chole-

cystokinin (CCK) a hormone inducing the activation of OT neu-

rons (Verbalis et al., 1986). CCK induced a prominent increase

in spike frequencies of SON-BL responding neurons from 3.6 ±

0.8 to 15.0 ± 5.9 Hz (Figure 1D1), establishing an indirect argu-

ment of the OT identity of the in vivo recorded SON neuron.

Second, as magnOT neurons are known to release OT in the

blood, we performed a time-dependent measurement of OT

concentrations in plasma by mass-spectrometry after SON-

BL. This revealed a significant increase of OT plasma concen-

trations at 60 s after SON-BL (from 0.84 ± 0.17 to 1.76 ± 0.22

pmol/ml; Figure 1E). Taken together, these findings provide

evidence for an OT identity of the SON neurons that are

activated by axonal terminals originating from OT neurons in

the PVN.

OT Neurons Projecting to SON MagnOT Neurons Are
ParvOT Neurons Displaying Distinct Anatomical and
Electrophysiological Characteristics
To identify PVN neurons projecting to the SON, we injected into

the SON retrogradely transported and monosynaptically trans-

mitted canine adenovirus 2 (CAV2). After counting of sections

containing the entire PVN, we identified in total a very small pop-

ulation of GFP/OT-positive neurons residing bilaterally (Table S2;

31.5 ± 8.5 neurons). CAV spread occurs within 200 mm of the in-

jection site (Schwarz et al., 2015), making unlikely the diffusion of

the virus from the SON to PVN (the distance between these two

nuclei is about 1.5 mm; see Paxinos and Watson, 1998).

To characterize the magno- versus parvocellular nature of

back-labeled PVN cells, we combined CAV2 with systemic
4 Neuron 89, 1–14, March 16, 2016 ª2016 Elsevier Inc.
administration of Fluorogold (Figure S3A). Fluorogold, when in-

jected intraperitoneal (i.p.), is taken up by neurons projecting

beyond the blood brain barrier, for example, by magnOT neu-

rons, thus allowing to distinguish them from the parvOT (Fluoro-

gold-negative) neurons (Luther et al., 2002; Table S2). Notably,

all magnOT neurons of the SON were Fluorogold-positive (data

not shown). After neuron counting in sections containing the

entire PVN, we established that the vast majority of the 31.5 ±

8.5 GFP/OT-positive neurons (90%) did not contain Fluorogold

(Table S2). In addition to the detection of back-labeled GFP-pos-

itive neurons in the PVN, we observed GFP neurons in other

structures typically known to innervate the SON, further con-

firming the specificity of our retrograde labeling (Miselis, 1981;

Cunningham and Sawchenko, 1988; Figure S3B).

To characterize the parvOT neurons projecting to the SON, we

next injected into the SON CAV2 expressing Cre recombinase

and into the PVN rAAV carrying a double-floxed inverted open

reading frame (ORF) (DIO) of GFP under the control of the OT

promoter (Figure 2A1). By this combination, we limited GFP

expression exclusively to SON-projecting parvOT neurons. In

line with previous results, this revealed a unique position of

back-labeled GFP neurons in the dorso-caudal PVN (Figures

2A2, 2A3, S2B, and S2C). Individual GFP neurons have bipolar

spindle-like morphology (Figure 2A4) distinct from neighboring

magnOT neurons (Figure 2A5). The number of back-labeled

PVN GFP (exclusively OT) neurons was comparable (33.4 ±

9.1), with the estimation of non-selectively labeled PVN neurons

identified by costaining with OT antibodies.

OT neurons similar in morphology and location were obtained

in our initial study (data not shown) with the application of latex

retrobeads (Katz and Iarovici, 1990) in the SON, which, however,

labeled only few cells in the PVN (and other structures inner-

vating the SON; Figure S3), precluding quantitative analysis.

We determined the electrophysiological characteristics of flu-

orescently labeled neurons in the PVN to assess their parvocel-

lular nature. We conducted whole-cell patch clamp recordings in

slices (Figure 2B) in current clamp applying a protocol of depola-

rizing current injections (Figure 2B1). This was aimed to deter-

mine the presence of a transient outward rectification, which is

typically found in magnOT, but not in parvOT neurons (Luther

et al., 2002). We recorded in a total of seven animals 11 fluo-

rescent putative parvOT, and found that none, as expected,

exhibited a hyperpolarizing notch. Conversely, all of the 13

non-fluorescent neurons from the same region (putative mag-

nOT) showed the typical transient outward rectifying current,

as known as (aka) ‘‘notch’’. Quantification of these differences

was made by analyzing the time to spike (spike delay) and rise

slope, which was the slope measured between beginning of

the depolarization and the peak time of the first action potential.

Both of these parameters showed highly significant differences

between the two groups of neurons (Table S4; Figure S4). Differ-

ences in the spike frequency also showed a tendency, though

with less significance than previously reported (Luther et al.,

2000). The electrophysiological responses were in agreement

with themorphology of the cells. Neurons classified electrophys-

iologically as parvOT had a small soma and a more elongated

shape, while the ones classified as magnOT had a big soma

and were more rounded (Figure 2B2).
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Figure 2. Anatomical and Electrophysio-

logical Characteristics of PVN OT Neurons

Projecting to the SON

(A) Identification of a subset of OT neurons pro-

jecting from PVN to SON.

(A1) Scheme showing the injection of viruses in the

SON and PVN.

(A2 and A3) Defined subset of back-labeled OT

neurons (green) in dorso-caudal PVN displays

consistent morphology: small oval somas (12 to

20 mm in diameter) with predominantly longer

horizontal axes. The scale bar represents 50 mm in

(A2) and 50 mm in (A3).

(A4 and A5) The morphology of these cells is

clearly distinct from the typical magnocellular

neurons with large cell bodies and less branching

processes (A5).

(B) Functional differentiation of this subset of PVN

OT neurons.

(B1) Current steps protocol starting from a hyper-

polarizing current chosen to reach �100 mV (here

100 pA) followed by progressively more depola-

rizing current injections (upper trace). The repre-

sentative changes in membrane potential for the

parvOT and magnOT PVN neurons during the part

of the current steps as indicated by the zoomed

area are shown (lower traces). The ParvOT neu-

rons (middle trace) do not display the transient

outward rectification specific for the magnOT

neurons (lower trace, arrow).

(B2) Photographs of a GFP-fluorescent parvOT

neuron (upper) in the PVN (labeled by injection of

CAV2-Cre into the SON and OT-DIO-GFP AAV in

the PVN) and in the same area a typical magnOT

neuron (lower) as indicated by the patch pipettes.

The scale bars represent 20 mm.
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ParvOT Neurons Innervating MagnOT Neurons Also
Project Specifically to NK1R/OTRPositiveWDRNeurons
in the Deep Layers of the SC
The above established exclusive labeling of parvOT neurons and

all their processes using a combination of CAV2-Cre with OT cell

typed-specific Cre-dependent rAAV (Figures 3A1–3A3) allowed

us to follow projections of this OT cell population up to the distal

(L5) segments of the SC. After labeling presumably all PVN OT

neurons, axons can be visualized in both superficial and deep
Neuron 89, 1
SC layers (Figure S5A). In contrast, we

found that synaptophysin-GFP-filled ter-

minals from parvOT only were loosely

and sparsely distributed in superficial

laminae, but heavily innervate deep

laminae, in close proximity to neurokinin 1

receptor (NK1R)-positive large cells

(diameter 30–40 mm; Figure 3A2) identi-

fied as sensory WDR neurons (Ritz and

Greenspan, 1985). Importantly, in an

additional labeling (on separate slices

because both OTR and NK1R antibodies

had been raised in the same species), we

found in this same region cells that ex-

pressed OTR (Figure 3A3). The specificity
of the antibody was confirmed in transfected HEK cells

(Figure S5B1) and brainstem sections of OTR knockout mice

(Figure S5B2), in agreement with a previous study using these

antibodies in mouse cortex (Marlin et al., 2015). To show the co-

localization of NK1R and OTR in the same cells, we performed

fluorescent in situ hybridization and found the presence of

respective mRNAs in the same neurons of deep layers of the

SC (Figures 3B1–3B4). As a next step, we wanted to demon-

strate that NK1R-positive neurons of deep SC laminae could
–14, March 16, 2016 ª2016 Elsevier Inc. 5
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Figure 3. ParvOT Neurons Project to SC and Innervate NK1R/OTR WDR Neurons in Deep Laminae

(A) ParvOT projections to the SC.

(A1) Scheme of the viruses injected into the SON and PVN.

(A2) Detection of synaptophysin-GFP containing terminals (green) in close proximity to NK1R-positive neurons (red) in SC deep laminae.

(A3) Synaptophysin-GFP terminals locate close to OTR-positive neurons of deep laminae. The scale bars represents 500 mm in (A2) and 500 mm in (A3).

(B–B4) Colocalization of NK1R and OTRmRNAs in the same neurons of SC deep laminae. Immunofluorescent in situ hybridization revealed the presence of OTR

mRNA (green dots; B1 and B4) and NK1R mRNA (white dots; B2 and B4) in the same neurons, which were visualized by detection of vGlut1/2/3 mRNAs in their

somas (pink/violet dots; B3 and B4). The nuclei of cells were stained by DAPI. The arrow heads point NK1R/OTR double positive neurons. The scale bars

represent 10 mm.

(C–C3) NK1R-positive SC neurons start to express c-Fos after intraplantar injection of capsaicin in the hindpaw. The c-Fos signal (DAB) was detected in deep

laminae of SC (C1), where the NK1R (red) were located (C2). The digital overlay of the two signals demonstrates localization of c-Fos in the NK1R-postive neuron

(C3). The scale bars represent 500 mm in (C1) and (C2) and 50 mm in (C3).

(D) WDR C-fiber evoked spikes in response to a series of isolated hindpaw stimulations in control condition (Ctrl), during application of the specific agonist of

NK1R SarMet-SP (orange), and during SarMet-SP paired with BL (blue).

(D1) Average of C-fiber evoked spikes (n = 5).

(D2) Representative traces.

(E) Discharge profile of putative WDR recorded in current clamp applying a protocol of depolarizing current injections before (black) and after bath application of

1 mM TGOT (blue, n = 9) or 1 mM Atosiban (green, n = 7).

(legend continued on next page)
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Figure 4. ParvOT-MagnOT-SC Anatomical

Unit

(A) Scheme of viruses injected into the SC and

PVN. The actual SC injection site (fluorescent latex

bead accumulation) is shown as an insert under-

lying SC drawing.

(A2–A5) PVN parvocellular cells back-labeled from

SC (green). The GFP-positive cell bodies were

found in the caudal portion of the PVN and always

colocalized OT (red) (A3, magnification from A2).

Fibers, projecting from back-labeled PVN OT

neurons to SON (arrow in A4, more caudal to A2)

GFP-expressing varicouse axons in close prox-

imity to cell bodies and dendrites of SON mag-

noOT neurons (high magnification in A5) are

shown. The scale bars represent 500 mm in (A2)

and (A3) and 75 mm in (A4) and (A5).
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be activated by sensory/pain stimulation. Bilateral injection of

capsaicin in the hindpaws indeed induced c-Fos expression in

large NK1R neurons (Figures 3C1–3C3). Furthermore, back-

labeled parvOT neurons were also activated by capsaicin (data

not shown).

To show that NK1R WDR neurons are functionally modulated

by both NK1R specific agonist (SarMet-SP) and parvOT-

deriving OT, we measured in vivo the WDR C-fiber evoked

spikes in response to a series of isolated hindpaw stimulations.

We found that the C-fiber evoked spikes were increased in the

presence of SarMet-SP, as expected (Budai and Larson, 1996).

Interestingly, BL-activation of ChR2 expressing parvOT fibers in

the SC (SC-BL; schemes in Figures 5A and 5B) upon SarMet-

SP significantly reduced the number of C-fiber evoked spikes

from 16.8 ± 1.1 to 11.2 ± 1.5 (Figures 3D1 and 3D2). These find-

ings show that release of OT from parvOT axons can effectively

inhibit the activity of WDR neurons potentiated by NK1R

activation.

Then, we analyzed the inhibitory effect of OT on WDR neuron

firing properties. To do so, we performed in vitro whole-cell

patch clamp recordings in current clamp applying a protocol of

depolarizing current injections (Figure 3E; Breton et al., 2009).
(E1) Proportion of putative WDR neurons discharge pattern changed from repetitive to phasic after TGOT o

(E2) Example response of putative WDR neuron to 20 pA (top), 40 pA (middle), and 60 pA (bottom) current inje

application. The scale bar represents in (E1) 30 mm. All results are expressed as average ± SEM. The statistical

Dunn post hoc test.
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Putative WDR neurons, identified by

their large cell body and repetitive firing

related to stimulation intensities (Fig-

ure 3E; Ritz and Greenspan, 1985), were

located around the central canal (cc)

and in deep layers V–VI. As expected,

[Thr4,Gly7]-OT (TGOT) was able to

change the firing properties of these neu-

rons, from repetitive to phasic in 5/9 of re-

corded cells (Figure 3E), similar to what

was described in superficial layers

(Breton et al., 2009). Importantly, the

application of a specific biased agonist
for OTR linked to Gi subunit, Atosiban (Busnelli et al., 2012),

induced the exact same effects in 4/7 recorded cells (Figure 3E).

