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ABSTRACT 26 

The rostral agranular insular cortex (RAIC) is a relevant structure in nociception. Indeed, 27 

recruitment of GABAergic activity in RAIC promotes the disinhibition of the locus coeruleus 28 

(LC), which in turn inhibits (by noradrenergic action) the peripheral nociceptive input at the 29 

spinal cord level. In this regard, at the cortical level, oxytocin can modulate the GABAergic 30 

transmission; consequently, an interaction modulating nociception could exist between oxytocin 31 

and GABA at RAIC. Here, we tested in male Wistar rats the effect of oxytocin microinjection 32 

into RAIC during an inflammatory (by subcutaneous peripheral injection of formalin) 33 

nociceptive input. Oxytocin microinjection produces a diminution of (i) flinches induced by 34 

formalin and (ii) spontaneous firing of spinal wide dynamic range cells. The above 35 

antinociceptive effect was abolished by microinjection (at RAIC) of (i) L-368,899 (an oxytocin 36 

receptor -OTR- antagonist) or by (ii) bicuculline (a preferent GABAA receptor blocker), 37 

suggesting a GABAergic activation induced by OTR. Since intrathecal injection of an 2A-38 

adrenoceptor antagonist (BRL 44408) partially reversed the oxytocin effect, a descending 39 

noradrenergic antinociception is suggested. Besides, injection of L-368,899 per se induces a 40 

pronociceptive behavioral effect, suggesting a tonic endogenous oxytocin release during 41 

inflammatory nociceptive input. Accordingly, we found bilateral projections from the 42 

paraventricular nucleus of the hypothalamus (PVN) to RAIC. Some of the PVN-projecting cells 43 

are oxytocinergic and destinate GABAergic and OTR-expressing cells inside RAIC. Aside from 44 

the direct anatomical link between PVN and RAIC, our findings provide evidence about the role 45 

of oxytocinergic mechanisms modulating the pain process at the RAIC level.  46 

Key words: Descending pain modulation; insular cortex; oxytocin; paraventricular 47 

hypothalamic nucleus; pain; wide dynamic range cells  48 
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Significance Statement 49 

Oxytocin is a neuropeptide involved in several functions ranging from lactation to social 50 

attachment. Over the years, the role of this molecule in pain processing has emerged, showing 51 

that at the spinal level, oxytocin blocks pain transmission. The present work suggests that 52 

oxytocin also modulates pain at the cortical insular level by favoring cortical GABAergic 53 

transmission and activating descending spinal noradrenergic mechanisms. Indeed, we show that 54 

the paraventricular hypothalamic nucleus sends direct oxytocinergic projections to the rostral 55 

agranular insular cortex on GABAergic and oxytocin receptor expressing neurons. Together, our 56 

data support the notion that the oxytocinergic system could act as an orchestrator of pain 57 

modulation.  58 
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INTRODUCTION  59 

The rostral agranular insular cortex (RAIC) has multiple connections with pain-related brain 60 

areas, e.g. medial thalamic nuclei, anterior cingulate cortex, infralimbic cortex, raphe magnus 61 

(RM), periaqueductal grey matter (PAG), parabrachial nucleus (PB) and lateral hypothalamus 62 

(Jasmin et al., 2004). Although RAIC seems to have mainly a pronociceptive function because 63 

its lesion produced antinociception during neuropathic (induced by chronic constriction of the 64 

sciatic nerve) or inflammatory (induced by carrageenan) pain (Coffeen et al., 2011), several 65 

reports have explored the participation of different neuromodulators in RAIC during nociception. 66 

For example, using the formalin test and spinal dorsal horn electrophysiological experiments, 67 

Burkey et al. (1996) reported that unilateral morphine microinjection into the RAIC induced an 68 

antinociceptive effect mediated by - and -opioid receptors.  69 

In this sense, Jasmin et al. (2003) proposed that RAIC could modulate nociception through 70 

the GABAergic activation of two different systems: (i) RAIC-locus coeruleus (LC), where 71 

GABAA receptors play the main role; and (ii) RAIC-amygdala mediated by GABAB receptors. In 72 

the first case, a local increase of GABA levels in RAIC activates the GABAA receptors, 73 

diminishing the excitatory glutamatergic output to the RM and PB, which are tonically inhibiting 74 

the LC; so increasing GABA levels in RAIC promotes a descending noradrenergic 75 

antinociceptive effect at the spinal cord level by LC disinhibition. In this regard, it has been 76 

shown in the prefrontal cortex that oxytocin increases GABA release by activation of oxytocin 77 

receptors (OTRs) (Sabihi et al., 2017). These results may suggest a probable interaction between 78 

the oxytocin and GABAergic mechanisms modulating nociception at cortical levels. Certainly, at 79 

the spinal level, oxytocin can activate GABAergic neurons, inhibiting the nociceptive 80 

transmission (for refs. See Gonzalez-Hernandez and Charlet, 2018).  81 



Gamal-Eltrabily et al. Oxytocin-induced antinociception in insular cortex 

5 

 

Importantly, electrical stimulation of the paraventricular hypothalamic nucleus (PVN) (one 82 

of the main sites of oxytocin synthesis), induces a behavioral and electrophysiological spinal 83 

antinociception (Condés-Lara et al., 2006; Miranda-Cardenas et al., 2006; DeLaTorre et al., 84 

2009). This PVN-induced antinociception is mainly mediated by direct oxytocinergic 85 

transmission at the spinal dorsal horn level (Condés-Lara et al., 2009; Eliava et al., 2016; 86 

González-Hernández et al., 2014, 2019; Miranda-Cardenas et al., 2006); nevertheless, since 87 

recruitment of other “antinociceptive” brain areas connected with the PVN also occurs (e.g. RM, 88 

LC and PAG; Condés-Lara et al., 2012, 2015; Godínez-Chaparro et al., 2016; Pittman et al., 89 

1981), oxytocin can induce antinociception by activation of other supraspinal centers. 90 

Considering that oxytocin is a typical stress hormone that could be released under acute stressors 91 

(e.g. nociceptive stimulus; Motojima et al., 2017) and can act centrally in different brain regions 92 

