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a b s t r a c t

Oxytocin (OT) and arginine vasopressin (AVP) are 2 neuropeptides that display well-known effects on the

reproductive system. Although still controversial, oxytocin and vasopressin were demonstrated to exert

potent effects on the nociceptive system when administered directly in various central nervous struc-

tures. On the other hand, little is known about their peripheral (hormonal) actions on nociception and

pain responses. The aim of the present work was to characterize the effects of physiological blood con-

centrations of OT and AVP on spinal nociception and on pain responses. To do so, growing doses of OT

or AVP were administered intravenously and the nociceptive processing by spinal cord neurons was ana-

lyzed in anesthetized male rats in vivo. We observed that the action potentials mediated by C-type noci-

ceptive fibers was strongly reduced (antinociception) after intravenous injections of low doses of OT

(<5 lg) or AVP (<500 pg), whereas an increase (pronociception) was observed at higher doses. Interest-

ingly, antinociceptive and pronociceptive effects were fully abolished in the presence of the OT receptor

antagonist and the AVP receptor antagonist type 1A (V1A), respectively. We confirmed this result with a

behavioral model of forced swim stress-induced analgesia associated with plasmatic release of OT (and

not vasopressin). Stress-induced analgesia was transiently lost after i.v. administration of OTR antagonist.

Together, the present work provides straightforward evidence that blood levels of OT and AVP modulate

nociception, windup plasticity and pain responses. The final target structures explaining these effects

remains to be identified but are likely to be C-type nociceptors.

� 2013 International Association for the Study of Pain. Published by Elsevier B.V. All rights reserved.

1. Introduction

Oxytocin (OT) and arginine vasopressin (AVP) are 2 nonapep-

tides synthesized in the paraventricular (PVN), the supraoptic

and the accessory magnocellular nuclei of the hypothalamus

[41–43]. Axons of the magnocellular neurons project to the poster-

ior hypophysis and secrete their content in the blood flow (hor-

monal action). On the other hand, OT contained in parvocellular

neurons of the PVN plays a neuromodulatory role after its secretion

in various central nervous system (CNS) structures. OT and AVP

exert their neuroendocrine and neuromodulatory roles after bind-

ing to G protein–coupled receptors: the oxytocin receptor (OTR)

and the vasopressin receptors (V1AR, V1BR, V2R), which are ex-

pressed by peripheral tissues (eg, uterus/testis, breast, heart) and

many CNS structures [15]. OT and AVP, as well as their receptors,

exhibit a high degree of sequence homology and both neuropep-

tides can activate OTR (Kd: OT = 1–2.5 nM; AVP = 1.7 nM) and

V1AR (Kd: OT = 78 nM; AVP = 0.28 nM) [6,17,38].

OT has been described to display analgesic effects after admin-

istration in the CNS [9,13,14,29,52,59]. Activation of oxytocinergic

axons produces a potent OTR-mediated antinociception because a

remarkable colocalization between these neurons and the OTR

binding sites has been described in superficial laminae of the spinal

cord dorsal horn [23,33,47,48,51]. OT action seems to amplify GAB-

Aergic inhibition leading to a selective decrease in excitability in

superficial [4] and deep dorsal horn neurons [7,8,36] integrating

nociceptive messages. It has been recently suggested that the hor-

monal role of OT or AVP on nociceptive processing occurs in dorsal

root ganglion (DRG) because OTR are expressed by the unmyeli-

nated nociceptive C fibers at this level [31]. Contrary to OT action,

AVP modulations of pain are still unclear but mostly rely on the

signaling by neuronal V1AR [39]. AVP-containing PVN neurons

could target various supraspinal structures [55,57,58] and modu-

late nociceptive responses. In humans, AVP release is placed under

a tight regulation by opioids [37], suggesting an analgesic role.