This experiment demonstrates for the first time on living tissue

that OTR can functionally bind a Gi protein, thus elucidating

the inhibitory mechanism of OT on the firing properties of WDR

neurons.

Finally, to demonstrate that the population of identified parvOT

neurons is a single anatomical unit and that the same cells proj-

ect collaterals to both the SON and SC, we injected a CAV2-Cre

virus in deep laminae of L5 and Cre-responder AAV expressing

GFP under the OT promoter in the PVN (Figure 4A1). We de-

tected back-labeled cell bodies of GFP/OT neurons in the PVN

and their axonal projections in close proximity to somas and

dendrites of magnOT neurons of the SON (Figures 4A2–4A5).

ParvOT Neurons Projecting to MagnOT SON Neurons
and NK1R/OTR Positive WDR Neurons in Deep Layers of
the SC Control the Central Nociceptive Processing
To test whether the specific population of PVN-OT neurons

projecting to both the SON and SC indeed acts on nociceptive

input, we recorded SC neuronal responses in vivo during electri-

cal stimulation of their hindpaw receptive field. The coding
r Atosiban bath application.

ction before (black) and after (green) Atosiban bath

significance: � p< 0.05, Friedman’s test followed by

–14, March 16, 2016 ª2016 Elsevier Inc. 7



A

B

C1 C2

D1 D2

F

F1

F2

E

Figure 5. Stimulation of ParvOT PVN Axons in SON and SC Modulates Responses of WDR Neurons

(A) Viruses injected into the SON and PVN.

(B) Scheme of the experimental procedures.

(C) Effect of SC-BL on WDR-C discharges.

(C1) Time course of WDR-C in control condition (n = 7), when shining SC-BL alone (n = 9), after local dOVT application (n = 6), or local dOVT + NBQX application

(n = 6).

(C2) Average discharge reduction of WDR-C on Ctrl (n = 7), when shining SC-BL alone (n = 9), after local dOVT application (n = 6), local dOVT + NBQX application

(n = 6), or local V1AR-A application (n = 5). The statistical significance of drug modulation of the SON-BL effect was assessed by comparing the effect of SON-BL

on the same neuron before and after drug injection.

(D) Effect of SON-BL on WDR-discharges.

(D1) Time course of WDR-C in control condition (n = 8), measured 30 s after shining SON-BL (as indicated in C1) alone (n = 10), or after systemic dOVT systemic

injection (n = 6).

(legend continued on next page)
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properties and short-term potentiation (wind-up; WU) following

repetitive receptive field stimulation were calculated from the

response of WDR neurons in deep laminae. Recordings include

the deep laminae, which integrate convergent peripheral sensory

information from fast-conducting (A-type) and slow-conducting

(C-type) primary afferent fibers (Figures 5 and S6).

We first tested the inhibitory action of OT released from par-

vOT-hypothalamo-spinal terminals by shining BL directly onto

the dorsal surface of the SC (SC-BL). In this set of experiments,

we used the same combination of viruses (CAV2-Cre and rAAV

carrying OT promoter-DIO-ChR2-mCherry) to elicit OT release

from parvocellular PVN fibers. SC-BL efficiently reduced the

WDR discharges from C- (�44.6% ± 3.7%; Figures 5C1 and

5C2) and Ad- (�36.3% ± 4.5%), but not from Ab- fibers

(�0.3% ± 2.8%; Figure S6G2). The half-efficacy of SC-BL inhibi-

tion was 8.3 ± 1.3 s (Figure 5E). The WU returned to control

values �300 s after SC-BL (Figure 5C1). SC-BL had no effect

on superficial layer neuron activity in the same recording condi-

tion as forWDR neurons (Figure S6F). TheOTR antagonist dOVT,

directly applied to the surface of the SC, significantly, but not

entirely, reduced Ad- and C-fiber mediated discharges (Figures

5C1 and 5C2). In contrast, the VP receptor type 1A antagonist

applied on SC failed to change the SC-BL inhibition of WU inten-

sity (Figure 5C2), whereas it could efficiently block the effect of

exogenously applied AVP (data not shown). Since VGluT2 was

detected in synaptophysin-GFP-containing (Figures 5F1 and

5F2; overlap of GFP and vGluT2 signals was found in 89% ±

7.4% GFP terminals) axonal terminals of parvOT neurons near

cell bodies of WDR-like neurons (Figure 5F2), we assessed the

effect of NBQX in vivo. Coapplication of both dOVT and NBQX

entirely blocked the SC-BL effects (Figures 5C1 and 5C2).

Thus, stimulation of parvOT axons in SC deep layers leads to a

fast, short-lasting decrease in nociceptive processing which is

mediated by central OTR, and to a lesser extent by ionotropic

Glut receptors.

We then assessed the efficiency of OT release from parvOT

neurons onto magnOT SON neurons in modulating nociception

(Figures 5B and S6A). Eliciting OT release from parvOT fibers

in SON by BL (SON-BL) significantly reduced the WDR dis-

charges evoked by slow-conducting C-type fibers

(�24.9% ± 3.1%; Figures 5D1 and 5D2) and fast-conducting

fibers Ad- (�30.0% ± 6.8%), but not by non-nociceptive,

fast-conducting Ab- fibers (�6.4% ± 3.5%; Figure S6G1).

The half-efficacy of SON-BL induced inhibition of WU was

22.2 ± 3 s (T 50%; Figure 5E), a value which was significantly

higher than the SON-BL effect (Figure 5E). The WU intensity

returned to control values only 800 s after SON-BL (Fig-

ure 5D1). Moreover, to further confirm that the reduction in
(D2) Average discharge reduction of WDR-C on Ctrl (n = 8), when shining SON-

nificance of dOVTmodulation of the SON-BL effect was assessed by comparing t

(E) Comparison between individual (black dots) and average T 50% (blue bar) ef

(F) Viruses injected into the SON and PVN.

(F1 and F2) Axonal terminals containing synaptophysin-GFP fusion protein in pro

(F1) Overview of fiber distribution within SC: VGluT2 (red), synaptophysin-GFP (g

(F2) A zoom-in shows the green signal (green) largely overlaps with the VGluT2 sig

(F1) and (F2). All results are expressed as average ± SEM. The statistical significa

Wilcoxon’s test; xx p < 0.01 and Kruskal and Wallis test; and ** p < 0.01 BL vers
WU intensity was related to the elevated level of blood OT

(see Figure 1E), we injected the OTR antagonist dOVT intrave-

nously before applying SON-BL. As expected, this abolished

the SON-BL inhibition of WDR discharges that were evoked

by both Ad- and C-fibers (Figures 5D1, 5D2, and S6G1).

Thus, the central release of OT from parvOT axons targeting

magnOT SON neurons leads to a systemic release of OT,

which reduces nociceptive processing by WDR neurons. This

effect was slow to appear and long-lasting.

In summary, the subpopulation of PVN OT parvOT neurons

projecting both to magnOT SON neurons and to NK1R/OTR

WDR neurons from deep layers of SC exerts an inhibition of spi-

nal nociceptive processing by fast action on SC neurons and a

relatively slower effect on peripheral targets by stimulation of

SON neurons and subsequent induction of OT release into

blood.

Activation of ParvOT Neurons Results in Analgesia
In the last part of our work, we analyzed the functional impor-

tance of these parvOT neurons in the processing of

inflammatory compared to nerve injury-induced neuropathic

pain. To this purpose, we measured both the effects of stimu-

lation or inhibition of parvOT neurons on the symptoms of either

a peripheral painful inflammatory sensitization triggered by a

single unilateral intraplantar injection of complete Freund adju-

vant (CFA) or a nerve injury-induced neuropathy induced by the

cuffing of the sciatic nerve (Cuff; Pitcher et al., 1999; Fig-

ure S7C1). To this purpose, we used rats that expressed either

ChR2 or hM4Di (Zhu and Roth, 2014) restricted to parvOT PVN

neurons synapsing on magnOT SON neurons (Figure 6A). The

efficiency of ChR2-mediated activation and hM4Di-mediated

inhibition of OT neurons was assessed respectively by targeting

unilaterally the PVN by BL or by i.p. administration of CNO and

was confirmed both in vitro (Figures S7A1 and S7A2) and in vivo

(Figures S7B1–S7B4).

PVN-BL stimulation significantly, but not entirely, alleviated

the CFA-mediated hyperalgesia by raising the threshold of

response to both the mechanical (from 56.7 ± 7.6 g to

116.6 ± 16.4 g) and thermal hot stimulation (from 2.8 ± 0.2 to

4.8 ± 0.7 s; Figures 6C1 and 6C2). In contrast, PVN-BL failed

to mitigate the mechanical hyperalgesia measured in condition

of the Cuff peripheral neuropathy (Figures S7B2 and S7B3).

Furthermore, return of the pain symptoms occurred after

PVN-BL was fully blocked by i.p. injection of the blood brain

barrier (BBB)-permeable OTR antagonist L-368,899 (Figures

6C1 and 6C2).

Conversely, CNO-induced inhibition of parvOT neurons signif-

icantly increased the CFA-mediated hyperalgesia by lowering
BL alone (n = 10), or after systemic dOVT injection (n = 6). The statistical sig-

he effect of SON-BL on the same neuron before and after dOVT injection (n = 6).

fect of SON-BL (n = 10) and SC-BL (n = 7) on recorded WDR.

ximity to SC L5 neurons.

reen), and NeuN (blue).

nal (red) in terminals surrounding cell bodies. The scale bars represent 50 mm in

nce: �p < 0.05, Friedman with Dunn post hoc test; + p < 0.05, ++ p < 0.01, and

us Control, two-way ANOVA.
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Figure 6. Activation/Inhibition of ParvOT

PVN Neurons Modulates Mechanical

Threshold and Thermal Hot Latency in

Animals Subjected to Complete Adjuvant

Injection

(A–A3) Scheme of the experimental procedure.

The CAV2-Cre was injected in the SON and Cre-

responding virus driving either (A2) ChR2 or (A3)

hM4Di to achieve the expression of respective

proteins in OT neurons of the PVN.

(B–B2)Mechanical thresholds and (B2) thermal hot

latencies of naive animals before and after PVN-BL

(ChR2, n = 6 and CNO, n = 10).

(C–C2) Mechanical thresholds and (C2) thermal

hot latencies of the CFA-injected hindpaw (left

graphs) and the contralateral hindpaw (right

graphs). The effect of PVN-BL was assessed

before, right after i.p. injection of OTR antagonist

L-368,899 (1 mg/kg), and after its washout (n = 6).

The effect of CNO (3 mg/kg) was measured 1 hr

after i.p. injection and its 24 hr washout (n = 10). All

results are expressed as average ± SEM. The

statistical significance: * p < 0.05, ** p < 0.01, and

one-way ANOVA followed by Tukey’s multiple

comparison post hoc test.
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the threshold of response to both the mechanical (from 115 ±

12.1 g to 88 ± 9.8 g) and thermal hot stimulation (from 8.1 ±

0.9 s to 6.3 ± 0.3 s; Figures 6C1 and 6C2). CNO had no effect

in rats with the Cuff (Figures S7C2 and S7C3). These results

from gain- and loss-of-function approaches highlight the role

of parvOT control of peripheral painful sensitization, supported

by our in vivo electrophysiological data.

In the course of our study, we observed that both PVN-BL and

CNO failed to modify mechanical and thermal hot sensitivity in

the absence of any peripheral sensitization, for example, in the

contralateral paw or in naive animals (Figures 6B1, 6B2, 6C1,

6C2, S7C2, and S7C3).

Taken together, these findings provide evidence that 30 par-

vOT neurons are able to strongly promote analgesia in a patho-

logical condition of inflammatory, but not nerve injury-induced

neuropathic pain, presumably by both central (SC-mediated)

and peripheral (SON-mediated) mechanisms.

DISCUSSION

Here, we identified, by a combination of latest state of the art

viral-vector based (Grinevich et al., 2016a), anatomical, optoge-

netic, electrophysiological, and behavioral approaches, a small

(n �30) subpopulation of parvOT neurons in the PVN, which

projects to magnOT neurons in the SON and to NK1R or
10 Neuron 89, 1–14, March 16, 2016 ª2016 Elsevier Inc.
OTR-positive WDR neurons in the deep

layers of the SC. Functionally, we

demonstrated that this network can

inhibit spinal pain processing in a dual

manner with two distinct time courses.