(Dumais and Veenema, 2016; Moghadam et al., 2018) by interacting with the GABAergic 93 

system (Kaneko et al., 2016; Sabihi et al., 2017; Thakur et al., 2019), we hypothesized that 94 

microinjecting oxytocin into the RAIC could induce an antinociceptive action. 95 

Based on these data, and using behavioral, pharmacological, electrophysiological and 96 

immunofluorescence approaches, the present study was designed to test: (i) the role of oxytocin 97 

in RAIC over nociception modulation in a model of inflammatory pain (formalin test); (ii) its 98 

possible mechanism; and (iii) the presence of PVN oxytocinergic innervations towards RAIC. 99 

Preliminary data have been presented previously in abstract form (Gamal-Eltrabily et al., 2019). 100 

MATERIALS AND METHODS  101 

Animals and ethical standards  102 

A total of 104 male Wistar rats weighing 260-310 g and taken from the Institute of 103 

Neurobiology’s animal house were used in this study. Animals were housed in pairs in plastic 104 
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cages with wood-based bedding under a 12:12 h light-dark cycle (lights on at 07:00 h) in a 105 

special room at constant temperature (22   2  C) and humidity (50 %) with food and water ad 106 

libitum. Our Institutional Ethics Committee approved all animal procedures and protocols, which 107 

followed the Guide for the Care and Use of Laboratory Animals established by the NIH and 108 

ARRIVE guidelines for reporting experiments involving animals (McGrath et al., 2010). The 109 

behavioral experiments were performed between 10:00 - 14:00 h. All efforts were made to limit 110 

distress and use only the number of animals necessary to produce reliable scientific data.  111 

Experimental design for behavioral experiments 112 

Formalin-induced nociception and drug treatments 113 

To analyze the effect of oxytocin microinjection into RAIC on the behavioral nociception, the 114 

5 % formalin test was used (Dubuisson and Dennis, 1977). Briefly, the rats received 115 

subcutaneously (s.c.) 50 l of formalin in one hind paw, and the nocifensive behavior was 116 

quantified as the number of flinches of the injected paw during 1 min periods every 5 min for up 117 

to 1 h after injection.  Flinching was characterized as a rapid and brief withdrawal of the injected 118 

paw. As previously reported, formalin-induced flinching behavior was biphasic. The initial acute 119 

phase (0-10 minutes) was followed by a prolonged persistent response (15-60 minutes).  120 

Before the formalin test, the animals were placed in open plexiglass observation chambers 121 

for 1 h during 3 consecutive days to allow them to become familiar with their surroundings. On 122 

the fourth day, prior to the formalin injection, the animals were anesthetized with sevoflurane 123 

(8 % in a mixture of ¾ N2O and ¼ O2) delivered through a vaporizer. Once the animals were 124 

unconscious, they were mounted onto a stereotaxic frame (Kopf Instruments, Tujunga, CA) and 125 

maintained under 6 % sevoflurane) using a special mask throughout the surgical procedure (20 - 126 

25 min). The skull was exposed, and a small trephine hole was drilled. Under this condition, a 127 
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glass micropipette coupled to a 1 l Hamilton® syringe was introduced into RAIC (AP: Bregma 128 

2.2 - 2.7 mm; L: 4.5 - 5.0 mm; H: 5.2 - 5.8 mm). The glass micropipettes (Corning 7740) were 129 

pulled using the horizontal Flaming/Brown Micropipette P-97 puller (Sutter Instruments, CA, 130 

USA), allowing us to have a diameter tip of 10 m. Furthermore, the Hamilton® syringe was 131 

connected to a vernier to control the volume to inject in the RAIC. At this point, the animals 132 

were divided into three main groups (N= 24, 24 and 18) and the microinjection procedure was 133 

performed.  134 

The first group (N=24) was divided into four subgroups (n = 6 each) as follows: (i) sham 135 

procedure (surgical procedure without injection into RAIC); (ii) vehicle subgroup, where 40 nl 136 

of isotonic saline solution (0.9 % NaCl) was microinjected into RAIC; (iii) 40 pmol oxytocin 137 

microinjected into RAIC; and (iv) 400 pmol oxytocin microinjected into RAIC.  138 

The second group (N=24) was divided into four subgroups (n=6 each), and we evaluated 139 

the role of OTR, GABAA channels and 2A-adrenoceptors in the 400 pmol oxytocin-induced 140 

antinociception. In this case, the antagonists were given 10 min prior to oxytocin. Hence, (i) 400 141 

pmol L-368,899 (OTR antagonist) or (ii) 200 pmol bicuculline (a preferent GABAA receptor 142 

antagonist) were microinjected into RAIC, (iii) whereas BRL 44408 ( 2A-adrenoeptor antagonist; 143 

1 nmol) was intrathecally injected. In this set of experiments, the animals received two RAIC 144 

microinjections; thus, we also analyzed the effect of (iv) two microinjections of saline solution 145 

(0.9 % NaCl; vehicle subgroup) on the flinching behavior.  146 

The third group (N=18) was divided in three subgroups (n=6 each), and we analyzed the 147 

per se effect of the antagonists used: (i) 400 pmol L-368,899 in RAIC; (ii) 200 pmol bicuculline 148 

in RAIC; and (iii) 1 nmol BRL44408 at spinal lumbar level.  149 

After RAIC microinjection, the micropipette was removed, the bone trephine was closed 150 

with bone wax, and the cut was closed by stitches and local infiltration of 10 % lidocaine (100 151 
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l). Immediately after, the animals were allocated to their chambers. Ten minutes after recovery 152 

from anesthesia, the rats underwent the formalin test (see Fig. 1A).  153 

In all cases, a 40 nl volume was microinjected into RAIC per treatment, and the injections 154 

were given contralaterally to the s.c. formalin injection. At this point we must emphasize that to 155 

our knowledge, the method described here to perform microinjection before a behavioral test has 156 

not been previously reported. BRL 44408 was given intrathecally (i.t.) at a volume of 10 l by a 157 

direct lumbar puncture as previously described by Mestre et al. (1994). Briefly, a 22 G needle 158 

connected to a 25 l Hamilton® syringe was used and the i.t. injection was performed in the L5-159 