However, in rats, intrathecally injected AVP fails to produce hypon-

ociception in the tail flick test [28].
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Central and peripheral secretions of OT and AVP occur under

several pathophysiological conditions, eg, after neuropathy [27]

or forced swim stress [30]. Because OT exerts an analgesic role at

peripheral level after systemic administration [25,32], it has been

hypothesized that elevation of plasmatic OT exerts a role in forced

swim stress–induced analgesia [22,35]. The peripheral role of OT

and the underlying mechanisms on nociceptive processing still re-

main unidentified. Similar to OT, systemic injections of AVP also

lead to analgesia [30]. A recent study further indicated that AVP-

and OT-induced antinociception was mediated by the recruitment

of V1AR in mice. Indeed, intraperitoneal injections of OT or AVP

produce analgesia in OTR�/� mice but do not alter nociceptive

threshold in V1AR
�/� mice [40].

In the present work, we investigated the hormonal effects of OT

and AVP and the role of their receptors on spinal nociceptive pro-

cessing and central sensitization in rats.

2. Materials and methods

Male Sprague Dawley rats (250–350 g; Janvier, Le Genest St Isle,

France) were used for this study. They were housed by group of 4

under standard conditions (room temperature [22�C], 12–12 h

light–dark cycle) with ad libitum access to food and water. All

experiments were conducted in conformity with the recommenda-

tions of the European Union directive on animal experimentation

(2010/63/EU adopted on September 22, 2010) and were evaluated

by the regional ethic committee in charge of animal experimenta-

tion (CREMEAS, authorization AL 01/01/02/11). This study was

conducted under the responsibility of authorized personnel (li-

cense 67-116 from the French Department of Agriculture to PP).

2.1. Surgical procedure for catheter implantation

Implantation of catheters in the jugular vein was performed un-

der isoflurane anesthesia (3% 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. In the behavioral part of this

work, the catheter was subcutaneously tunneled so that only a

small part of it emerged from the animal’s neck. The wounds were

loosely closed with a suture (Silkam 4-0, Unodis, Haguenau,

France). Rats were allowed to recover for 5 days after surgery be-

fore being submitted to swim stress.

2.2. In vivo electrophysiology

Single unit extracellular recordings were made from dorsal horn

neurons in the lumbar enlargement of the spinal cord of the rat

(Fig. 1) following the procedure previously described by Urch and

Dickenson [49]. Rats were anaesthetizedwith isoflurane (3% in pure

oxygen; flow rate, 1 L/min; Vaporizer Isotec 3 datex-Ohmeda) dur-

ing spinal surgery, and concentration could be lowered to 1.5% dur-

ing electrophysiological recordings. This was sufficient to ensure

proper maintenance of the anesthesia and areflexia, a prerequisite

to obtain stable and long-lasting electrophysiological recordings.

After implantation of the catheter, a laminectomy was performed

to expose the L4–L5 segments of the spinal cord. The cord was then

firmly attached by vertebral clamps on a stereotaxic frame, caudal

and rostral to the exposed section. Before recording, the meninges

were delicately removed, and the spinal cord surface was covered

with a thin layer of mineral oil. Single-unit extracellular recordings

were made with a stainless steel electrode (FK#02; FHC, UK) con-

nected to a differential amplifier (DAM80, WPI). An electrode was

lowered into the dorsal horn to record neurons located in the deep

dorsal horn of the spinal cord. Datawere acquired and analyzed by a

CED 1401 analog-to-digital interface coupled to a computer with

Spike 2 software (Cambridge Electronic Design, Cambridge, UK).

All neurons included in the present study responded to both innoc-

uous and noxious stimuli after electrical stimulation of the periph-

eral hind paw receptive field and were located in the medial part of

the deep layers of the dorsal horn (809 ± 32.1 lm; n = 32; Fig. 1A).