Thus, nociceptive transmission from Ad-

and C-type primary afferents to WDR

neurons is efficiently repressed by OT
release from parvOT in the deep layers of the SC and from

SON magnOT in the blood. Release in the SC is directly trig-

gered from parvOT-spinal projections and follows a fast

mode of action; release in the blood is indirectly triggered

from SON magnOT neurons that are activated by parvOT pro-

jections and follows a slower time course. The functional role of

this subpopulation of parvOT neurons was further confirmed in

two rat models of peripheral painful sensitization, indicating

that activation of parvOT neurons can decrease mechanical

and thermal sensitivities in inflammatory, but not nerve injury-

induced neuropathic pain.

Synaptic Crosstalk between OT Neurons
The question of how OT neurons in different nuclei within the

hypothalamus interact with each other is a recurrent theme in

past literature, but has not been elucidated experimentally. Belin

and colleagues recorded pairs of OT neurons fromSONand PVN

and proposed an internuclear connection serving as a basis for

synchronous firing during lactation (Belin et al., 1984, Belin and

Moos, 1986). The hypothesis of an OT-mediated communication

was stated already in the early 80’s (Silverman et al., 1981),

following observations that application of OT (or dOVT) into the

third ventricle or in the SON synchronized (respectively, de-

synchronized) activity of OT neurons in PVN and SON (Freund-

Mercier and Richard, 1984; Lambert et al., 1993). Furthermore,
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the presence of synapses containing OT-immunoreactivity was

demonstrated in the SON (Theodosis, 1985). Although we did

not examine internuclear connectivity that underlies synchro-

nized burst firing, our anatomical and functional data demon-

strate that PVN-SON interconnectivity plays an important role

in inhibiting spinal nociceptive processing and alleviation of in-

flammatory pain.

In an early study, lesion of the SON did not cause any loss of

magnOT neurons in the PVN (Olivecrona, 1957), providing a first

indication that parvOT PVN neurons might be at the basis of

internuclear connection to the SON. However, as of today, the

parvOT neurons in the PVN have remained much less studied

than the magnOT neurons, mostly because of technical diffi-

culties, specifically in labeling and modulating the activity of par-

vOT neurons. To our knowledge, the possibility to study a direct

parvOT innervation of the SON by retrograde tracing techniques

has seldom been discussed (e.g., Lambert et al., 1993) and any

potentially involved parvocellular neurons have never been

identified.

At the SON level, Bruni and Perumal (1984) have described

an extensive network of small-diameter, beaded, unmyelinated

fibers with no particular organizational pattern and of unknown

origin that establishes functional axo-somatic and axo-den-

dritic contacts with magnOT neurons. At 30 years later, we

reveal here a monosynaptic connection between parvOT PVN

and magnOT SON neurons as respective pre- and postsynaptic

components. The detection of a postsynaptic SON component

was further confirmed by their stimulation through application

of CCK (Renaud et al., 1987) and an increase in peripheral

OT levels.

In contrast to the OT system, direct connectivity between

VP-ergic neurons in rats has not been convincingly demon-

strated and, accordingly, we were unable to find VP/Venus pos-

itive fibers descending the PVN in the SON and vice versa.

ParvOT Neurons Modulate NK1R Positive WDR Neurons
In addition to the control of magnOT activity, this newly

described subpopulation of parvOT neurons densely projects

exclusively to the deep layers (V, VI, and X) of the SC. Axonal ter-

minals from parvOT were found in close appositions with NK1R

positive WDR neurons, some of which are likely OTR-positives.

However, we are not excluding projections of these parvOT neu-

rons to non-WDR deep neurons. Nevertheless, their functional

and selective inhibition of C- and Ad- mediated discharges in

WDR suggest that nociceptive C-fiber project to deep layers,

accordingly with models of dorsal horn circuits that include

projections to the lamina V (Cervero and Connell, 1984;

Ribeiro-da-Silva and De Koninck, 2008). Functionally, this fits

with our results suggesting that OT modulates the excitability

of WDR shown as an inhibition of discharges mediated by fibers

containing substance P.

ParvOT Neurons Coordinate Neuroendocrine and
Hardwired Inhibitory Pain Control
In accordance with our anatomical data, WDR action potential

discharges in response to noxious peripheral stimulation are

reduced by optogenetic manipulation of the subpopulation of

OT neurons in the PVN and its subsequent stimulation at the level
of the SON. This reduction was selective to sensory information

transmitted by Ad- andC-fibers, which are, in their majority, noci-

ceptive-specific.

Regarding peripherally mediated OT effects, it has recently

been shown that OTR could be expressed by non-peptidergic

C-type sensory neurons in DRG (Moreno-López et al., 2013)

and the in vitro application of OT suppresses their activity

(Gong et al., 2015). Furthermore, intravenous administration

of a selective OTR agonist induces an inhibition of discharges

mediated by nociceptive-specific primary afferents (Juif et al.,

2013). Our present work provides an additional support for

this idea by selectively activating a circuit leading to release

of OT to the blood (Figure 7). The effect was fully peripheral,

since inhibition of nociceptive messages was completely abol-

ished by the addition of the OTR selective antagonist dOVT in

the blood flow.

Identification of a subpopulation of parvOT neurons projec-

ting collaterals to both the SON and deep layers of the SC

gave rise to the idea that these neurons may exert both a pe-

ripheral and central control by OT which we found to take

place with a dual time course. This was confirmed by optoge-

netically stimulating parvOT PVN axons located either in the

SON or in the SC. This stimulation led to a reduction of WDR

discharges in response to a peripheral noxious stimulation,

which was selective for Ad- and C-type nociceptive fibers.

The effects in deep layers of the SC seemed to be mediated

by the OTR, as we did not find any effects of VP V1a receptor

similar to what has been reported (Qiu et al., 2014). As OT ter-

minals on WDR-like neurons contained VGluT2, we assessed

glutamate (Glu) and OT contribution to the SC-BL effect on

WU intensity. This revealed that both OT and Glu participated

to the inhibition of WU. These results are in accordance with

our in vitro patch-clamp experiment and can be interpreted

by a network effect as OT axons are likely to form en passant

synapses (Knobloch et al., 2012), allowing local (micro)volume-

transmission from release sites (Knobloch and Grinevich,

2014; Grinevich et al., 2016b). The combination of two pro-

cesses can then explain the observed effects: (1) OT acts on

OTR in WDR neurons to inhibit them via Gi intracellular

pathway (Figure 3E) and (2) coreleased Glu either activates

local GABA-interneurons in layers V–VI and around the cc

(Schneider and Lopez, 2002; Deuchars et al., 2005), which,

in turn, inhibits WDR neurons, or binds a mGluR leading to

the direct inhibition of WDR neurons by a Gi/o pathway (Gerber

et al., 2000; Niswender and Conn, 2010).

Surprisingly, evoked spinal OT release by this subpopulation

of parvOT did not modify nociceptive processing by neurons in

superficial layers. This suggested that the OT inhibition of WDR

firing was not induced by OTR activation in superficial layers,

but only in deep dorsal horn layers. This was in agreement

with our anatomical data describing the vast majority of parvOT

neurons projecting to the deep layers. We failed to reveal any

functional contribution of this subpopulation of parvOT projec-

ting to SON and SC in a nerve-induced neuropathic pain, which

may be modulated by OT projections to superficial layers of the

dorsal horn. In contrast, they exerted a tonic inhibitory control

on WU and pain symptoms in the peripheral inflammation.

We speculate that the inflammatory component in pain state
Neuron 89, 1–14, March 16, 2016 ª2016 Elsevier Inc. 11



Figure 7. The Role of the Novel Type of

ParvOT Neurons in Coordinating Central

and Peripheral OT Release to Promote Anal-

gesia

We hypothesize that pain stimulates the identified

subset of parvOT PVN neurons, which simulta-

neously release OT in the SON and SC, exerting

respectively delayed and longer lasting and

immediate and shorter lasting analgesia. The

peripheral analgesic effect of OT is likely mediated

by its action on BBB-free sensory neurons of

the DRG.
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regulates the excitability of this subset of parvOT neurons, as

observed by c-Fos induction in parvOT neurons (data not

shown). Our results indicate that the described subpopulation

of parvOT neurons specifically targets NK1R and OTR positive

neurons located in the deep layers of the SC to exert antinoci-

ceptive action on WDR to promote analgesia.

Described ParvOT Neurons as a NewOT-Ergic Cell Type
Following pioneering works of Swanson and Kuypers (1980),

Sawchenko and Swanson (1982), and Swanson and Sawchenko

(1983), parvOT neurons have been considered as heteroge-

neous cell populations with descending projections to brainstem

and/or SC regions. However, in the present study, we found a

small group of parvOT neurons that forms a pathway distinct

from the classical hypothalamo-neurohypophyseal axonal tract

through the hypothalamus. Although we did not analyze in detail

axonal collaterals of these parvOT cells in other forebrain re-

gions, their existence in the hypothalamus adds a new feature

to parvOT cells. In addition, these neurons simultaneously proj-

ect collaterals to deep layers of the SC, representing a unique

group of specifically located cells, which is likely distinct from

the OT-immunoreactive neurons described by Jójárt et al.

(2009) that massively project axons to the superficial layers of

the SC. Based on the unique connectivity of the identified

parvOT neurons, we speculate that they represent a new type
12 Neuron 89, 1–14, March 16, 2016 ª2016 Elsevier Inc.
of OT neurons, which coordinate central

and peripheral inhibition of nociception

and pain perception, and hence, play a

role in promoting analgesia (Figure 7).

EXPERIMENTAL PROCEDURES

Animals

Anatomical, electrophysiological, optogenetic, and

behavioral studies were performed with Wistar rats

(for details of the experiment see the respective

figure legend). If not mentioned, rats were housed

understandardconditionswith foodandwateravail-

able ad libitum. All experimentswere conducted un-

der licenses and in accordancewith EU regulations.

Viruses

rAAVs (serotype 1/2) carrying conserved regions of

OT and VP promoters and genes of interest in

direct or ‘‘floxed’’ orientations were cloned and

produced as reported previously (Knobloch et al.,
2012). CAV2 equipped with GFP or Cre recombinase was purchased from

the Institute of Molecular Genetics in Montpellier CNRS, France (Bru et al.,

2010)

Neuroanatomy

To trace internuclear connections, rAAVs expressing Venus were injected

into the PVN or SON to follow their axonal projections within the hypothala-

mus. Alternatively, CAV2-Cre was injected into the SON, while Cre-depen-

dent floxed rAAV was injected into the PVN to identify OT PVN neurons

synapsing onto SON neurons.

To trace hypothalamus-SC connections, a CAV2-Cre virus was injected into

the SON and floxed rAAV, into the PVN or CAV2-Cre virus was injected in the

SC, while Cre-dependent rAAV, into the PVN. This allowed us to visualize OT

axon pattern in the SC and to identify projecting PVNOT neurons, respectively.

After transcardial perfusion with 4% paraformaldehyde (PFA), brains and/or

SC were sectioned and stained with antibodies against OT, VP, vGluT2,

GFP, NeuN, NK1R, and OTR. Images for qualitative and quantitative analyses

were taken on confocal microscopes Leica SP2 and SP5.

Electrophysiology Experiments

For in vitro patch-clamp recordings, 4 to 8 weeks after injection of virus in adult

rats, brains were removed, the hypothalamus or lumbar SC was isolated, cut

into 400 mm coronal slices, and kept in artificial cerebrospinal fluid (ACSF:

118 mM NaCl, 25 mM NaHCO3, 10 mM glucose, 2 mM KCl, 2 mM

MgCl2*6H2O, 2 mM CaCl2*2H2O, and 1.2 mM NaH2PO4) saturated 95% di-

oxygen (O2), 5% carbon dioxide (CO2). Visualized neurons were patched with

borosilicate glass pipette (4–9 MU) filled with 140 mM KMeSO4, 10 mM

HEPES, 2 mM MgCl2, 0.1 mM CaCl2, 0.1 mM (1,2-bis(o-aminophenoxy)
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ethane-N,N,N’,N’-tetraacetic acid) (BAPTA), 2 mM ATP Na salt, and 0.3 mM

guanosine triphosphate (GTP) Na salt (pH 7.3), adjusted to 300 mOsm, and

voltage-clamped at �60 mV.

For in vivo extracellular recordings, 4 to 8 weeks after injection of virus, adult

animals were anaesthetized with 4% isoflurane and placed in stereotaxic

frame. Extracellular neuronal activity was recorded using a stainless electrode

with 10 MU impedance (FHC; UE(FK1)).