L6 intervertebral space.  160 

Motor coordination test 161 

In a group of animals (N = 20) we investigated a possible motor alteration induced by the 162 

oxytocin microinjection into RAIC. Briefly, a motor coordination test (rotarod test) was 163 

performed using a treadmill apparatus (IITC Inc. Life Science, Los Angeles, CA). Briefly, this 164 

test consists of placing the animals on a cylinder (diameter: 7 cm) rotating at a constant 165 

speed of 15 revolutions per minute. Animals were trained to walk on the cylinder (cutoff time: 166 

180 s) for 3 sessions before the experimental day without any treatment or surgery. On the 167 

experimental day, the animals were divided into 4 subgroups (n = 5 for each subgroup), namely: 168 

(i) naïve group, which had no surgical procedure; (ii) sham group, which underwent the same 169 

surgical procedure as previously mentioned without any volume microinjection into RAIC; (iii) 170 

vehicle group, in which 40 nl of saline solution was microinjected into RAIC; and (iv) oxytocin 171 

group, in which 400 pmol was microinjected into RAIC. The animals were left 15 min for 172 

recovery, then the latency was calculated based on a three-trials average for each animal.  173 
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Experimental design for in vivo electrophysiological recordings 174 

Electrophysiological experiments were performed to analyze the effect of oxytocin micro-175 

injection in the neuronal activity of spinal dorsal horn wide dynamic range (WDR) cells induced 176 

by a peripheral nociceptive stimulus (s.c. injection of 50 l of 1 % formalin).  177 

Surgical procedures 178 

Animals were deeply anesthetized with 8 % sevoflurane (in a mixture of ¾ N2O and ¼ O2) 179 

delivered through a vaporizer. Under these conditions, an intratracheal cannula was inserted for 180 

artificial ventilation (65 - 75 strokes / min) to maintain the anesthesia. Then, rats were mounted 181 

in a stereotaxic apparatus (Kopf Instruments, Tujunga, CA) with a spinal cord restrained frame. 182 

To record the evoked unitary neuronal activity of the spinal WDR cells, the spinal cord was 183 

exposed at the lumbar vertebrae level to perform a laminectomy (at L2–L4 segments), and the 184 

dura was carefully removed. During the experiments, the animals were not paralyzed, and we did 185 

not observe any withdrawal reaction. Furthermore, we followed the same surgical procedure 186 

previously described to microinject oxytocin into RAIC.  187 

The subsequent experimental protocols (see below) were performed under 2 - 2.5 % 188 

sevoflurane to achieve the ethically adequate level of anesthesia without excessively depressing 189 

neuronal responses to noxious stimuli (Condés-Lara et al., 2012). End-tidal CO2 was monitored 190 

with a CO2 analyzer (model: MM206, Artema Medical, Sweden) and kept between 2.5 - 3.2 %. 191 

Core body temperature was maintained at 37 °C using a circulating water pad. 192 

Extracellular unitary recordings 193 

Extracellular unitary activity was recorded in 12 rats (control and oxytocin pretreated groups, 194 

n=6 for each) with a glass micropipette (4 - 8 M ) filled with 4 % pontamine sky blue (1 M KCl 195 

solution). The microelectrodes were lowered (200 - 1200 m) into the laminae of the spinal 196 
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dorsal horn segments using a hydraulic micro-drive (David Kopf Instruments, USA). For each 197 

recorded cell, the specific somatic receptive field (RF) was located by tapping on the entire 198 

ipsilateral hind paw and toes; then, electrical stimulation of the RF was performed. (see 199 

Electrical stimulation of the somatic receptive field (RF) and drug administration section). 200 

The evoked extracellular neuronal activity was amplified 1000 (P511 series AC Pre-201 

amplifier, Grass Instruments Co., Quincy, Mass. USA), digitalized, and discriminated using 202 

CED hardware and Spike2 v5.15 software (Cambridge Electronic Design, UK). Raw and 203 

discriminated signals were fed through an audio monitor and displayed on an oscilloscope (TDS 204 

420A; Tektronix, Inc., Beaverton OR, USA). Digitalized waveforms and recorded spike trains 205 

were stored on a computer disk for off-line analyses. Baselines and evoked activities of the 206 

WDR cells were recorded and analyzed as: (i) peri-stimulus time histograms (PSTHs) and (ii) 207 

spontaneous neuronal firing. The PSTH was used to identify incoming action potentials from 208 

A - (0-20 msec), A - (20-90 msec), and C-fibers (90-350 msec) in response to 10 RF stimuli. 209 

Electrical stimulation of the somatic receptive field (RF) and drug administration 210 

The RF electrical stimulation was done using two fine needles (27 G) attached to a stimulus 211 

isolator unit (SIU6; Grass Instruments Co., Quincy, Mass. USA) inserted s.c. into the RF of the 212 

recorded neuron. Then, electrical test stimulation was performed (S88 Stimulator; Grass 213 

Instruments Co., Quincy MA, USA). This test consisted of 10 square-wave stimuli at 0.2 Hz, 214 

with 1-msec pulse duration at 0.4-0.6 mA intensity required to evoke a C-fiber response. We 215 

recorded the electrophysiological responses of 12 single WDR neurons (mean depth 500 ± 200 216 

m) in the control situation (2 consecutive tests with no more than  10 % variation).  217 

Upon this, 50 l of 1 % formalin was s.c. injected into the peripheral RF of the WDR cell, 218 

and 1 min of neuronal spontaneous activity was recorded every 5 min for 60 min (n= 6). Another 219 



Gamal-Eltrabily et al. Oxytocin-induced antinociception in insular cortex 

11 

 

group of rats (n = 6) received an oxytocin microinjection into the contralateral RAIC (40 pmol / 220 

40 nl) 10 min prior to formalin injection, and the procedure was then continued as mentioned. 221 

Importantly, to ensure that we were recording the same WDR cell along the 60 min, we 222 

randomly tested if the recorded cell was still susceptible to electrical stimulation. 223 

Histological reconstruction of intra-RAIC injections in the behavioral and 224 

electrophysiological experiments 225 

At the end of the behavioral and electrophysiological experiments, the animals received an 226 

overdose of pentobarbital (45 mg/kg) and were transcardially perfused with 0.9 % NaCl, 227 

followed by 10 % formaldehyde ( 200 ml of each). Brains were post-fixed in 10 % 228 

formaldehyde and cut into 40- m serial coronal sections with a freezing microtome (Leica 229 