They corresponded to wide dynamic range neurons and exhibited

windup plasticity (ie, increase of action potential discharge fre-

quency) after intense repetitive stimulation of the peripheral recep-

tive field. After stimulation of the receptive field, the recorded

neuron emitted action potentials (APs) corresponding to the activa-

tion of fast-conducting Ab (delay to stimulus artifact <20 ms), slow-

conducting Ad (delay of 20–90 ms) and very slow-conducting C fi-

bers (delay of 90–300 ms). APs observed 300 to 800 ms after the

stimulus artifact were considered as being part of the postdis-

charge. We first adjusted the stimulation to 1.5 times the C-type fi-

ber threshold and the frequency to 0.2 Hz (pulse duration 1 ms) to

avoidwindup phenomenon in the recorded neurons. To trigger cen-

tral sensitization and analyze themodulation of windup discharges,

electrical stimulation was then set at 3 times the threshold for C fi-

bers (pulse duration 1 ms) and applied every second (1 Hz). The AP

discharge after each stimulation of the receptive field could be

monitored in raster plots (Fig. 1C, middle graph) and poststimulus

histograms were built (Fig. 1C, lower histogram) by counting the

number of APs per time periods of 10 min (ie, 120 stimulations at

a frequency of 0.2 Hz; stimulus intensity of 1.5 times C-fiber thresh-

old; pulse duration of 1 ms). AP changes were compared before and

immediately after the injection of OT and AVP receptor agonists and

Fig. 1. (A) Localization of the recorded cells using the experimental setup drawn in

(C). Each black dot represents a recorded neuron. (B) Representative trace

illustrating single unit extracellular voltage response of a wide dynamic range

neuron after 3 electrical stimulation of the receptive field (1.5 times the threshold

for C fibers). (C) Upper trace is a magnified view of the AP discharge after the first

electrical stimulation. Each AP was detected and shown in a raster plot (middle

graph: 1 AP = 1 dot; here for 25 successive stimulations). The bottom histogram

shows the number of APs per time bins after the stimulus artifact. This allows to

count the total number of APs on the basis of their conduction velocity: Ab

(0–20 ms), Ad (20–90 ms), C-fiber (90–300 ms) and C-fiber-evoked postdischarge

(300–800 ms) responses.
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antagonists. To quantify windup, we counted the total number of

APs per fiber type during time periods corresponding to 30 stimu-

lations before and after the treatments. The number of APs was also

counted after every stimulation and helped estimate the time re-

quired to reach the plateau phase (windup efficacy measured

through the slope) in each pharmacological condition.

2.3. Forced swim stress and measurement of mechanical nociceptive

thresholds

The forced swimming apparatus consisted in a Plexiglas cylin-

der (diameter 30 cm, wall height 60 cm), filled with water (height

40 cm) at a temperature of 20�C. Five days after a surgery aimed at

installing chronic intravenous catheters, rats were individually

forced to swim in the apparatus for 10 min. This protocol of

stress-induced analgesia was chosen because it is associated with

a plasmatic release of OT but not of AVP [54].

Mechanical nociceptive thresholds have been measured with

von Frey filaments (OptiHair, Marstock NervTest, Germany). To do

so, habituated rats were placed in Plexiglas cages (23 � 17 �

14 cm; Ugo Basile, Italy) with wire mesh bottoms. Each monofila-

ment was placed perpendicularly onto the midplantar region of

the hind paw and pressure was increased until the point of deflec-

tion of the filament was reached. Nociceptive pressure threshold

corresponded to the filament force, which induced an aversive

behavior, evident as a fast withdrawal, licking or shaking. This mea-

surement followed the ascending and descending procedure [5]

with forces ranging from 8 to 256 mN (11 logarithmic steps). This

test was repeated 3 times for each paw and values were averaged.

The mechanical nociceptive threshold was measured at 3 different

time points for each animal—before the swim session (control

threshold), 10 min after the swim session (stress-induced analge-

sia) and 5 min after the intravenous injection (�25 min after

swim)—to reveal any effect of the drug on stress-induced analgesia.