Behavioral Experiments

Mechanical allodynia wasmeasured using a calibrated forceps (Bioseb). Ther-

mal allodynia/hyperalgesia was measured using the Plantar test using

Hargeaves method (Ugo Basile). Peripheral painful inflammatory sensitization

was obtained by a single unilateral intraplantar injection of CFA (Sigma-

Aldrich, 100 ml in the right paw). Nerve injury-induced neuropathy was induced

using the cuffing method.
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SUPPLEMENTAL TABLES 

 

Table S1 (corresponds to Figure 1 and S1):  

Specific Expression of VP Promoter, Virally Introduced to 

Hypothalamic Nuclei of Naïve and Water Deprived Rats  

 

Animals Comparison SON PVN 
Naïve Rats VP vs Venus 95.46% ± 5.53% 98.9% ±  1.74% 

n=552 n=858 
 Venus vs VP 94.44% ±  3.29%  94.98% ±  3.26% 

n=552 n=858 
Water deprived 
Rats 

VP vs Venus 100% ±  0% 100% ±  0% 
n=1115 n=1169 

 Venus vs VP 99.81% ±  0.56% 99.59% ±  0.52% 
n=1115 n=1169  

 

Quantification of VP-immunopositive neurons infected with rAAV carrying 

VP promoter and Venus. n, absolute number of identified neurons per 

structure and condition. Results are presented as percentage ± SEM.  
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Table S2 (correspond to Figure 1 and S1): 

Quantification of Back-labeled PVN ParvOT Neurons Projecting to the 

SON  

 

Cell 

phenotype 
GFP+ GFP+/OT+ GFP+/OT+/FG+ 

GFP+/OT+/ 

FG- 

n 52.2 ± 18.09 31.5 ± 8.5 3 ± 1 28.5 ± 6.5 

	  

	  	  	  	  	  	  CAV2-GFP+                      OT+                          FG-               GFP+/OT+/FG- 

	  

 

The table shows the number of fluorogold (FG)-containing back-labeled 

PVN parvOT neurons projecting to the SON. n, absolute number of 

identified neurons per structure (6 sections per PVN of each rat, 3 rats). 

Results are presented as Mean ± SEM. 

 

Panel provides an example of a GFP positive (GFP+) back-labeled PVN 

cell, which contains OT immune-signal (OT+), but not Fluorogold (FG-), 

indicating that this is a parvOT neuron. Scale bar represents 10 µm. 
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Table S3 (corresponds to Figures 1-6): 

Experimental Procedures, Number of Animals, Target Structures, 

Viral vectors, Expression time, and Corresponding Figure. 

Field Name of experiment Number of 
rats used Viral vectors Target 

structures 
Expression   

time Fig. 

Anatomy 
Intra-hypothalamic fiber trees 

of OT 
Neurons 

10  
5/nucleus rAAV Otpr_Venus PVN or SON 

unilateral 4 weeks 1 

Anatomy 
Intra-hypothalamic fiber trees 

of AVP 
neurons 

10 
 5/nucleus rAAV_Vppr_Venus PVN or SON 

unilateral 4 weeks S1 

Anatomy Cell type specific expression 
of AVP promoter rAAV 5 

rAAV_Vppr_tdTomato  
and  

rAAV_Otpr_Venus 

PVN and SON 
bilateral 2 weeks S1 

Anatomy Physiological responsiveness 
of AVP promoter rAAV 

6 
3 naïve,  
3 water 
deprived 

rAAV_Vppr_Venus PVN and SON 
bilateral 2 weeks S1 

Anatomy 

Light microscopic 
characterization of PVN OT 

contacts in the SON 
 

10  
5/viral 

approach 

rAAV_Otpr_Venus  
or  

rAAV_Otpr_Syn-EGFP 
PVN bilateral 4 weeks 1 

Anatomy 
Electron microscopic  

characterization of PVN OT 
contacts in the SON 

3 rAAV_Otpr_Venus PVN bilateral 4 weeks 2 

Anatomy 

Retrograde tracing with 
retrobead injection into SON 

and systemic fluorogold 
application 

6 Rhodamin retrobeads 
and Fluorogold 

SON (angled) 
unilateral and 

i.p. 
10 days 3 

Anatomy 

Retrograde CAV-GFP virus 
application for visualization of 

PVN cells projecting to the 
SON 

3 CAV2-GFP SON unilateral 4-5 weeks Table 
S2 

Anatomy 

Retrograde CAV-Cre virus 
application for Cre-dependent 

marker expression in PVN-
SON connecting OT neurons 

to trace fibers into the SC 

4 
CAV2-Cre 

and 
Otpr_DIO_Venus 

SON unilateral 
and 

 PVN bilateral 
4-5 weeks S4 

Anatomy 
Translucent brain with 

unilaterally labeled PVN OT 
neurons and their fiber path 

2 rAAV_OTpr_Venus PVN unilateral 4 weeks S2 

Anatomy 
Injection site size verification 
and virus spread evaluation in 

SON 
10 

CAV2mCherry 
and 

 LV Ef1A 
SON bilateral 2 weeks 3 

Anatomy 

Immunohistochemical 
identification of SC cells, 

found in close proximity to 
spinally projecting OT fibers 

9 
CAV-Cre                   

and  
OTpr_DIO_GFP 

SON bilateral 
and 

PVN bilateral 
4 weeks 4 

Anatomy 

Identification, quantification 
and anatomical description of 
spinally projecting OT PVN 

cells, back-labelled after Cav-
Cre virus delivery into lumbar 

segment of spinal cord 

5 
CAV-Cre                   

and  
OTpr_DIO_GFP 

L4-L5 
unilateral 

and 
PVN bilateral 

 

4 weeks 1 & 3 

Anatomy 

Immunhistochemical 
confirmation of glutamatergic 

nature of 
PVN–SON, and PVN-SC 

mutual synapses 

3 

OTp_iCreW                   
and 
EF1a 

p_DIO_Synaptophysin- 
GFP 

PVN bilateral 2 weeks 3 
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Anatomy 

Detection of c-Fos in NK1R 
and OTR  neurons in parvOT 

neurons after capsaicin 
application  

9 
CAV-Cre                       

and 
OTpr_DIO_GFP 

SON bilateral 
and 

PVN bilateral 
4 weeks 1 

Anatomy 
Detection of NK1R and OTR 

mRNA by in situ 
hybridization  

4 - - 3 weeks 3 

Electrophy. 
(in vivo) 

SON-BL and SC/SON 
recording 9 Otpr_ChR2-mCherry PVN bilateral 4 weeks 1 

Electrophy. 
(in vivo) 

PVN stimulation and 
recording 8 Otpr_ChR2-mCherry PVN bilateral > 8 weeks - 

Electrophy. 
(in vivo) SC-BL with dOVT treatment 11 

CAV2-Cre 
and 

rAAV- CAG-FLEX-
ChR2-mCherry 

SON bilateral 
and 

PVN bilateral 
8-10 weeks 5 

Electrophy. 
(in vivo) 

SC-BL with V1aR antagonist 
treatment 2 

CAV2-Cre 
and 

rAAV- CAG-FLEX-
ChR2-mCherry 

SON bilateral 
and 

PVN bilateral 
> 8 weeks S5 

Electrophy 
(in vivo) 

SC-BL with NBQX + dOVT 
and NBQX treatments 10 

Cav-Cre  
and 

 CAG-DIO-ChR2-
mCherry 

SON bilateral 
and 

PVN bilateral 
> 8 weeks 5 

Electrophy. 
(in vivo) 

SON-BL and SON recording  
with NBQX and dOVT 

infusion in SON 
5 

Cav-Cre  
and 

 CAG-DIO-ChR2-
mCherry 

SON bilateral 
and 

PVN bilateral 
4 weeks S5 

Electrophy 
(in vivo) SC-BL and SP treatments 5 

Cav-Cre  
and 

 CAG-DIO-ChR2-
mCherry 

SON bilateral 
and 

PVN bilateral 
> 8 weeks 3 

Electrophy 
(in vitro) 

Validation of ChR2 approach 
and  electrical differenciation 

of parvOT vs magnOT 
8 OTp- hM4D(Gi)-

mCherry PVN bilateral > 8 weeks S6 

Electrophy 
(in vitro) 

Validation of DREADD 
approach 8 

CAV2-Cre 
and 

OTp-DIO-hM4D(Gi)-
mCherry 

SON bilateral 
and 

PVN bilateral 
> 8 weeks S6 

Electrophy 
(in vitro)  

Direct action of OT on WDR 
neurons 14 - - > 8 weeks 3 

Behavior BL in CFA model 8 

CAV2-Cre 
and 

rAAV- CAG-FLEX-
ChR2-mCherry 

SON bilateral 
and 

PVN bilateral 
4 weeks 6 

Behavior DREADD in CFA model 10 

CAV2-Cre  
and 

OTp-DIO-hM4D(Gi)-
mCherry 

SON bilateral 
and 

PVN bilateral 
4 weeks 6 

Behavior DREADD in cuff model 12 

CAV2-Cre  
and 

OTp-DIO-hM4D(Gi)-
mCherry 

SON bilateral 
and 

PVN bilateral 
4 weeks 6 

Behavior BL in cuff model 10 

CAV2-Cre 
and 

OTp-DIO-CHR2-
mCherry 

SON bilateral 
and 

PVN bilateral 
4 weeks 6 

Neuroendo-
crinology OT content in plasma 5 

CAV2-Cre 
and 

OTp-DIO-CHR2-
mCherry 

SON bilateral 
and 

PVN bilateral 
4 weeks 1 

TOTAL number of rats injected with viruses 224 
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Table S4 (corresponds to Figure 2 and S2): 

Passive and Active Properties of Parvocellular and Magnocellular 

Neurons, as Distinguished by the Presence or Absence of 

Fluorescent Labeling 

 

Quantified electrophysiological characteristics of parvocellular and 

magnocellular OT neurons in the PVN. 

  

Parameter analyzed Parvocellular 
(n=11) 

Magnocellular 
(n=13) 

P value 
(unpaired) 

Membrane potential 
(mV) -56 ± 3 -59 ± 4 0.27 

Input resistance 
(MOhm) 420 ± 65 390 ± 40 0.74 

AP half width  
(ms) 0.49 ± 0.02 0.55 ± 0.06 0.40 

Spike frequency 
 (Hz) 20.4 ± 4.0 11 + 4 0.12 

Spike delay  
 (ms) 33 ± 4 ms 85 ± 19 0.04* 

Rise slope  
(mV/ms) 1.2 ± 0.2 0.5 ± 0.2 0.02* 
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SUPPLEMENTAL FIGURES 
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Figure S1 (corresponds to Figure 1). Cell Type Specific Expression 

and Physiological Responsiveness of VP Promoter rAAV, Projections 

of VP neurons. 

(A) rAAV expressing Venus under the control of a 2.6 kb mouse OT 

promoter and tdTomato under the control of a 1.9 kb mouse VP promoter 

were injected concomitantly into PVN and SON (A1). Counterstaining for 

either OT or VP revealed a striking co-localization of the Venus (green) and 

OT signal (blue; A2 and A3, upper rows) as well as tdTomate (red) and VP 

signal (blue; A2 and A3, lower rows), indicating cell specific expression 

from both rAAVs in PVN and SON (further characterization of OT promoter 

rAAV in Knobloch et al., 2012). Scale bars represent 200 µm in A2 left 

pannel, 100 µm in A3 left pannel and 75 µm in right pannels. 

(B) After two days of water deprivation, the intensity of intrinsic Venus 

fluorescence increased compared to naïve conditions and indicates a 

preserved physiological responsiveness of the short virally delivered VP 

promoter (pictures taken with equal confocal settings). Scale bar represent 

75 µm. 

(C). Injection of AAV, expressing Venus under the control of VP promoter 

(C1) unilaterally in the PVN (C2) or SON (C3). No GFP-containing fibers 

were detected within the SON after PVN injection and vice versa as well as 

fibers were absent in contralateral hemisphere. Scale bars represent 200 

µm in overview images (left panels), 50 µm in enlarged images of individual 

nuclei. 3v – third ventricle; opt – optic tract, SON - supraoptic nucleus. 
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Figure S2 (corresponds to Figure 1). Reconstruction of OT 

Connections Between the PVN and SON. 

(A) Injection of OT promoter-Venus AAV (A1) into the PVN of female (A2) 

and male (A3) rats resulted in the appearance of Venus-positive axonal 

terminals within the SON of rats of both genders. Scale bar: 50 µm. 