SM2000 R; Leica Biosystems Nussloch GmbH, Germany). The position of the electrode tip was 230 

observed with a light microscope to ensure a precise injection site into the RAIC.  231 

Neural tracing experiments 232 

Microinjection of the retrograde tracer Fluoro-Gold™ into the RAIC 233 

The rats were anesthetized by intraperitoneal injection of ketamine plus xylazine (70/6 mg/kg) 234 

and mounted in a stereotaxic apparatus. Using glass micropipettes ( 10 m diameter tips), 20 nl 235 

of 2 % solution of retrograde tracer, hydroxystilbamidine (Fluoro-Gold™, FG; Fluorochrome, 236 

LLC, USA), was microinjected into RAIC (N = 3). Then, the surgical wounds were sutured. 237 

Each animal was kept in an individual cage for 5 days to allow the axonal transport from the 238 

RAIC, re-anesthetized with pentobarbital (45 mg/kg) and perfused with isotonic saline solution 239 

( 200 ml) followed by 4 % paraformaldehyde (PFA) in phosphate buffer 0.1 M ( 300 ml). The 240 

brain was removed and kept in the same fixative solution for 2 h and cryoprotected in a 30 % 241 
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sucrose solution. Two days later, 40- m thick coronal sections were obtained to verify the FG 242 

injection site and the FG-positive cells in the PVN.  243 

For each injected rat, 5 series were collected, 2 series were mounted (the first for 244 

verification and the second for Cresyl violet staining) and the rest were kept in phosphate buffer 245 

0.1 M for further immunofluorescence studies (see Immunofluorescence studies section).  246 

Microinjection of the anterograde tracer Fluoro-Ruby® into the PVN 247 

In a group of 3 rats, 60 nl of an anterograde tracer, Fluoro-Ruby® (FR; tetramethyl rhodamine 248 

dextran-amine; Fluorochrome, LLC, USA), was microinjected into the PVN (AP: Bregma -1.4 - 249 

1.6; L: 0.5 mm; H:8 mm). As described, the same procedures were applied, except the rats were 250 

left for a 10-day recovery period. The injection site in the PVN and the FR-positive fibers inside 251 

RAIC were verified, and further immunofluorescence experiments were performed.    252 

Immunofluorescence studies 253 

To study the oxytocinergic nature of PVN-projecting neurons to RAIC, the PVN slices were 254 

washed with phosphate-buffered saline (PBS, 0.1 M, PH: 7.4). Later, the slices were incubated in 255 

PBS with the following primary antibodies: anti-neurophysin antibodies (PS60 mouse 256 

monoclonal, 1:250 diluted; gift from Dr. Harold Gainer, NIH Bethesda MD, USA) and anti-FG 257 

(rabbit, 1:400 diluted; Fluorochrome LLC, USA; cat no. 52-9680) for 24 h. On the following 258 

day, the tissue was washed using SBP for 10 min and then incubated with the secondary 259 

antibodies (from Invitrogen™): (i) donkey anti-rabbit IgG (Alexa Fluor 555 conjugate; cat.no 260 

A31572) and (ii) donkey anti-mouse IgG (Alexa Fluor 488 conjugate; cat.no. A21202).  261 

To investigate the relation between fibers originating from the PVN with the oxytocin 262 

receptor expressing cells and GABAergic neurons inside RAIC, the OTR in RAIC was detected 263 

using anti-OTR primary antibodies (polyclonal goat, 1:400 diluted; Cat.no. sc-8103; Santa Cruz 264 
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Biotechnology Inc, Santa Cruz, CA, USA), while GABAergic neurons were identified using 265 

anti-GABA (polyclonal rabbit, 1: 1500 diluted; Cat. No. A2052; Sigma Chemical Co., St Louis, 266 

MO, USA). The slices were incubated for 24 h with the primary antibodies, and subsequently, a 267 

10-min wash was performed with PBS followed by incubation with secondary antibodies (from 268 

Invitrogen™): (i) donkey anti-goat IgG (Alexa Fluor 647 conjugate; Cat.no. A-21447) and (ii) 269 

donkey anti-rabbit IgG (Alexa Fluor 488 conjugate; Cat.no. A-21026). Negative controls were 270 

done by incubation with only secondary antibodies under the same experimental conditions.  271 

Confocal microscopy and image analysis 272 

The slices were observed under focal microscopy. Confocal images of the PVN and RAIC were 273 

acquired using a Zeiss LSM 510 META confocal microscope with Axiovert 200 or a Zeiss LSM 274 

780 DUO confocal microscope with motorized stage and Zeiss software V4.2. The pinhole and 275 

Z-sectioning intervals were kept constant for all images. In all cases, about 25-35 optical Z-276 

sections of 1- m thickness were obtained from the 40- m thick tissue for each image stack. 277 

Optical sections were acquired at a digital size of 1024 1024 pixels and averaged 4 times 278 

to reduce noise. In all cases, the image obtained was improved (brightness and gamma) and 279 

analyzed using the ZEN 2 Blue Edition Software (Carl Zeiss Microscopy GmbH, Göttingen, 280 

Germany). The color for each channel was selected as follows: red for oxytocin and FR, yellow 281 

for FG, green for anti-FG and GABA, and blue for OTR. In all cases, a 2-dimensional projection 282 

image and a single-optical section image were imported in Tag Image File Format (TIFF) and 283 

were used to compose the multi-paneled figures.  284 

Drugs 285 

Apart from the anesthetics (ketamine, xylazine, sevoflurane and pentobarbital), this study used 286 

the following compounds. From Tocris Bioscience, Northpoint, UK: (i) (2S)-2-amino-N- 287 
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[(1S,2S,4R)-7,7-dimethyl-1-[[[(4-(2-methylphenyl)-piperazinyl] sulfonyl)methyl]bicyclo-288 

[2.2.1]hept-2-yl]-4-(methylsulfonyl)-butanamide hydrochloride (L-368,899 hydrochloride; 289 