2.4. Drugs and treatments

Weused [Thr4,Gly7]-oxytocin (TGOT; Sigma-Aldrich, France) and

[Arg8]-vasopressin (Bachem, Weil am Rhein, Germany), as selective

agonists for OT and AVP receptors, respectively. Agonists were pre-

pared as 1000 times concentrated stock solutions in amolar chloro-

hydrate (HCl) solution 0.25% (v/v) in saline (NaCl 0.9%). From this

stock solution, drugs were diluted and injected i.v. in a range be-

tween 10�10 M and 10�5 M. Final concentration of HCl in saline

was of 800 nM to 8 pM, for themaximal andminimal concentration

of agonist injected. Vehicle containing themaximal concentration of

HClwas used in control conditions (referred to as saline) and had no

effects in electrophysiological or behavioral experiments. The

selective antagonists for OTR and V1AR were, respectively,

d(CH2)5-[Tyr(Me)2,Thr4,Orn8,des-Gly-NH2
9]-vasotocin (dOVT; Ba-

chem, Germany) and [Phenylacetyl1,O-Me-D-Tyr2,Arg6,8,Lys9]-vaso-

pressin amide (AV1AR: Sigma Aldrich, Saint-Louis, France). They

were prepared in the same vehicle than the agonist. Intravenous

administration of the OT and AVP receptor ligands consisted in a

bolus of 500 lL of the drug infused during 30 s.

2.5. Statistical analysis

Data are expressed as mean ± SEM. One-way ANOVA with re-

peated measures followed by a Bonferroni post hoc test (Statistica,

Tulsa, OK, USA) was used to analyze the effects of the treatments

on spinal nociceptive processing and on windup properties. Fried-

man test followed by a Dunn’s multiple comparison test was car-

ried out in order to assess the effects of the pharmacological

treatments on swim stress induced analgesia (von Frey, in mN).

Statistical significance was set at P < .05.

3. Results

3.1. Changes in nociceptor activation threshold after i.v. injection of

TGOT and AVP

In the first set of experiments, we characterized the systemic ef-

fects of growing doses of TGOT (from 5 ng to 50 lg) and AVP (from

50 pg to 50 ng) on the excitability of spinal cord neurons located in

the deep dorsal horn.

We first measured the stimulation threshold required to ob-

serve APs resulting from the activation of Ab, Ad and C-type sen-

sory neurons. Thresholds to observe APs associated with the

activation of Ab and Ad were, respectively, 11 ± 2 V (n = 7) and

17 ± 4 V (n = 5). These thresholds for A-type fibers remained simi-

lar at all doses tested. This was not the case for C-fiber thresholds,

which were modulated with various doses of TGOT. Compared to

control threshold (saline: 29 ± 3 V; n = 7), TGOT increased the C-

fiber threshold after i.v. injection (n = 7 neurons per dose) at

50 ng (45 ± 5 V; P < .05), 0.5 lg (41 ± 11 V; P < .05) and 5 lg
(41 ± 11 V; P < .05). At the highest dose tested, a slight but not sig-

nificant decrease was observed (50 lg: 27 ± 3 V; P > .05). As for

TGOT, A-type activation thresholds remained unaffected after

injection of AVP at all doses. Compared to control values (saline:

27 ± 2 V, n = 7 recorded neurons per condition), C-fiber threshold

was only slightly decreased (but not significantly) at AVP doses

of 50 pg (26 ± 2 V), 500 pg (23 ± 3 V), 5 ng (24 ± 3 V), 50 ng

(22 ± 4 V) and 500 ng (23 ± 9 V).

3.2. Dose-dependent modulation of spinal nociceptive processing by

TGOT and AVP

TGOT and AVP effects on spinal nociceptive processing were

characterized by quantifying changes in the number of APs per

fiber type (Ab, Ad, C + postdischarge) for time periods of 10 min,

ie, after 120 stimulations of the receptive field at an intensity of

1.5 times the C-type fiber threshold (frequency: 0.2 Hz; pulse dura-

tion: 1 ms). Compared to a control period (no injection), injecting

the vehicle (saline) had no effect on the total mean number of AP

per fiber type. No changes were observed while analyzing the fre-

quency of AP corresponding to A-type fibers after injection of TGOT

or AVP, at all doses tested. In contrast, only changes in the number

of AP corresponding to the recruitment of C-type sensory fibers,

contributing also to the postdischarge, were observed and at differ-

ent ranges of concentration for TGOT and AVP.