(B) The cleared rat brain (female) contains virally-mediated Venus labeling 

unilaterally in OT neurons of the PVN.  Depicted are maximum projections 

of horizontal light sheet recordings of the ventral brain (B1: comprising the 

hypothalamus, B2: comprising the SON, B3: comprising the hypothalamus 

without the PVN). Fiber streaming towards the brainstem and SC are 

prominently labeled. Fine OT fibers, descending from the PVN, are 

recognizable in the SON, a ‘banana-shaped’ area bordering the optic tract 

(indicated in B1 and B2). (B2) Magnification of the dashed region of B1, 

revealing OT fibers stream longitudinal within the SON. (B3) Further 

magnification reveals that OT fibers stream beyond the rostral end of the 

SON to the brain midline (not crossing). There they kink and run ascending 

and caudally along the third ventricle to the PVN (compare to bent arrow in 

B1). The dashed square in B1 indicates the location of magnification B2.  

3v – third ventricle; opt – optic tract, SON - supraoptic nucleus. 
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Figure S3 (corresponds to Figure 2). CAV2-based Labeling of PVN 

Neurons and Efficiency of CAV2 vs. Retrobeads. 

(A) Overview of the PVN with GFP-positive back-labeled neurons after 

injection of CAV2-GFP into the SON. The cells positive for GFP (green, 

arrows, A1) and oxytocin (blue, arrows, A3) are negative for fluorogold (red, 

A2; respective areas are encircled). Overlay of the three channels is in A4. 

3v – third ventricle, scale bar = 100 µm. 

(B) As proof of the method for uptake and traveling of Rhodamine-labeled 

Retrobeads (red), back-labeled neurons in the subfornical organ (B1) and 

nucleus of the solitary tract (B2), known to project to the SON, were 

detected in rats injected into the SON. (B3, B4) GFP-expressing neurons in 

the same brain regions after the injection of CAV2-GFP virus into the SON. 

Scale bars represent 100 µm.  

AP – area postrema, cc – central canal, lv – lateral ventricle, NTS – 

nucleus of the solitary tract, SFO – subfornical organ. 
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Figure S4 (corresponds to Figure 2). Electrophysiological Properties 

of ParvOT vs. MagnOT Neurons.  

Example traces of spiking patterns of five putative parvo, (left column)- and 

magnocellular (right column) neurons following an initial hyperpolarizing 

step followed by depolarizing steps caused by current injections of different 

magnitudes (as shown below the traces). All putative magnocellular 

neurons (characterized by the absence of fluorescence) exhibited the 

typical "hyperpolarizing notch" as indicated by the arrows.  
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Figure S5 (corresponds to Figure 3). Distribution of GFP fibers on 

Coronal Spinal Cord Sections and Verification of Specificity of OTR 

antibodies.  

(A) GFP fibers. (A1) Labeling all OT neurons (including all parvocellular 

neurons) resulted in appearance of OT/GFP axons in both superficial and 

deep layers. However, labeling only a fraction of parvOT neurons (also 
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projecting to the SON; A2) resulted in the appearance of GFP fibers only in 

deep layers. Cell bodies were visualized by NeuN immunostaining (red). 

Scale bar: 250 µm. cc: central canal.  

(B) Specificity of OTR antibodies. (B1) Transfected HEK cells: Mouse OTR 

fused to RLuc was stained with anti-Rluc antibody (Millipore mAb 4400) 

(green; RLuc) and the oxtr-2 antibody (red; OTR); nuclei were stained with 

DAPI (blue). Double staining was observed only in OTR-Rluc expressing 

cells in which plasma mebrane and intracellular compartments were 

labeled. (B2) Brain sections of OTR KO mice: While in pons of WT mice 

(right panel) a population of neurons contains OTR immunosignal (red), in 

KO mice OTR immunoreactivity has not been detected. Cell nuclei were 

stained by DAPI (blue). Scale bars for left up inserts (overview of section) 

is 1000 µm, for right low – 10 µm, and for the central panel – 50 µm. 
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Figure S6 (corresponds to Figure 5). Responses of SC Neurons are 

Independent of Estrous Cycle and VP Receptors.  

(A) Scheme of the experimental setup.  

(B1) ChR2-mCherry expressing axons in the SON. (B2) Presence of the 

ChR2 expressing axons in the deep layers of lumbar segments of the 

spinal cord. Scale bars in B1 and B2 is 100 µm.  
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(C) Basal frequencies of Aβ- (WDR-Aβ), Aδ- (WDR-Aδ) and C- (WDR-C) 

fibers per paw stimulation (1/s) upon stabilized wind-up (n = 31).  

(D) Localization of the WDR neurons recorded for SON-BL and SC-BL 

experiments.  

(E) Comparison of the SC-BL effect on WDR-C discharges regarding the 

estrous cycle (oestrus n = 1, metoestrus n = 4, dioestrus n = 2).  

(F) Effect of SC-BL on superficial layer neurons (n=9).  

(G1) Effect of SON-BL in WDR-Ab and WDR-Ad in non responding WDR 

neuron (gray, n=8), responding WDR neuron (blue, n=10) and in 

responding WDR neuron in presence of dOVT (red; n=6). (G2) Effect of 

SC-BL in WDR-Ab and WDR-Ad in non responding WDR neuron (gray, 

n=7), responding WDR neuron (blue, n=9) and in responding WDR neuron 

in presence of dOVT (red; n=6) or dOVT + NBQX (green; n=6). 

BL – blue light, SON – supraoptic nucleus, SC – spinal cord, WDR – wide 

dynamic range.  
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Figure S7 (corresponds to Figure 6). CNO Inhibits OT Neuron Activity 

in Vitro and In Vivo and Manipulation with ParvOT Neurons After 

Sciatic Nerve Cuffing.  

(A1) Left panel: examples of voltage responses induced by current 

injections in the current clamp configuration, before (black) and during (red) 

CNO (5 min at 20 µM). The protocol used is shown below the traces. Right 
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panel: CNO reduced the mean frequency of spikes induced by current 

injections (+40 pA), green line in protocol on the left, n=8. (A2) Left panel: 

example of current-voltage curve obtained from a 500 ms voltage ramp 

(shown below) from -130 to +25 mV, before (black) and during CNO (5 min 

at 20 µM, red). Right panel: CNO increased the inward current (upper 

graph) measured at -125 mV (dashed line) during the voltage ramps and 

decreased the input resistance (lower graph) calculated from responses to 

hyperpolarizing voltage steps; n = 16, * p <0.05, ** p < 0.01, Student’s 

paired t-test. Data represented as mean ± SEM.   

(B1) BL-induced OT neuron firing increases from basal rate of 1-3 Hz to 20 

Hz in vivo. CNO (i.p. 3 mg/kg) gradually decreased basal and BL-evoked 

activity of the same OT neuron at 5 (B2), 10 (B3) and 30 (B4) min after the 

injection.  

(C1) Scheme of the experimental procedure for behavioral assessment of 

parvOT role in neuropathic pain model (cuff). (C2) Mechanical thresholds 

of the cuffed hindpaw two weeks after surgery. Effect of PVN-BL was 

measured 5 min, 1h and 3h after PVN-BL (n = 10; left pannel). Effect of 

CNO (3 i.p. mg/kg) was measured 45 min, 2h and 4h after i.p. injection and 

its 24 h washout (n = 12; right pannel). (C3) Mechanical thresholds of the 

contralateral hindpaw two weeks after surgery. Blue squares represent 20 

s at 30 Hz with 10 ms pulses of BL stimulation. 
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SUPPLEMENTAL EXPERIMENTAL PROCEDURES 

 

Animals 

Anatomical, electrophysiological, optogenetic and behavioral studies were 

performed with adult female Wistar rats except for the adult male Wistar rats in 

Figure S1 (for details of the experiment see the respective figure legend). Rats 

were housed under standard conditions with food and water available ad 

libitum (except for the water deprivation paradigm in Figure 1B; S1B and S1C) 

and maintained on a 12-hour light/dark cycle in accordance with EU rules. In 

total, we used 224 rats as described in Table S3.  

 

Cloning of rAAV Vectors 

The generation of rAAVs with specific expression in OT-cells is described in 

our previous work (Knobloch et al., 2012). Briefly, the conserved promoter 

region of 2.6 kb was chosen using the software BLAT from UCSC 

(http://genome.ucsc.edu/cgi-bin/hgBlat), was amplified from BAC clone RP24-

388N9 (RPCI-24 Mouse, BACPAC Resources, CHORI, California, USA) and 

was subcloned into an rAAV2 backbone carrying an Ampicillin-resistance. 

Genes of interest introduced to the plasmid in floxed and unfloxed version are 

Venus, Channelrhodopsin2-mCherry, Synaptophysin-EGFP, and hM4Di. The 

rAAV vector that carries a conserved VP promoter sequence was designed in 

a similar way. It comprises a 1.9 kb sequence stretch (revealed by BLAT) that 

allows for cell-specific expression in hypothalamic VP neurons. As a gene of 

interest, Venus or tdTomato were introduced to the plasmid. 
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Production of Viruses 

Production of chimeric virions (recombinant Adeno-associated virus 1/2; rAAV 

1/2) was described in Knobloch et al., 2012. Briefly, human embryonic kidney 

cells 293 (AAV293; Agilent #240073) were calcium phosphate-transfected with 

the recombinant AAV2 plasmid and a 3-helper system (During et al., 2003). 

rAAV genomic titers were determined with QuickTiter AAV Quantitation Kit 

(Cell Biolabs, Inc., San Diego, California, USA) and are ~1013 genomic copies 

per ml for all rAAV vectors used in this study. Canine Adeno Virus (CAV) 

serotype 2 (Bru et al., 2010; titer 2.5x1012 particles /ml) carrying the gene for 

Cre-recombinase (CAV2-Cre) was purchased from Institut de Génétique 

Moléculaire de Montpellier CNRS UMR 5535.   

 

Stereotaxic Injections 

Intrahypothalamic stereotaxic injections were performed as described 

(Grinevich et al., 2015) and coordinates were chosen in accordance to the rat 

brain atlas (Paxinos and Watson, 1998) for PVN (X axis: +/-0.4 mm; Y axis:  -

1.8 mm; Z axis: -8.0 mm) and SON (X: +/- 1.6 mm; Y: -1.4 mm; Z; -9.0 mm). 

Conducting the 15°-angled beads injections into the SON under rotation of the 

stereotax arm changed the coordinates accordingly (right hemisphere: X -4.44 

mm; Y -1.3 mm; Z -8.48 mm). The injected volume for all viruses (rAAV and 

CAV2) was 300 nl (undiluted). Rhodamine conjugated Retrobeads (Lumafluor 

Inc., Durham, NC, USA; Katz et al., 1984) were diluted 1:1 with 1x PBS and 

injected in a 75 nl volume. 
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Injection into the spinal cord. Animals have been ainjected unilaterally by 

Cav2-Cre virus into SC lumbar segment (L4 or L5 spines). The same 

animal received injection of Cre-dependent EGFP expressing virus was 

bilaterally to the rat PVN. The tip of injection pipette for SC injection was 

lowered at the stereotaxic coordinates used in our vivo recording 

experiments. To localize the Cav2-Cre injection site in SC we co-injected 

virus with a low volume of latex retrobeads, which formed a dense 

fluorescent beads in the injection site. 

 

Fluorescence Immunohistochemistry 

After transcardial perfusion with 1x PBS and 4% PFA, rat brains and SC 

were vibratome sectioned (50 µm) and stained with combinations of 

various primary antibodies against GFP (detects Venus; Abcam; ab 13970 

chicken; 1:10.000), OT- and VP-Neurophysin (1:300; mouse; provided by 

Harold Gainer; Ben-Barak et al., 1985), NeuN (Chemicon; MAB377 mouse; 

1:1000), VGluT2 (Synaptic Systems; 135403 rabbit. 1:5000), dsRed 

(detects tdTomato; Clontech; 632496 rabbit; 1:1000); Fluorogold (Millipore; 

AB153 rabbit; 1:3000),  Cre (1:1000; rabbit; provided by Prof. Günther 

Schütz, DKFZ), and c-Fos (Santa-Cruz, 1:1000; rabbit). To label spinal 

cord neurons for OT or NK1 receptors rabbit polyclonal antibodies against 

oxytocin receptor (OTR, 1:1000; from Dr. Robert C. Froemke lab) and 

NK1R (ThermoFisher, Temecula, 1: 5000) were used.  

 

The signals were visualized with the following secondary antibodies, FITC-

conjugated, CY3-conjugated or CY5-conjugated antibodies (Jackson Immuno-
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Research Laboratories, Inc.; 1:500) or Alexa 350 and 594 (Invitrogen; 1:500 or 

1:200, respectively). All images were acquired on a Zeiss Axio Imager M1 light 

or a Leica TCS SP5 confocal laser scanning microscope. Digitized images 

were analyzed using Fiji (NIMH, Bethesda, MD, USA) and Adobe Photoshop 

CS5 (Adobe, Mountain View, CA).  