Tocris Bioscience, Northpoint, UK). From Sigma Chemical Co., St Louis, MO, USA: (i) 290 

oxytocin acetate salt hydrate; (ii) 2-[2H-(1-methyl-1,3-dihydroinindole) methyl]-4,5-dihydro-291 

imidazole maleate (BRL 44408); and (iii) bicuculline methiodide. All drugs were dissolved in 292 

physiological saline solution (0.9 % NaCl). The concentration of bicuculline and BRL 44408 293 

were chosen based on previous studies showing that these drugs are able to selectively block 294 

their respective receptors (Jasmin et al., 2003; Yoon et al., 2011).  295 

Taking into account the current electrophysiological, behavioral and clinical evidence 296 

(Madrazo et al., 1987; DelaTorre et al., 2009; Eliava et al., 2016; Sun et al., 2018; Taati & 297 

Tamaddonfard, 2018; González-Hernández et al., 2019) about the duration of antinociceptive 298 

action of oxytocin, we decided to microinject this neuropeptide between 10-20 min prior the test. 299 

Statistical analysis  300 

The data analysis was performed using the GraphPad Prism Software (v8.0; San Diego CA). 301 

Data are presented as mean  standard error of the mean (S.E.M.). In the case of behavioral and 302 

electrophysiological experiments using formalin, curves were constructed by plotting the number 303 

of flinches or spontaneous firing as a function of time. The area under the curve (AUC), an 304 

expression of the duration and intensity of the effect, was calculated using the trapezoidal rule in 305 

which a reduction of the AUC induced by the treatments was considered an antinociceptive 306 

effect. In the behavioral experiments, we compared the effect of the different treatments using 307 

the one-way analysis of variance (1W-ANOVA), whereas for WDR cell recordings we used a 308 

non-paired t-test (two-tailed). When we used the 1W-ANOVA we checked the equality of group 309 

variances using the Brown-Forsythe test followed by the Tukey post hoc test for multiple 310 
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comparisons, if applicable. The differences were considered statistically significant when the 311 

value of p was less than 0.05. The statistical analysis results are detailed on Table 1. 312 

RESULTS   313 

Oxytocin microinjection into RAIC produces antinociception without motor alterations 314 

The animals pretreated with oxytocin microinjection into RAIC 15-20 min before s.c. formalin 315 

(5 %) injection (experimental timeline shown in Fig. 1A) showed fewer flinches compared to the 316 

control and vehicle groups (n = 6 for each group). This effect was remarkable in animals 317 

pretreated by a higher concentration of oxytocin (400 pmol, n = 6; Fig. 1B). Upon calculating the 318 

AUC, we detected statistical difference between the oxytocin-pretreated groups and the sham 319 

and vehicle groups in both phases (P1 and P2) of the formalin test (Figs. 1C and 1D; Table 1). It 320 

is important to remark that since no statistical difference between sham and vehicle groups was 321 

found, we can infer that under our experimental conditions, the surgical procedure had no 322 

relevant impact on the flinching behavior analyzed. Indeed, the number of flinches elicited by 323 

5 % formalin is similar to the one reported by Wheeler-Aceto et al. (1990), who used the same 324 

formalin concentration to standardize the formalin test. 325 

Furthermore, to analyze the impact of the craniotomy on locomotor performance, we used 326 

the rotarod test. As shown in Figure 1F, the surgery impaired the locomotor performance in all 327 

groups, but the animals treated with oxytocin seemed less affected (at least statistically). Taken 328 

together, these data only demonstrate that under our experimental conditions, the impairment of 329 

locomotor performance did not affect the flinching behavior. 330 

Since oxytocin microinjection into RAIC diminishes the formalin-induced flinches without 331 

impairing the motor coordination, we further explored if the oxytocin-induced antinociception 332 

can be mediated at the spinal pain processing level using an electrophysiological approach.  333 
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Oxytocin microinjection into RAIC decreases WDR neuronal firing evoked by peripheral 334 

formalin injection  335 

The recorded cells (experimental design shown in Fig. 2A) were selected based on their somatic 336 

responses and classified as WDR cells. This type of cells showed a characteristic response to 337 

electrical stimulation, presenting A -, A -, and C-fiber activity (Figs. 2B-2G). In all cases, these 338 

WDR cells did not show spontaneous firing before peripheral formalin administration. 339 

Immediately after s.c. 1% formalin injection, an increase in the “spontaneous” WDR cell firing 340 

was induced (Figs. 2H and 2I). The increase in the “spontaneous firing” tailed a similar pattern 341 

that we can observe in the case of the formalin test; i.e. the neuronal firing showed a biphasic 342 

response (Fig. 3A) correlated with the formalin-induced nociception behavior.  This pattern was 343 

abolished by RAIC microinjection of oxytocin (40 pmol; Figs. 3A-3C). Figure 3D shows the 344 

neuronal firing rate at the first minute and 35 min after the formalin injection in control animals 345 

and animals pretreated with oxytocin. The dramatic decline in “spontaneous” neuronal activity 346 

induced by oxytocin was not due to the loss of the recorded cell, because if we applied peripheral 347 

electrical stimulation the characteristic electrophysiological response (as illustrated in the Figure 348 

2E-2F) was evoked (Fig. 3E). Admittedly, although before formalin administration we 349 

systematically tested (by peripheral electrical stimulation) that the neuron recorded was a WDR 350 

cell, we did not systematically perform the electrical stimulation after oxytocin microinjection 351 

and thus did not analyze the effect of oxytocin on the peripheral electrical evoked activity. 352 

Considering that microinjection of oxytocin into RAIC not only diminished the nocifensive 353 

behavior, but also the formalin-induces spontaneous neuronal activity of WDR cells, we further 354 

studied the possible source of oxytocin in RAIC by exploring a possible neuro-anatomical 355 

connection between the PVN and RAIC. 356 
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Bilateral PVN oxytocinergic projections to RAIC  357 

As shown in Figure 4A and 4B, microinjection of FG into RAIC labeling cells bilaterally in the 358 

PVN. Considering the size of the labeled cells (7-20 m), most of them can be classified as 359 

parvocellular cells. The FG-positive cells were mainly found in the medial part of the PVN 360 

(Bregma: -1.4, -1.6 mm) or near the third ventricle (Figs. 4C-4D), which has been described as a 361 

site for parvocellular cell distribution (van den Pol, 1982).Figure 4E shows the distribution of 362 