As shown in Fig. 2A,B, clear and significant antinociceptive ef-

fects of TGOT (reduction in the number of APs) could be observed

after i.v. injection of TGOT at 50 ng (Fig. 2B, �46.6 ± 6.7%, n = 7;

P < .001) and 500 ng (�39.9 ± 6.0%, n = 5; P < .001). Interestingly,

an increase of the firing was also induced after i.v. injections of

TGOT at a higher dose of 5 lg (48.9 ± 17.2%, n = 6; P < .05). This

dual anti- and pronociceptive profile was also observed for AVP,

but at a different concentration range (Fig. 2C,D). At a low dose

(50 pg), AVP slightly reduced (but not significantly) the number

of AP corresponding to the activation of C fibers (�20.0 ± 8.7%,

n = 6; P = .058) whereas at higher doses, a clear increase was ob-

served after AVP injection at 5 ng (63.8 ± 11.0%, n = 6; P < .001)

and 50 ng (Fig. 2D, 57.5 ± 16.3%, n = 6; P < .01). Together, it is inter-

esting to note that at a concentration of 50 ng, TGOT and AVP may

have opposite effect on spinal nociceptive processing.

3.3. Receptors involved in TGOT and AVP-induced nociceptive

modulation

We next investigated the contribution of OTR and V1AR in the

modulation of nociceptive processing by coinjecting i.v. the
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different antagonist with TGOT or AVP (Fig. 3). Injections of TGOT

at 50 lg or of AVP at 50 pg were previously associated with an

antinociceptive effect (Fig. 3A), ie, a reduction in the number of

C-fiber-related AP number after receptive field stimulation (TGOT

�46.6 ± 6.7%, n = 7; AVP �20.0 ± 8.7%, n = 6). If the OTR antagonist

dOVT (50 lg) was coinjected with either TGOT or AVP, the reduc-

tion in the number of C-fiber-related APs was fully abolished

(TGOT + dOVT: �2.5 ± 5.6%, n = 7; P < .001; AVP + dOVT:

1.8 ± 2.1%, n = 7; P < .05). This indicated that the antinociceptive ef-

fects of OT and AVP at these concentrations were mediated by the

activation of OTR. In contrast, coinjection with V1AR antagonist

(50 lg) was without significant effect on antinociception induced

by TGOT (�35.8 ± 3.2%, n = 6; P > .05) or AVP (�19.1 ± 4.1%, n = 7;

P > .05). This result further confirmed that antinociception medi-

ated by low concentration of TGOT and AVP was mediated solely

by the recruitment of OTR.

A similar analysis was performed with pronociceptive concen-

trations of TGOT (5 lg) and AVP (50 ng), coinjected with antago-

nists of OTR or V1ARs, both injected at 50 lg (Fig. 3B). Under

these circumstances and compared to TGOT (48.9 ± 17.2%, n = 6)

and AVP injections alone (57.5 ± 16.3%, n = 6), we failed to see

any modulatory effect of the OTR antagonist dOVT if coapplied

with TGOT (29.3 ± 9.1%, n = 6; P > .05) or AVP (39.4 ± 15.7%, n = 6;

P > .05). In sharp contrast, the V1AR antagonist (50 lg) fully blocked

and even promoted an antinociceptive action if coinjected with

TGOT (�32.7 ± 4.6%, n = 6; P < .01) or AVP (�9.1 ± 13.2%, n = 6;

P < .01). This result likely suggested that pronociceptive effects of

TGOT and AVP, at high doses, were mostly mediated by the activa-

tion of V1ARs.

3.4. Contribution of OTR to stress-induced analgesia

In a previous study, release of OT and AVP has been studied in

the hypothalamus and in the blood flow after a forced swim stress

paradigm [54]. Interestingly, it was demonstrated that if OT and

AVP concentrations were both increased after swim stress, only

elevated OT levels could be detected in the blood. Because analge-

sia is observed after forced swim stress, we investigated whether

this effect might be due to this increase in blood OT. While per-

forming a measure of mechanical nociception with the von Frey

Fig. 2. (A,C) Histograms representing the dose response effects of TGOT (A) and AVP (C) on C-fiber-related AP discharge. Dose injected i.v. are indicated and the percentage of

change compared to control (no injection) is shown. ⁄P < .05, ⁄⁄P < .01, ⁄⁄⁄P < .001 (ANOVA followed by a Bonferroni test; comparison of saline vs treatment). (B,D) Raster plot

and histogram illustrating the effects of TGOT (B) and AVP (D) at a concentration of 50 ng. Note that only the C-fiber-related AP discharge is affected by TGOT or AVP.