 

Degree of VGluT2 and EGFP-colocalization in the varicosities of spinally 

projecting PVN axons was assessed by counting EGFP-immunoreactive 

(ir) varicosities within the area of 400 square µm ca. 500 µm lateral to the 

central canal of SC (3 rats, 3 planes for each, 680±72 puncta per animal). 

Vast majority of EGFP-ir punctae  (89 ±	 7,4 %) were positive for VGluT2. 

 

Specificity of immunostaining with antibodies against OXTR 

Cell cultures, cDNA constructs, transfections and immunofluorescent 

staining 

HEK293T cells were maintained in Dulbecco Modified Eagle’s Medium 

(DMEM) supplemented with 10% Fetal Bovine Serum, 200 U/ml penicillin, 

200 mg/ml streptomycin, 2 mM L-glutamine (all purchased from Sigma). 

Cells were transiently transfected with cDNAs encoding for the mouse WT-

OTR tagged at its N-terminus with RLuc  (cloned into the pRLuc Perkin 

Elmer vector) and with the human WT-OTR tagged at its C-terminus with 

EGFP (cloned into the pEGFP Clonetech vector). Cells were seeded in 6-

weel plates on glass coverslips (6 x 105 cells/cover slip), allowed to attach 

for 24 hours and then transfected with Turbofect (ThermoScientific). 48 

hours after transfection cells were fixed for 20 minutes at room temperature 
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with 4% (w/v) paraformaldehyde and immediately processed for 

immunofluorescence. 

 

For immunofluorescence, transfected cells were incubated with the 29300 

antibody (Oxtr2; Froemle lab) diluted 1:100  in GDB buffer (20 mM sodium 

phosphate buffer, pH 7.4, 450 mM NaCl, 2% (w/v) gelatine, 10% (v/v) 

Triton X-100) + 0.2% (w/v) BSA, for 2.30 h at room temperature. The 

samples were then incubated for 1 h with secondary antibodies in GDB 

buffer (Alexa 488 goat anti-mouse and Alexa 555 goat anti rabbit from 

Molecular Probes). Glass cover slips were mounted on glass slides with 

Mowiol and analyzed under a confocal microscope LSM 510 Meta (Zeiss). 

 

Staining with OTR in the brainstem of WT and OTR KO mice  

Anesthetized animal with 1.5:0.5 mixture of ketamine-xylazine, were 

perfused with heparin-PBS until blood is flushed and perfuse for 10 min at 

room temperature (about 45 ml per mouse) with 4% paraformaldehyde 

(PFA) – PBS. After extractions of brains, they were postfixed for 2 hours-

overnight at 4°C in 4% PFA and dehydrated in 30% sucrose for 18 – 24 

hours at 4°C. Cryosections (thickness is 16 µm ) were collected on 

SuperFrost Plus glass slides and stored at -800C until immunostaining 

sprocedure. Briefly, sections were incubated PBS containing 0.2% v/v 

Triton X-100 and 5% v/v normal donkey serum and incubated with oxtr2 

antibodies (dilution is 1:200) in 1% BSA on PBS for 24-48 h at 4C. Then 

sections were washed with PBS and incubated 1-2 h at RT with secondary 

Alexa–conjugated antibodies (dilution is 1:500). Finally, after washing in 
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PBS sections were stained with DAPI/Hoechst solution and coverslipped 

with Fluoromount.  

  

Alignment of antibodies sequences with sequences of mouse and rat 

OXTR 

Due to the fact that antibodies were generated against mouse OTR and the 

subject of our study was a rat, we compared sequences of two antibodies, 

oxtr1 (an N-terminal portion of the OTR; used in cell cultures) and oxtr2 

(part of the 3rd intracellular loop of the OTR; used for staining in brain 

sections of mice and rats) with the rat OTR. Generation and initial testing of 

the antibodies has been described in Marlin et al., 2015. 

 

The alignment of the OTR mouse and rat sequences and labelled in bold our target 

sequence for the antibodies against oxtr1 and oxtr 2 in the mouse sequence. Aminoacids 

with a * underneath are the same between the mouse and rat oxtr. 
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As can be seen, oxtr 1 has 22/25 aminoacids overlap (88%) between 

mouse and rat, and oxtr 2 has 27/28 overlap (96%). The proteins seem 

overall very similar with only 9 different aminoacids out of 388, and most of 

the changes conserve the main characteristic (polar/charged vs. 

hydrophobic).  

 

In situ Hybridization  

In situ hybridization (ISH) was performed on 25-µm cryostat-cut coronal 

sections prepared from fresh-frozen mouse lumbar spinal cord L4/5 (male 

C57BL/6J, 19-20 weeks). Spinal cords were flushed out with PBS using a 

23G needle and a 30 ml syringe, immediately frozen in Tissue-Tek O.C.T. 

compound and stored at -80 degrees Celsius. ISH was performed 

according to the manufacturer’s instructions (Advanced Cell Diagnostics) 

for Fresh Frozen RNAscope Multiplex Fluorescent Assay. Spinal cord 

sections were (treated with positive and negative controls) and 

then examined for coexpression of OTR and NK1R using ACD designed 

target probes for OTR, NK1R and vGluT1/2/3, as well as the nuclear stain 

DAPI.  Z-stacks were collected across a depth of 2 µm at 1 µm steps with 

an upright laser scanning microscope (LSM-710, Carl Zeiss) using a 63x-

objective and keeping acquisition parameters constant. 

 

Characterization of Cell Type Specificity and Physiological 

Responsiveness of the Virally-Delivered VP Promoter 

The specificity of marker expression in VP neurons infected by VP 

promoter rAAVs was analyzed for PVN and SON separately. Injection of 
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300 nl rAAV mix per hypothalamic nucleus (titer VP virus: 5.8 x 1013 

genomic copies/ml) resulted after two week expression in a confined 

appearance of tdTomato signal (red) exclusively in Vasopressin neurons 

(elaborated by counterstaining for VP in blue; merged color turquoise; 

Figure S1A) and Venus signal (green) exclusively in OT neurons (blue; 

merged color magenta; Figure S1A). A subsequent quantification of the 

expression specificity (performed with the brighter marker Venus; viral titer 

2.7 x 1013 genomic copies/ml) was performed in three naïve and three 

physiologically stimulated (two days water deprived) male rats (Table S1). 

Per rat and nucleus, Venus and VP positive neurons were counted (after 

immunohistochemical staining) on three sections of different rostro-caudal 

localization (Bregma levels PVN: -1.5, -1.8, -2.0 mm; SON: -1.1, -1.4, -1.7 

mm). Results were calculated as percentage ± SEM. Preserved 

physiological responsiveness was assessed after two days water 

deprivation at the end of the two-week expression period. Expression 

differences are visualized as intensity differences of the intrinsic 

fluorescence at equal Bregma levels taken as single layer confocal 

microscopy pictures with identical microscope settings (Figure S1B). 

 

Translucent Brain Sample Preparation and Imaging 

Rats were injected unilaterally into the PVN with rAAV OT promoter-Venus 

and perfused four weeks later with 1x PBS and 4% PFA, followed by 15 

hours postfixation in 4% PFA/PBS. Dehydration and optical clearing was 

performed at 30°C with increasing concentrations of tert-butanol in water 

(30%, 50%, 70%, 80%, 96%, 100%,100%; v/v, two days each step) 
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followed by incubation in clearing solution (BABB: 1 vol. benzyl alcohol + 2 

vol. benzyl benzoate; cf. (Dodt et al., 2007)), for one week, with the pH of 

dehydration and clearing solutions adjusted to 9.5 with triethylamine 

(Schwarz et al., 2015). Venus fluorescence (excitation: 514 nm; detection: 

520-550 nm) was recorded from the uncut translucent brain on a custom-

built light sheet microscope controlled by custom acquisition software 

based on Labview 8.6 (Schwarz et al., manuscript submitted) as xy 

mosaics of z stacks (xyz voxel size: 1.613 x 1.613 x 3.226 microns). 

Individual image planes were saved as 16bit TIFF files. Mosaic tiles were 

stitched with a plugin written for ImageJ/Fiji (Niedworok et al., 2012; 

www.fiji.sc). For analysis of PVN-SON connectivity, a gamma function 

(gamma=0.125) was applied to the resulting data stacks to enhance dim 

signals, followed by conversion to 8bit TIFF format: After another 

conversion to Knossos cube format, axons were traced with Knossos 

software (Helmstaedter et al., 2011). 

 

Electron Microscopy 

Rats were perfused transcardially with 4% PFA in phosphate buffer 

containing 0.05% glutaraldehyde at pH7. The 50 µm coronal brain sections 

containing the SON were incubated with rabbit polyclonal anti-GFP 

antibodies (Molecular Probes; 1:5000). The GFP signals were visualized 

using the standard avidin-biotin complex (ABC) protocol and DAB 

chromogen. Sections were further intensified by silver-gold in accordance 

with Liposits and colleagues (1986). 
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Fluorogold 

Rats received an i.p. injection of 4% Fluorogold in 0.9% NaCl (20 mg/kg 

body weight) to label all neuroendocrine cells protruding beyond the blood-

brain-barrier (most importantly, magnOT neurons). Ten days later, rat 

brains were transcardially perfused, sectioned and stained as described 

above. The Fluorogold (own emission: 530-600 nm upon UV excitation) 

was visualized with Alexa 350 (Invitrogen; 1:500) to shift the detectable 

emission to ~440 nm (microscope requirement). 

 

Counting of ParvOT Neurons Projecting to the SON  

Three weeks after injection of CAV2-GFP virus into the SON, the total 

number of GFP-positive neurons within the PVN was counted in six 

sections (section thickness 50 µm), containing the entire PVN in three rats. 

Another three rats received i.p. injection of Fluorogold (FG, see above) 

three weeks after injection of CAV2-GFP virus and were killed three weeks 

later. Three sections containing rostral, middle and caudal part of the PVN 

were stained for GFP, OT and FG and the total number of GFP+/OT-, 

GFP+/OT+, GFP+/OT+/FG- and GFP+/OT+/FG- was counted (see Table S2). 

In similar manner we counted the number of back labeled OT neurons, 

using CAV2-Cre virus injection in the SON and Cre-dependent rAAV, 

expressing GFP under the control of OT promoter in the PVN. Using 

combination of two viruses we achieve expression of GFP exclusively in 

OT PVN neurons. 

  

Surgical Procedure for Catheter and Optic Fiber Implantations 
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Implantation of catheters in the jugular vein was performed under 

isoflurane anesthesia (2% in pure oxygen at a flow rate of 1 l/min). The 

jugular vein was exposed and a small incision was made in the vessel with 

iridectomy scissors. The catheter (PE50, Warner Instruments, Hamden, 

USA), filled with saline and soaked at the tip in heparin (Heparin-Natrium 

Braun, 10.000 IU/ml), was inserted into the vein and ligated to the vessel. 

The wounds were loosely closed with a suture (Silkam 4-0, Unodis, 

Haguenau, France).  

 

For in vivo behavioral experiments, we used a blue laser (λ 473nm, output 

of 100 mW/mm², DreamLasers, Shanghai, China) coupled with optical 

fibers (BFL37-200-CUSTOM, EndA=FC/PC, and EndB=Ceramic Ferrule; 

ThorLabs, Newton, New Jersey; final light intensity ~ 10 mW/mm², 30 Hz, 

10 ms pulses, 20 s duration), which were connected to a chronically 

implanted optic fiber to target the PVN (CFMC12L10, Thorlabs). Optic 

fibers were chronically implanted under isoflurane anesthesia (4% 

induction, 2% maintenance) at stereotaxic positions of -1.8 mm antero-

posterior and 3 mm lateral from Bregma with a 21° angle to avoid previous 

injection scars and were stabilized with dental cement. This should lead to 

a specific stimulation of the PVN, as prevalent measurements with blue 

laser stimulations in rodent brain have shown that the blue light of the laser 

does not penetrate the tissue further than 500 µm (Yizhar et al., 2011). 

 

OT blood concentration  
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For measurement of OT concentrations, blood samples were obtained 

using a catheter in the femoral artery implanted under isoflurane 

anesthesia. The femoral artery was exposed, and a small incision was 

made with iridectomy scissors. The catheter (PE50, Warner Instruments, 

Hamden, USA) filled with saline and soaked at the tip with heparin was 

inserted into the artery and ligated to the vessel. A first sample of around 

500 µl of blood was made before the BL stimulation. Then BL was applied 

for 20 seconds. Three other blood samples were made:  just after BL 

stimulation, 2 min and 30 min after BL stimulation. Blood samples were 

centrifugated at 4°C, 3000 rpm for 15 min, the plasma was collected and 

stored at -80°C.  