FG-labeled cells along the rostro-caudal extension of the PVN. At this point we show that a 363 

connection between the PVN and RAIC exists, but are these projecting neurons oxytocinergic? 364 

To answer this question, we performed the following immunofluorescence experiments. 365 

Immunofluorescence labeling of oxytocinergic cells in the PVN and FG tracer coming 366 

from RAIC suggest the projection of oxytocinergic cells from the PVN to RAIC (Fig 5A-5C). 367 

Figures 5D to 5F clearly exemplify an FG- and oxytocin-positive cell. A detailed analysis of the 368 

double-labeled cells along the PVN rostro-caudal extension is shown in Figure 5G, which 369 

displays more oxytocinergic cells projecting to RAIC in the posterior portion of the PVN. 370 

Oxytocin-induced antinociceptive effect in RAIC is mediated by local OTR-GABAA and 371 

spinal 2-adrenoceptor mechanisms 372 

Previous studies have described an analgesic effect produced in RAIC by the activation of 373 

GABAA receptors (Jasmin et al., 2003). Hence, we explored if the oxytocin-induced 374 

antinociceptive effect inside RAIC can be mediated by the activation of its receptor (OTR) and 375 

by a local GABAA receptor mechanism. 376 

Using pharmacological tools and the 5 % formalin test (experimental timeline shown in 377 

Fig. 6A), we found that the oxytocin-induced antinociception is mediated by its receptor (OTR) 378 

and also promotes a: (i) GABAergic mechanism in RAIC; and (ii) 2A-adrenoceptor activation at 379 



Gamal-Eltrabily et al. Oxytocin-induced antinociception in insular cortex 

18 

 

the spinal dorsal horn level (Figs. 6B-6D). More specifically, local microinjection of L-368,899 380 

(OTR antagonist) or bicuculline (a preferent GABAA receptor antagonist) inside RAIC prior to 381 

oxytocin abolished the oxytocin-induced antinociception in both phases of the formalin test. In 382 

contrast, intrathecal administration of BRL 44480 ( 2A-noradrenergic receptor blocker) only 383 

blocked the oxytocin effect in the second phase of the formalin test.  384 

When we analyzed the per se effects induced by the antagonists/blockers, we found that 385 

OTR blockade with L-368,899 but not bicuculline or BRL 44408 significantly increased the 386 

mean number of flinches in the formalin test (Figs. 6E-6G). These findings suggest that a tonic 387 

oxytocin release into RAIC could exist under an inflammatory pain condition. 388 

PVN projections target GABAergic and OTR-expressing cells inside RAIC 389 

To analyze the relation between the PVN projections to RAIC, OTR-expressing cells and 390 

GABAergic neurons inside this cortex, we performed immunofluorescence experiments. Using 391 

an anterograde tracer (FR) injected into the PVN (Fig. 7A), we observed FR-labeled fibers inside 392 

RAIC (Figs. 7B and 7C). These fibers showed a close relationship with OTR-expressing cells 393 

(Fig. 7D) and GABAergic neurons (Figs. 7E and 7F). Indeed, as shown in Figures 7G and 7H, 394 

we identified GABAergic cells that express OTR and maintain a close relation with FR-labeled 395 

fibers. Incubation with only secondary antibodies (negative control) was associated with no 396 

fluorescence labeling in all the experiments (data not shown). According to these findings, some 397 

PVN projections destinate GABAergic neurons expressing OTR inside RAIC, which endorses a 398 

possible local GABA-mediated activity that promotes the oxytocin-induced antinociceptive 399 

effect in RAIC.   400 
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DISCUSSION  401 

General  402 

Here, and apart from the implications discussed below, we showed that oxytocin microinjection 403 

into the rostral portion of the insular cortex (RAIC) induced an antinociceptive effect mediated 404 

by: (i) a local GABAA receptor activation and (ii) the recruitment of a descending noradrenergic 405 

modulatory mechanism by spinal cord activation of 2A-adrenoceptors. Moreover, we described 406 

the existence of direct oxytocinergic projections from the PVN (one of the main sites of oxytocin 407 

synthesis) towards this cortex, which destinate local GABAergic neurons. A proposed circuit of 408 

how oxytocin at RAIC promotes antinociception is depicted in Figure 8.  409 

Oxytocin in RAIC produced antinociception in the presence of inflammatory pain input  410 

As shown in Figure 1, oxytocin microinjection into RAIC decreased the nociceptive effect 411 

induced by formalin. Admittedly, under our experimental conditions we have no direct evidence 412 

about the onset of action of oxytocin. Nevertheless, in neuropathic pain models, using behavioral 413 

(Eliava et al., 2016; Sun et al., 2018; Taati & Tamaddonfard, 2018; González-Hernández et al., 414 

2019) and electrophysiological approaches (DelaTorre et al., 2009; Eliava et al., 2016), the 415 

duration of the antinociceptive effect of central oxytocin ranges between 60-90 min and the onset 416 

of the action peaks between 10-40 min. In any case, since the 60 min formalin-induced 417 

nociception is mediated by direct activation of nociceptors (early phase) and inflammatory 418 

peripheral process leading to a persistent pain (late phase), it is reasonable to propose that 419 

oxytocin in RAIC inhibits the formalin effect by activation of descending modulatory 420 

mechanisms (see below). Direct evidence supporting our contention originates from a previous 421 

report showing that after s.c. formalin injection, an increase in the immunoreactivity to oxytocin 422 

in the PVN is observed (Motojima et al., 2017). Hence, the notion that under persistent pain 423 
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input, endogenous oxytocinergic mechanisms are activated to promote endogenous analgesia is 424 

supported. Indeed, it is well-know that after PVN stimulation, spinal analgesia by oxytocinergic 425 

mechanisms is induced (Condés-Lara et al., 2006; Eliava et al., 2016; Poisbeau et al., 2018). 426 

Since the behavioral experiments were performed after a 10-min recovery from 427 

intracortical injection of treatments, a key experiment to exclude any confounding motor effect 428 

was the rotarod test (Fig. 1F). Our results showed that although after surgery the motor 429 

coordination is impaired, oxytocin microinjection improves motor coordination. These results 430 

suggest that the oxytocin-induced antinociception is specific and does not rely on a motor deficit. 431 