Fig. 3. Histograms illustrating the (A) antinociceptive and (B) pronociceptive effects

of TGOT and AVP at different doses and the contribution of OTR and V1AR to these

effects after blockade of these receptors by dOVT (white bars) and AV1AR (gray

bars), respectively. ⁄P < .05, ⁄⁄P < .01, ⁄⁄⁄P < .001 (ANOVA followed by a Bonferroni

test, comparisons agonist vs agonist + antagonist).
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test 10 min after the forced swim stress procedure (10 min at

20�C), we found a significant analgesia, as expected (Fig. 4). This

was associated with an important increase in the mean mechanical

nociceptive threshold from 128.7 ± 4.0 mN to 308.7 ± 11.9 mN

(n = 21; P < .001).

Using the same animals, we then injected the OTR antagonist

dOVT or the V1AR antagonist to determine the possible contribu-

tion of OTR or V1AR to this stress-induced analgesia. Administra-

tion of the V1AR antagonist did not change significantly the

mechanical nociceptive threshold (291.79 ± 17.34 mN, n = 9;

P > .05). Analgesia resulting from swim stress was, however, signif-

icantly reduced 5 min after i.v. injection of dOVT as indicated by

the limited increase of the mean nociceptive threshold

(199.50 ± 11.51 mN, n = 9; P < .001). This effect was selective be-

cause similar injection of the vehicle did not change the maximal

analgesia (n = 3, data not shown). Occlusion of swim stress analge-

sia by dOVT was reversible and fully recovered after 24 h. Together,

this experiment confirmed that OT receptor activation by circulat-

ing levels of endogenous OT not only produces spinal antinocicep-

tion but contributes to analgesia after swim stress.

3.5. Consequences of peripheral OTR/V1AR-mediated modulation on

central sensitization

Central sensitization was classically initiated in the recorded

wide dynamic range neurons by using an intense repetitive stimu-

lation of the receptive field (frequency of 1 Hz, intensity 3 times

the C-fiber threshold). As illustrated in Fig. 5 (left graphs), a train

of repetitive stimulations triggered a progressive increase in the

number of APs mediated by C fibers which reached a plateau phase

after about 16 or 17 stimulations. No changes were observed for A

fibers (Ab or Ad), as expected.

Using this experimental model, we confirmed that a low dose of

TGOT (50 ng) produced significant antinociceptive effects (ie, C-

type fiber mediated) through OTR activation when injected in the

blood flow (Fig. 5A). No changes in the number of APs carried by

A-type fibers were observed while testing the different concentra-

tion of TGOT and the OT/V1A receptor antagonists. Compared to the

control condition (saline), we observed a reduction in the time re-

quired to reach the windup plateau phase (ie, slope reduction

shown in Fig. 5A, middle graph; control: 3.86 ± 0.27; TGOT

2.83 ± 0.24; n = 5; P < .01) and a reduction in the total number of

AP during windup (Fig. 5A, right graph: �55.2 ± 1.9%, n = 5,

P < .001). Windup reduction was still observed when TGOT was

coinjected with AV1A (�30.3 ± 6.9%, n = 5, P > .05 compared to

TGOT alone) but was fully blocked in the presence of dOVT

(13.0 ± 5.0%, n = 5, P < .05 compared to TGOT alone). Similar con-

clusions were drawn while analyzing windup slope changes

(Fig. 5A, left and middle graphs).

On the other hand, blood injection of TGOT at a pronociceptive

dose of 5 lg (Fig. 5B) significantly increased the number of APs

during windup (75.0 ± 31.9%, n = 5, P < .001 compared to control)

and its efficacy (slope: Fig. 5B, middle graph; control: 3.86 ± 0.27;

TGOT 5.55 ± 0.17; n = 5; P < .001). A coadministration of TGOT +

dOVT did not affect the pronociceptive effects (43.1 ± 25.0%,

n = 5, P > .05 compared to TGOT alone), whereas it was blocked

and even reversed in the presence of AV1A (Fig. 5B, right graph:

�22.2 ± 10.7%, n = 5, P < .001 compared to TGOT alone). This facili-

tation or inhibition of this central sensitization phenomenon was

also confirmed while analyzing the slope reflecting the incremen-

tal increase to generate wind up (Fig. 5, left and middle panels).