 

Plasma preparation for LC-MS/MS analysis 

5,76 pmole of D5-oxytocine internal standard was added to 50 µl of lithium 

heparin plasma.  Plasma was acidified up to 1 % H3PO4 (v/v) in a final 

volum of 400 µ l and was centrifuged (14,000 x g, 5min). The resulting 

supernatant was collected prior to solid phase extraction (SPE). SPE 

procedure was performed with a positive pressure manifold (Thermo 

Electron). OASIS HLB SPE-cartridges (1 cc, 30 mg, Waters, Guyancourt 

France) first activated with 1 ml of acetonitrile (ACN) and then washed with 

1 ml of H2O 99 % / H3PO4 1 % (v/v). The sample was loaded and the SPE-

cartridge was washed with 1 ml of H2O 99 % / H3PO4 1 %. After a 2 ml 

wash with H2O/formic acid 0.1 % (v/v) and with 1 ml  of ACN 5 % / H2O 

94.1 % / formic acid 0.1 % (v/v/v), elution was performed with 500 µl of 
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acetonitrile 60% / H2O 40% (v/v). Eluates were collected and dried under 

vacuum prior to mass-spectrometry (MS) analysis (see below).  

 

LC-MS/MS instrumentation and analytical conditions - LC-analyses were 

used to determine the presence of oxytocin in the selected reaction 

monitoring mode (SRM). Analyses were performed on a Dionex Ultimate 

3000 HPLC system (Thermo Scientific, San Jose, CA, USA) coupled with a 

triple quadrupole Endura (Thermo Scientific). The system was controlled by 

Xcalibur v. 2.0 software (Thermo Scientific). 

Extracted plasma samples were solubilised in 100 µl of H2O/formic acid 

0.1 % (v/v) and 20 µl of the solution were loaded into an Accucore RP-MS 

column (ref 17626-102130; 100 x 2.1 mm 2.6 µm, Thermo Electron) heated 

at 35 °C. Oxytocin and D5-oxytocin elutions were performed by applying 

linear gradient of buffers A/B. Buffer A corresponded to H2O 99.9 % / 

formic acid 0.1 % (v/v), whereas buffer B was ACN 99.9 % / formic acid 

0.1 % (v/v). A linear gradient of 20 % - 95 % of solvent B at 400 µL / min 

over 2.5 min was applied followed by a washing step (0.5 min at 85 % of 

solvent B) and an equilibration step (1 min of 20 % of buffer B). 

 

Qualitative analysis and quantification were performed in SRM using an 

Endura triple quadrupole mass spectrometer and deuterated internal 

standards. For ionization, 3500 V of liquid junction voltage and 292 °C 

capillary temperature were applied. The selectivity for both Q1 and Q3 was 

set to 0.7 Da (FWHM). The collision gas pressure of Q2 was set at 2 mTorr 

of argon. For oxytocin and D5-oxytocin, the selection of the monitored 
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transitions and the optimization of the collision energy were preliminary and 

manually determined. The transitions and the corresponding collision 

energies (CE) used for SRM were the following: m/z 504.3 → m/z 86.3 (CE 

= 39 eV), m/z 504.3 → m/z 285.2 (CE = 30 eV) for oxytocin with 2 charges, 

and m/z 506.7 → m/z 86.4 (CE= 32 eV), m/z 506.7 → m/z 290.3 (CE= 26 

eV) for D5-oxytocin (with 2 charges). Identification of the compounds was 

based on precursor ion (with 2 charges), selective fragment ions and 

retention times obtained for oxytocin and D5-oxytocin internal standard. 

Quantification of oxytocin was done using the ratio of daughter ions 

response areas of the D5-oxytocin. 

 

Determination of the Phase of Estrous Cycle 

To test if the estrous cycle could modify the answer of WDR neurons to BL, 

we analyzed the estrous phase by using vaginal smear cytology 

(Marcondes et al., 2002). At the end of the in vivo recording experiment, a 

micropipette filled with 100 µL of saline solution (NaCl 0.9%) was placed in 

the rat vagina. Cells were removed and dissociated by pipetting up and 

down for at least three times. A drop of the smear was placed on a glass 

slide and observed by a light microscope with a 40x or a 100x objective 

lens. Estrous phase was determined based on the proportion of leukocytes, 

nucleated epithelial cells and anucleate cornified cells.   

 

Pharmacological inactivation of OT neurons: Verification of the DREADD 

technique 

In vitro electrophysiological recording  
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To test effects of CNO in vitro, we used rats that had been infected with a 

combination of CAV2-Cre (SON) and Cre-dependent virus, expressing 

hM4Di under the control of OT promoter. 6-8 weeks after infection coronal 

slices were prepared from the paraventricular nucleus and fluorescent 

neurons (indicative of the expression of the virus) were selected for whole-

cell patch-clamp recordings. After establishing the clamp, neurons were 

either recorded in current or voltage clamp mode.  

 

In current clamp mode, cells were subjected to a hyperpolarizing current 

injection (bringing the membrane potential close to -100 mV), followed by 

progressively more depolarizing current injections (see Figure 2B1) which 

triggered changes in membrane potential characteristic of parvocellular 

neurons (as shown previously in Figure 2) and causing progressively more 

action potentials. Application of CNO led to a decrease in input resistance 

as a result of the opening of inward rectifying potassium channel leading to 

a decrease in number of action potentials (see example traces in  left part 

figure S7A1, before CNO in black, during CNO in red). To quantify the 

effects of CNO, the number of action potentials were counted at one 

specific current injection (shown in green) and averaged over several 

neurons, plotted in the right part of figure S7. 

 

In voltage clamp mode, cells were subjected to a 500 ms voltage ramps 

starting from -125 going up to +25 mV. The voltage ramp and an example 

of the resultant current are plotted in figure S7A2 (left part, resp lower and 
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upper panels). As can be observed, application of CNO caused an 

increase in the ramp evoked current (in red) both at negative and positive 

potential, indicating the opening of inward rectifying potassium channels. 

The currents and changes in membrane resistance averaged over several 

neurons are plotted in the right parts of figure S7A2 (resp. upper and lower 

panels).  

 

Taken together, these experiments show the inhibitory effects of CNO 

application on the excitability of virus-infected neurons as a result of the 

activation of inward rectifying potassium channels. 

 

 

In vivo optoelectrode recording  

Animals were anesthetized in stereotaxic frame by 1.5% isofluran mixed with 

oxygen and NO2. A mixture of AAVs, carrying either ChR2 or hM4Di driven by 

the OT promoter was unilaterally injected into the PVN. (Begma -1.8 Lateral -

0.3 Deep 8.0). Six screws (two with ground wires) were drilled into 

skull around the injection site together with dental cement (Tetric Evoflow) 

were used to ankle the base for electrode implantation. After this procedure, 

electrodes with assembled optic fiber implanted 0.5 mm above the PVN. After 

2 week recovery the tetrodes were gradually lowered into the PVN under laser 

stimulation (100 Hz, 5 ms, 10 sys, 40 mW) until an OT neuron was identified 

by PSTH. CNO (1mg/kg) was injected i.p. and recording of OT cells was 

continued during 30 min.  
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Eight custome made nickel tetrodes were arranged in order, surrounded by 

the optic fiber (Thor Lab, Φ200um) and assembled in the 32-channel 

microdrive. Tetrodes impedance was measured between 0.3mΩ-0.5mΩ 

before the surgery. Data acquire system was built on OpenEphys Acquisition 

board (v2.2), head stage connected with 32-channel preamplifier and Ultra 

thin SPI cable (Intan Tech) with sampling rate at 30k Hz, low-pass filter set to 

600 Hz, high-pass filter 6000 Hz in OpenEphys GUI. Laser stimulation was 

triggered by waveform generator 33220A (Keysight Tech) and Laser generator 

BL473T5-200FC (Shanghai Laser & Optics Century Co., Ltd); wave length 

473nm, output power 245mW, which together generate 450 nm blue light 

stimulation at programed pattern.  Additional I/O board allows synchronized 

digital signal of optogenetic stimulation in data acquire board. Data analysis: 

OpenEphys GUI 0.3.5 is used in online data analyse. Matlab, Simpleclust 0.5, 

and Neuroexplorer 3.2 are used in offline data sorting and analyses.  

 

In vitro Electrophysiology  

Slice Preparation. Four-to-eight weeks after injection of virus in adult rats, 

brains were removed, the hypothalamus or lumbar spinal cord was isolated, 

cut into 400 µm coronal slices, and kept in artificial cerebrospinal fluid (ACSF, 

consisting of 118 mM NaCl, 25 mM NaHCO3, 10 mM glucose, 2 mM KCl, 2 

mM MgCl2*6H2O, 2 mM CaCl2*2H2O, 1.2 mM NaH2PO4) saturated with 

oxycarbon gas (95%O2, 5%CO2). Fluorescent cells were identified by 

fluorescence microscopy in combination with oblique illuminated infrared video 

microscopy. 
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Electrophysiological Recordings. Whole-cell patch-clamp recordings were 

visually guided by infrared oblique light videomicroscopy (DM-LFS; Leica), 

using 4–9 MΩ borosilicate pipettes filled with 140 mM KMeSO4, 10 mM 

HEPES, 2 mM MgCl2, 0.1 mM CaCl2, 0.1 mM BAPTA, 2 mM ATP Na salt, 0.3 

mM GTP Na salt (pH 7.3), adjusted to 300 mOsm, and amplified with an 

Axopatch 200B (Axon Instruments). Data were lowpass filtered at 5 kHz with 

the amplifier and sampled at 10 kHz using pClamp 10 data-acquisition and 

analysis software (Axon Instruments). The liquid junction potential (12 mV) 

was corrected for according to Neher (1992). 

 

Spinal cord recording and WDR depolarization protocol. Lamina V-VI and 

around the central canal putative WDR neurons were recorded based on the 

visualization of their large body size (~30µm) and further electrophysiologically 

identified through their increasing firing rate with the intensity of stimulation. In 

current-clamp mode, the membrane potential was adjusted at -60mV. Firing 

profiles were then characterized using current step injections (from -80 to 

200pA, 10pA increments for 900ms, repeated every 20s). This 

characterization was performed 5-10min after the beginning of the recording in 

order to ensure stable recordings and optimal dialysis of the intracellular 

compartment. To investigate the possible role of washout on cell firing 

properties, some neurons were recorded for more than an hour and no 

significant changes in the firing profiles (spike frequency and spike amplitude), 

passive membrane properties and resting membrane potential were noted 

indicating that the intracellular dialysis with our experimental intracellular 

solution had no effect on the passive and active membrane properties of deep 
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laminae neurons (not shown). Neurons were kept for analysis only if they 

displayed stable resting membrane potentials more negative than -50mV and 

proper spike overshoots (>15mV). 

 

Hypothalamus recording and electorphysiological identification of parvOT vs 

magnOT. In order to distinguish between the parvocellular and the 

magnocellular neurons from the PVN we used a current step protocol which 

has been previously shown to reliably allow identification of this type of cells. 

Initially described by Tasker and Dudek (Tasker and Dudek, 1991), this 

method has been used in several other studies in order to allow discrimination 

between parvocellular and the magnocellular neurons (Brisson et al., 2013; 

Chu et al., 2013; Luther and Tasker, 2000; Yuill et al., 2007). Passive and 

active electrophysiological parameters of neurons were analyzed using 

Clampfit 10.0 (Axon Instruments, USA). The "rise slope" was analyzed using 

the same fraction of the trace as for the spike delay, that is, from the start of 

the depolarizing step until the beginning of the first action potential. 

  

 

In vivo Electrophysiology  

 

Single-unit Extracellular Recording of Dorsal Horn Spinal Neurons in vivo 

Adult Wistar rats were anesthetized with 4% isoflurane in pure oxygen and a 

laminectomy was performed to expose the L4-L5 SC segments. During the 

procedure, the isoflurane level was reduced to 2%. The animal was then 

placed in a stereotaxic frame with the L4-L5 region being held by two clamps 
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placed on the apophysis of the rostral and caudal intact vertebras. The dura 

mater was removed and the SC covered with a thin oil layer. To record wide-

dynamic-range neurons (WDR), a stainless electrode (FHC, USA; UE(FK1)) 

was lowered into the medial part of the dorsal horn of the SC, at a depth of 

around 500 -1100 µm from the dorsal surface (see Figure S8 for localization of 

recorded WDR). We recorded WDR neurons of lamina V, receiving both non-

noxious and noxious information from the ipsilateral hind paw. A few 

superficial layers (I-II) neurons were also recorded (Figure S8F). Voltage 

changes were amplified and filtered (low 300 Hz, High 3000 Hz) by a DAM-80 

differential amplifier (WPI, Aston, UK). Recordings were analyzed using the 

spike 2 software, collecting data through a CED 1404 analog-to-digital 

interface (CED, Cambridge, UK). The stimulating thresholds to evoke action 

potential, resulting from the stimulation of the peripheral receptive fields on the 

rat hindpaw, were attributed to the recruitment of A- and C- type sensory fibers 

based on their latency from the stimulus artifact as follows: Aβ- 20 ms, Aδ- 20-

90 ms, C- 90-300 ms and post discharge 300-800 ms.  