Certainly, we used glass micropipettes ( 10 m diameter tip) to minimize brain damage and 432 

selectively perform a minimal microinjection ( 40 nl).  433 

Oxytocin-induced antinociceptive effect implies a descending modulatory mechanism.  434 

Since oxytocin microinjection into RAIC produced a specific behavioral antinociception, we 435 

further explored if this effect could involve nociception modulation at the spinal level like other 436 

neuromodulators. For example, Burkey et al. (1996, 1999) showed that microinjections at RAIC 437 

of morphine or dopamine induces a descending spinal antinociception; briefly, these compounds 438 

reduces the neuronal firing of the nociceptive spinal dorsal horn neurons and diminishes the c-fos 439 

reactivity induced by peripheral nociceptive stimulus. Thus, we evaluated the effect of oxytocin 440 

in RAIC on spinal WDR neuron response upon peripheral formalin administration.  441 

The electrical stimulation of the peripheral RF produces a typical well-defined triphasic 442 

neuronal-evoked response corresponding to A -, A -and C-fibers activation (Figs. 2D to 2F).  In 443 

this type of spinal second order neurons, we recorded an increased neuronal firing rate upon s.c 444 

administration of formalin (Figs. 2H and 2I). As previously demonstrated (Dickenson and 445 

Sullivan, 1987; Haley et al., 1990; Puig and Sorkin, 1996; Diaz and Dickenson, 1997), s.c. 446 
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formalin injection produced a biphasic neuronal “spontaneous” firing (Fig. 3A) similar to the one 447 

observed in behavioral experiments (Fig. 1B). Hence, we showed that oxytocin microinjection 448 

into RAIC decreased the first phase and second phase of the spontaneous neuronal response 449 

(Figs. 3B-3D). Since we found that the WDR response to RF electrical stimulation remains (Fig. 450 

3E), we rule out that the cell recorded was lost. Together, these data support our contention that 451 

oxytocin at RAIC promotes a descending antinociceptive mechanism. 452 

PVN oxytocinergic innervations towards RAIC 453 

Since oxytocin in RAIC produced behavioral and electrophysiological antinociception, we 454 

further explored a possible connection between the PVN (a main source of oxytocin) and RAIC. 455 

Here, FG microinjection into RAIC stained cells bilaterally along the rostro-caudal extension of 456 

the PVN (Fig. 4). Some of the PVN-projecting neurons towards RAIC were oxytocinergic (Fig. 457 

5); however, some FG-labeled cells were not labeled by oxytocin in PVN. This suggests the 458 

presence of other neuromodulators involved in this connection. However, we must admit that 459 

with the tracer technique used we cannot exclude the possibility that the PVN projections to 460 

RAIC reflect fibers of passage. Indeed, as suggested by Chini et al. (2017), hypothalamic 461 

oxytocinergic neurons send long axons to several forebrain regions, and these long axons may 462 

release (by en passant boutons) oxytocin in more than one area. Certainly, oxytocinergic 463 

innervations towards the caudal region of the insular cortex have been described and related with 464 

the stress response (Knobloch et al., 2012). In any case, and to the best of our knowledge we 465 

showed that a connection between PVN and RAIC exists.  466 

Considering that: (i) under inflammatory nociceptive stimulus (i.e. peripheral formalin), 467 

PVN oxytocinergic transmission is enhanced (Motojima et al., 2017); and (ii) at RAIC level, an 468 

increased GABAergic activity promotes descending noradrenergic antinociception (Jasmin et al., 469 



Gamal-Eltrabily et al. Oxytocin-induced antinociception in insular cortex 

22 

 

2003), we could propose that oxytocin from PVN promotes a descending antinociception by 470 

GABAergic transmission.  471 

Oxytocin antinociceptive effect is OTR-GABAA mediated and involves a descending 472 

noradrenergic mechanism 473 

In fact, the oxytocin-induced antinociception in RAIC was mediated by local OTR activity since 474 

microinjection of L-368,899 (a specific and potent OTR antagonist; Williams et al., 1994) into 475 

RAIC prior to oxytocin abolished this effect (Figs. 6B to 6D). These results agree with previous 476 

studies showing that the insular cortex has OTR binding sites in adult rats (for refs. See Gimpl 477 

and Fahrenholz, 2001). Furthermore, to test the role of GABAergic mechanisms in the oxytocin-478 

induced antinociception we showed that bicuculline microinjection prior to oxytocin abolished 479 

its antinociceptive action in the formalin test (Fig. 6). The simplest interpretation of these 480 

findings may suggest the role of GABAA receptors, however bicuculline can also block the 481 

activity of KCa2.1and KCa2.2 channels (Strøbaek et al., 2000) and consequently an action on the 482 

function of these channels cannot be excluded. Nevertheless, as shown in Figure 7, our 483 

immunofluorescence experiments support our contention that oxytocin inhibits nociception by 484 

promoting GABAergic neurotransmission. In addition, it is well known that an increase of 485 

GABA levels inside RAIC produces antinociception (Jasmin et al., 2003). Besides, oxytocin 486 

increases local GABA levels in the prefrontal cortex (Qi et al., 2012).  487 

Since GABAA receptor activation in RAIC promotes the recruitment of the descending 488 

noradrenergic system (Jasmin et al., 2003), we tested the role of spinal 2A-adrenoceptors in the 489 

oxytocin effect. Intrathecal administration of BRL 44408 partially reversed the oxytocin-induced 490 

behavioral antinociception (Fig 6). These data suggest that oxytocin-induced antinociception in 491 

RAIC is mediated by a local OTR-GABAA receptor activation and involves the participation of a 492 
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descending noradrenergic modulatory mechanism probably promoted by LC disinhibition 493 

(Jasmin et al., 2003). However, since the BRL 44408 effect was modest, we could infer that 494 

other descending mechanisms or cortico-cortical interactions are also involved (Chen et al., 495 

2010; Wu et al., 2016; Ohara et al., 2005; Xie et al., 2009; Jung et al., 2016). Indeed, it has been 496 

shown that PVN electrical stimulation enhances c-fos expression not only in LC but also in the 497 