4. Discussion

In the present study, we demonstrated that low and high con-

centrations of TGOT and AVP in the blood are limiting or increasing

spinal nociceptive processing, respectively. In our experimental

conditions, antinociceptive effects were clearly mediated by OTR

whereas pronociceptive effects were contributed by V1ARs. This

was also true after repetitive stimulation that triggers central sen-

sitization. These conclusions were further supported here by using

a model of stress-induced analgesia associated with increased lev-

els of OT in the blood. Blockade of OTR activity strongly limited

analgesia resulting from this swim stress.

It is well established that the antinociceptive effect of OT in-

volves several CNS structures and among them the spinal cord

[4,29,36,59]. Central AVP has also been demonstrated to play a

neuromodulatory role on nociception [21]. Contrary to these cen-

tral effects, very few studies have focused on peripheral actions

of these 2 neuropeptides on pain processing. To possibly identify

any peripheral effect, the circulating concentration range of OT

and AVP need to be estimated. Under basal conditions, the circulat-

ing level of OT in adult male rat are comprised in a range between

10 and 100 pg/mL, whereas AVP level is lower and comprised with-

in 1 and 2 pg/mL [16,19]. These concentration may fluctuate

slightly during night and day [11] and especially because both hor-

mones have a short half-life (1–3 min) in the blood [15]. In the

present study, the most potent analgesic dose of OT was 50 ng

and this could correspond to a mean plasmatic concentration of

about 3 ng/mL according to a total rat blood volume of 15 mL.

According to the literature, such concentrations are likely to be

reached in lactating females [1] or after stress [11,24]. Some stud-

ies have investigated the role of i.v. administration of OT but

results led to contradictory conclusions. Moreover, the doses used

were out of the physiologic range. Whereas analgesia was observed

when OT was injected at doses of 0.2 to 2 mg/kg (�3 to 30 lg/mL)

[18], Yang and colleagues [56] failed to modify nociceptive

thresholds after an i.v. injection of OT at 0.1 mg/kg (�17 lg/mL).

In the present study, we demonstrated that systemic AVP induced

pronociceptive effects and the most effective dose was 5 ng. This

could correspond to a plasmatic concentration of 300 pg/mL which

may be reached during inflammatory processes [3,50]. If several

studies have already demonstrated that AVP modulates nocicep-

tion in humans and animal models when administered i.c.v.

[2,20,26,40,53] or i.t. [34,45,46], there is, to our knowledge, no

studies assessing the consequences of an intravenous injection of

AVP. This study therefore provides interesting information about

the possible use of these peripheral peptides as analgesics.

Fig. 4. Consequences of OTR and AV1AR antagonists on mechanical analgesia

induced by a forced swim stress (FSS, 10 min, 20�C). Mechanical nociceptive

thresholds were measured with the von Frey filaments in control (CT, before swim),

10 min after swim stress (black bar) and 25 min after swim stress: 5 min after

intravenous infusion of the OTR (dOVT) and V1AR antagonists. ⁄⁄⁄P < .001. Statistical

analysis was carried out by the Friedman test followed by Dunn’s multiple

comparison test.