 

Single-unit Extracellular Recording of PVN Neurons in vivo 

Adult Wistar rats were anaesthetized with 4% isoflurane and the animal was 

placed in a stereotaxic frame. During the procedure, the isoflurane level was 

reduced to 2%. Then a stainless steel electrode coupled with an optical fiber 

was inserted into the PVN in order to stimulate parvOT neurons expressing 

ChR2 and record their activity. Hardware and software were the same as 

previously mentioned. To confirm that the activation of SON neurons was OTR 
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related, we stereotaxically infused 0.5 µl / 2 min of dOVT 1 µM, or NBQX 1 µM 

directly in the SON and repeated the recording session. 

 

Wind-up Protocol 

We measured the WDR action potential firing responses induced by a 

stimulation of the hindpaw inducing a short-term plasticity named Wind-up (1 

ms pulse duration, frequency 1 Hz, intensity corresponding to 3 times the C- 

fiber threshold). Wind-up (WU) is a property of WDR neurons, which answer 

by an increased firing when they are stimulated repeatedly at specific 

intensities and frequencies (Mendell and Wall, 1965; Schouenborg, 1984). As 

WU is dependent on C-fiber activation, it can be used as a tool to assess 

nociceptive information in the SC and OT antinociceptive properties. 

 

Nociceptive Behavioral Tests 

Mechanical Allodynia 

In all experiments, we used a calibrated forceps (Bioseb, Chaville, France) 

previously developed in our laboratory to test the animal mechanical sensitivity  

(Luis-Delgado et al. 2006). Briefly, the habituated rat was loosely restrained 

with a towel masking the eyes in order to limit stress by environmental 

stimulations. The tips of the forceps were placed at each side of the paw and a 

graduate force is applied. The pressure producing a withdrawal of the paw, or 

in some rare cases vocalization, corresponded to the nociceptive threshold 

value. This manipulation was performed three times for each hind paw and the 

values were averaged.  
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Thermal Allodynia/Hyperalgesia 

To reveal the animals’ heat sensitivity, we used the Plantar test using the 

Hargreaves method (Ugo Basile, Comerio, Italy). We compared the response 

of each hindpaw (Hargreaves et al. 1988) when testing healthy animals and 

animals having received unilateral intraplantar CFA injection (Sigma-Aldrich, 

100 µl in the right hindpaw). Exposed to a radiant heat, the latency time of paw 

withdrawal was measured three times per hind paw and the values were 

averaged.  

 

Optic Stimulation of OT Neurons 

For optic stimulation of OT release at fibers descending parvOT PVN cells, 

ChR2 was expressed from Cre-dependent rAAV (CAG-DIO-ChR2-mCherry; 

obtained from Deisseroth Lab). Cre was retrogradely transported to respective 

PVN neurons from the CAV2-Cre injected SON site. Optical stimulation was 

provided using a blue laser (λ 473 nm, output of 100 mW/mm², DreamLasers, 

Shanghai, China) coupled with optical fibers (BFL37-200-CUSTOM, EndA = 

FC/PC, and EndB = Flat cleave; ThorLabs, Newton, New Jersey) to activate 

ChR2-containing neurons at the level of SON, SC or the PVN as described 

below. 

 

For the SON-BL experiment, the optical fiber was lowered in the SON together 

with a stainless steel electrode (FHC, USA; UE(FK1) to activate the axons of 

PVN-OT neurons projecting to the SON. We recorded WDR neurons in the SC 

during the following protocol:  50 s WU, 20 s SON-BL (10 ms pulses at 30 Hz, 

~ 10 mW/mm²) plus WU, 50 s WU, for a total of 130s recording session. 
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Recover of the control WU was tested every five min after the end of the first 

recording session. In order to confirm that the reduction in WU intensity was 

related to an OT release in the blood circulation and acting on peripheral OTR, 

we injected intravenously 100 µl of 1 µM dOVT (d(CH2)5-Tyr(Me)-[Orn8]-

vasotocine; Bachem, Weil am Rhein, Germany), and repeated the stimulation 

protocol after 15 min.  

 

For the SC-BL experiment, the optical fiber was placed on the surface of the 

SC in order to activate the fibers of the parvOT PVN neurons that express 

ChR2 (hence projecting both to the SON and the SC), a few millimeters over 

the tungsten electrode. BL was applied in 10 ms pulses at 30 Hz. We recorded 

WDR neurons in the SC during the following protocol:  20 s WU, 20 s SC-BL 

(10 ms pulses at 30 Hz, ~ 10mW / mm²) plus WU, 20 s WU, for a total of 60 s 

recording session. Recovery of the control WU was tested every five min after 

the end of the first recording session. To confirm that the reduction in WU 

intensity was OTR related, we infused 500 µl of dOVT 1 µM, AV1AR 1 µM 

(Phenylacetyl1,O-Me-d-Tyr2,Arg6,8,Lys9]-vasopressin amide; AV1AR: Sigma 

Aldrich, Saint-Louis, France) or NBQX 1 µM directly on the SC for 20 minutes 

and repeated the recording session. For the superficial neurons, which do not 

express WU, we used repeated hindpaw stimulation (1 ms pulse duration) at a 

frequency of 0.5 Hz and an intensity corresponding to three times the 

threshold for C-type sensory fiber activation. We used the following protocol: 

five hindpaw stimulations alone, five stimulations under BL, and five 

stimulations without BL. 
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Statistical Analysis 

Friedman test with Dunn post-hoc test was used to compare the average level 

of blood OT in function of time after SON-BL. Two-way repeated ANOVA was 

used for the assessment of BL effects on WU efficacy. Wilcoxon’s test was 

used to compare the average variation of spikes frequencies measured for the 

same neurons in control, BL, and antagonists + BL conditions. Kruskal and 

Wallis test was used to compare the average variation of spikes frequencies 

measured for different neurons in control and BL conditions. One-way ANOVA, 

followed by multiple comparison post-hoc Tukey test, was used to analyze 

behavioral data. Differences were considered significant for p < 0.05.  
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RRIDs 

Compound Compagny Proper citation 

GFP chicken Abcam; ab 13970 (Abcam Cat# ab13970, 

RRID:AB_300798) 

VP-Neurophysin mouse Harold Gainer  

NeuN mouse Chemicon; MAB377 (Millipore Cat# A60, 

RRID:AB_2314889) 

VGluT2 rabbit Synaptic Systems (Synaptic Systems Cat# 

135 103, 

RRID:AB_2315570) 

dsRed rabbit Clontech; 632496 (Clontech Laboratories, Inc. 

Cat# 632496, 

RRID:AB_10015246) 

Fluorogold rabbit Millipore AB153 (Millipore Cat# AB153, 

RRID:AB_90738) 

Cre rabbit  Schutz  

c-Fos rabbit  Santa-Cruz 

AB_2106765 

(Santa Cruz Biotechnology 

Cat# sc-7202, 

RRID:AB_2106765) 

NK1R rabbit Thermo Fisher 

AB_1958926 

(Thermo Fisher Scientific 

Cat# PA1-32236, 

RRID:AB_1958926) 

Wistar rats  RGD:7241799 

 

 

  



	   45	  

SUPPLEMENTAL REFERENCES 

	  

Brisson, C.D., Lukewich, M.K., and Andrew, R.D. (2013). A Distinct 

Boundary between the Higher Brain’s Susceptibility to Ischemia and the 

Lower Brain’s Resistance. PLoS ONE 8, e79589. 

 

Chu, C.-P., Jin, W.-Z., Bing, Y.-H., Jin, Q.-H., Kannan, H., and Qiu, D.-L. 

(2013). Effects of Stresscopin on Rat Hypothalamic Paraventricular 

Nucleus Neurons In Vitro. PLoS ONE 8, e53863. 

 

Dodt, H.U., Leischner, U., Schierloh, A., Jahrling, N., Mauch, C.P., 

Deininger, K., Deussing, J.M., Eder, M., Zieglgansberger, W., and Becker, 

K. (2007). Ultramicroscopy: three-dimensional visualization of neuronal 

networks in the whole mouse brain. Nat. Meth. 4, 331–336. 

Helmstaedter, M., Briggman, K.L., and Denk, W. (2011). High-accuracy 

neurite reconstruction for high-throughput neuroanatomy. Nat. Neurosci. 

14, 1081–1088. 

 

Kaech, S., and Banker, G. (2006). Culturing hippocampal neurons. Nature 

protocols 1, 2406-2415.  

 

Knobloch, S., Charlet, A., Hoffmann, L.C., Eliava, M., Khrulev, S., Cetin, 

A.H., Osten, P., Schwarz, M. K., Seeburg, P.H., Stoop, R., and Grinevich, 

V. (2012). Evoked axonal oxytocin release in the central amygdala 

attenuates fear response. Neuron 73, 553–566.  



	   46	  

	  

Liposits, Z., Sherman, D., Phelix, C., and Paull, W.K. (1986). A combined 

light and electron microscopic immunocytochemical method for the 

simultaneous localization of multiple tissue antigens. Tyrosine hydroxylase 

immunoreactive innervation of corticotropin releasing factor synthesizing 

neurons in the paraventricular nucleus of the rat. Histochemistry 85, 95–

106. 

 

Marcondes F.K., Bianchi F.J., and Tanno A.P. (2002). Determination of the 

estrous cycle phases of rats: some helpful considerations. Braz. J. Biol. 62, 

609–614. 

 

Marlin, B.J., Mitre, M., D’amour, J.A., Chao, M.V., and Froemke, R.C. (2015). 

Oxytocin enables maternal behaviour by balancing cortical inhibition. Nature 

520, 499–504.  

 

Niedworok, C.J., Schwarz, I., Ledderose, J., Giese, G., Conzelmann, K.K., 

and Schwarz, M.K. (2012). Charting monosynaptic connectivity maps by 

two-color light-sheet fluorescence microscopy. Cell Rep.  2, 1375–1386. 

 

Schwarz, M.K., Scherbarth, A., Sprengel, R., Engelhardt, J., Theer, P., and 

Giese, G. (2015). Fluorescent-protein stabilization and high-resolution 

imaging of cleared, intact mouse brains. Plos One 10, pp. 1-26 2015 

(online published). 

 



	   47	  

Tasker, J.G., and Dudek, F.E. (1991). Electrophysiological properties of 

neurones in the region of the paraventricular nucleus in slices of rat 

hypothalamus. J. Physiol. 434, 271–293. 

 

Yizhar, O., Fenno, L.E., Davidson, T.J., Mogri, M., and Deisseroth, K. 

(2011). Optogenetics in neural systems. Neuron 71, 9–34. 

 

Yuill, E.A., Hoyda, T.D., Ferri, C.C., Zhou, Q.-Y., and Ferguson, A.V. (2007). 

Prokineticin 2 depolarizes paraventricular nucleus magnocellular and 

parvocellular neurons. Eur. J. Neurosci. 25, 425–434. 

 

 

	  


	NEURON13035_annotate.pdf
	A New Population of Parvocellular Oxytocin Neurons Controlling Magnocellular Neuron Activity and Inflammatory Pain Processing
	Introduction
	Results
	Intrahypothalamic Axonal Trees of the OT System
	PVN OT Neurons Innervate the SON and Control MagnOT Neuron Activity to Induce OT Release into Blood Circulation
	OT Neurons Projecting to SON MagnOT Neurons Are ParvOT Neurons Displaying Distinct Anatomical and Electrophysiological Char ...
	ParvOT Neurons Innervating MagnOT Neurons Also Project Specifically to NK1R/OTR Positive WDR Neurons in the Deep Layers of  ...
	ParvOT Neurons Projecting to MagnOT SON Neurons and NK1R/OTR Positive WDR Neurons in Deep Layers of the SC Control the Cent ...
	Activation of ParvOT Neurons Results in Analgesia

	Discussion
	Synaptic Crosstalk between OT Neurons
	ParvOT Neurons Modulate NK1R Positive WDR Neurons
	ParvOT Neurons Coordinate Neuroendocrine and Hardwired Inhibitory Pain Control
	Described ParvOT Neurons as a New OT-Ergic Cell Type

	Experimental Procedures
	Animals
	Viruses
	Neuroanatomy
	Electrophysiology Experiments
	Behavioral Experiments

	Supplemental Information
	Author Contributions
	Acknowledgments
	References