P.-E. Juif, P. Poisbeau / PAIN
�

154 (2013) 1449–1456 1453



Because AVP and OT, at physiological doses, do not cross the

blood–brain barrier [12,34], our data suggest that these hormones

could affect spinal nociceptive processing by a peripheral mecha-

nism. This may involve an action on DRG neurons. To support this

idea, Tan and coworkers [44] have demonstrated in vitro that low

concentration of OT (10�12 to 10�9 M) enhanced GABA-activated

currents possibly leading to the suppression of sensorispinal trans-

mission, whereas application of OT at higher doses (>10�9 M) re-

duced the presynaptic inhibition of GABA. This biphasic effect is

fully in agreement with our in vivo study. We failed to reveal

any possible spinal or supraspinal contribution after intravenous

injection of OT or AVP receptor agonists. This conclusion was

reached because (i) the direct spinal application of dOVT was with-

out effect on spinal pain processing indicating that no tonic hypo-

thalamospinal release was present or modulated (n = 12, not

shown) and (ii) spinal dOVT application never occluded the

pro- or antinociceptive action of OT/AVP receptor agonists after

intravenous infusion (n = 6, not shown). Taken together, this led

us to assume that OTR in the DRG and/or at the periphery [10]

are involved in the modulation of pain processing by circulating

levels of OT and AVP.

In the present work, the 2 neurohormones displayed both anti-

and pronociceptive effects, which we demonstrate to be related to

the activation of OTR and V1AR receptors, respectively. In the elec-

trophysiological experiments, we clearly observed that the V1AR

antagonist reversed the pronociceptive effects induced by high

doses of AVP (50 ng) or OT (5 lg). On the other hand, the OTR

antagonist dOVT limited antinociception induced by systemic

injections of low doses of AVP (50 pg) or OT (50 ng). A similar con-

clusion was reached could be drawn while using a stimulation pro-

tocol giving rise to an amplified and prolonged nociceptive AP

discharge (windup) that may reflect central sensitization. This sug-

gests that, besides the acute processing of pain messages, periphe-

ral administration of low doses of OT may limit excitability in the

nociceptive system in pathological pain states.

The modulatory role of OTR and V1AR observed in in vivo anes-

thetized rats was further confirmed with freely moving rats using

the swim stress-induced analgesia paradigm known to induce a

plasmatic release of OT [54]. Using a model of knockout mice, it

has recently been demonstrated that OT-induced mechanical and

thermal analgesia could be observed in WT and OTR�/� but was

only absent in V1AR knockout mice [40]. This puzzling result

pushes the idea that V1AR, at least in mice, could account for most

if not all antinociceptive effects after peripheral exogenous OT

injection. Beside the difficulty to really know at which concentra-

tion OT and AVP reach their specific receptors after being injected

i.p. at high doses (OT: 0.1–8 mg/kg; AVP 0.1–0.5 mg/kg), we can

only propose that these differences may rely on interspecies differ-

ences (rat vs mouse). Such interspecies differences have also been

documented for OT and AVP and for other peptides. An excessive

neuronal uptake of OT has also been observed when OT was in-

jected in large amounts (�100 lg/animal) [12]. This consequently

may bias the interpretation of OT action, especially with regards

to the opposite effects reached by different doses of neuropeptides.

In summary, our study provides novel data that better define

how a single dose of OT and AVP in the blood could have anti-

and pronociceptive effects. We clearly demonstrate that OTR acti-

vation is required to induce analgesia by OT and AVP. On the other

hand, V1AR activation is associated with hypernociception in rats.

Eventually, we demonstrated the endogenous peripheral release

of OT contribute to stress-induced analgesia through the activation

of OTRs, possibly expressed by small-caliber DRG neurons (eg,

unmyelinated C-type nociceptors) [31]. Because antinociceptive ef-

fects could also be observed after central sensitization, our results

raise the question of whether these hormones could be of clinical

interest for the treatment of chronic pain states.

Fig. 5. Graphs illustrating the modulation of windup (representative trace shown in inset) in (A) by an antinociceptive (A) and pronociceptive (B) dose of TGOT. Effects on

windup slope to reach the plateau phase for a representative neuron (left graphs) and for all neurons (middle histograms) are shown together with the variation of C-fiber

discharge (right histograms) for all pharmacological conditions: TGOT alone, TGOT + dOVT (OTR antagonist, 50 lg) and TGOT + AV1A (V1AR antagonist, 50 lg). Statistical
significance with Bonferroni post hoc tests after 1-way ANOVA is indicated as follows: control vs TGOT (##P < .01, ###P < .001), TGOT vs TGOT + antagonists (⁄P < .05, ⁄⁄P < .01,
⁄⁄⁄P < .001).
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