RM and PAG (Condés-Lara et al., 2015), both structures related with descending pain inhibition 498 

by serotonergic and opiodergic transmission. 499 

One interesting finding was that microinjection of L-368,899 per se in RAIC produced a 500 

pronociceptive effect (Figs 6E-6G), suggesting the existence of a tonic endogenous oxytocin 501 

release in RAIC during inflammatory nociception. Accordingly, Motojima et al. (2017) showed 502 

that peripheral formalin elicited an increase of the PVN oxytocinergic activity, supporting the 503 

role of the PVN oxytocinergic system modulating inflammatory nociceptive input. In contrast, as 504 

previously reported by Jasmin et al. (2003), when we evaluated the per se effect induced by 505 

bicuculline we did not find any effect on the nociceptive responses elicited by formalin. These 506 

findings suggest that although GABAA-related mechanisms at RAIC are relevant for the 507 

oxytocin actions, other OTR-dependent mechanisms are also elicited by this neuropeptide.  508 

Further anatomical evidence supporting the role of OTR and GABAergic mechanisms in the 509 

intracortical oxytocin effect 510 

The fact that PVN projections target GABAergic neurons and OTR-expressing cells inside RAIC 511 

(Fig. 7), support the notion that oxytocin antinociceptive effect elicited in the behavioral and 512 

electrophysiological experiments could be mediated by local OTR and GABAergic 513 

neurotransmission. Nevertheless, as above discussed we cannot exclude the possible co-514 

involvement of other mechanisms. 515 
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In conclusion, since a PVN oxytocinergic neuronal projection to RAIC exist and oxytocin 516 

in RAIC produced an antinociceptive effect we suggest that RAIC is a site of oxytocin-induced 517 

analgesia. Indeed, the antinociceptive effect induced by intracortical injection of oxytocin seems 518 

to be mediated by a local cortical OTR-GABAA activity that partially promotes a descending 519 

spinal noradrenergic mechanism. Furthermore, our results suggest a possible tonic release of 520 

oxytocin in RAIC during inflammatory pain input. 521 
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Table 1. Statistical data with their respective post hoc comparison for the behavioral and 658 

electrophysiological data. In all cases we consider a p  0.05 for significance. Abbreviations: S, 659 

surgery; V, vehicle; OXT, oxytocin; L-368, L-368,899; Bicu, bicuculline.  660 

Figure Test Post hoc comparison 

1 Ordinary one-way ANOVA Tukey’s test 

1C Treatment effect: F(3, 20) = 13.67; p < 0.0001 S vs V, p = 0.518 

V vs 40 nmol OXT, p = 0.0042 

V vs 400 nmol OXT, p < 0.0001 

40 nmol OXT vs 400 nmol OXT, p = 0.244 

1D Treatment effect: F(3, 20) = 20.74; p < 0.0001 S vs V, p = 0.107 

V vs 40 nmol OXT, p = 0003 

V vs 400 nmol OXT, p < 0.0001 

40 nmol OXT vs 400 nmol OXT, p = 0.147 

1F Treatment effect: F(3, 16) = 98.28; p < 0.0001 Naïve vs S, p < 0.0001 

Naïve vs V, p < 0.0001 

Naïve vs OXT, p < 0.0001 

S vs V, p = 0.998 

OXT vs V, p = 0.005 

OXT vs S, p = 0.008 

   

3 Non-paired t-test (two-tailed) N/A 

3B t(10) = 2.507, p = 0.031  

3C t(10) = 3.163, p = 0.010  
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6 Ordinary one-way ANOVA Tukey’s test 

6C Treatment effect: F(4, 25) = 31.21; p < 0.0001 V vs OXT, p < 0.0001 

L-368 vs OXT, p < 0.0001 

V vs L-368, p = 0.0704 

Bicu vs OXT, p = 0.0003 

BRL vs OXT, p = 0.613 

6D Treatment effect: F(4, 25) = 295.3; p < 0.0001 V vs OXT, p < 0.0001 

L-368 vs OXT, p < 0.0001 

V vs L-368, p < 0.0001 

Bicu vs OXT, p < 0.0001 

BRL vs OXT, p < 0.0001 

6F Treatment effect: F(3, 20) = 7.695; p = 0.0013 V vs L-368, p = 0.019 

V vs Bicu, p = 0.846 

V vs BRL, p = 0.802 

6G Treatment effect: F(3, 20) = 50.39; p < 0.0001 V vs L-368, p < 0.0001 

V vs Bicu, p = 0.467 

V vs BRL, p = 0.299 

  661 
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Figures legends 662 

Figure 1. Oxytocin (OXT) microinjection in the rostral agranular insular cortex (RAIC) 663 

produces antinociception. (A) Diagram and timeline schema of the experimental design used in 664 

the behavioral studies (5 % formalin test and rotarod evaluation) (B) Time course during phase I 665 

(P1) and phase II (P2) of the mean number of flinches observed after OXT microinjection into 666 

RAIC (40 or 400 nmol; n = 6 each concentration) in rats submitted to the 5 % formalin test. Note 667 

that OXT diminished the number of flinches. Panels (C) and (D) show the time course data 668 

expressed as area under the mean number of flinches against time curve (AUC). The 1W-669 

ANOVA showed differences between treatments, suggesting that OXT reduced the AUC during 670 

P1 and P2. (E) Two photomicrographs obtained by light microscope showing two examples of 671 

the microinjection sites in RAIC (AP: Bregma 2.7, 2.2 mm) (scale: 200 m in both). Panel (F) 672 

shows that, although after surgery the time spent (seconds) on the treadmill apparatus before 673 

failing significantly diminished compared to naïve animals (without any surgery or treatment), 674 

the animals who received OXT improved the time spent in the rotarod test compared to sham 675 

procedure or vehicle microinjection. For statistical details see Table 1. 676 

Figure 2. Spinal dorsal horn wide dynamic range (WDR) cells and their response to 677 

peripheral electrical or formalin administration. (A) Experimental set-up design illustrating 678 

the electrophysiological recording of lumbar dorsal horn WDR cells and the location of the 679 

receptive field (RF) stimulation on the paw; note that oxytocin was microinjected in the 680 

contralateral site of the electrophysiological recording. Panels (B) show the raw data of 2 681 

electrical stimulus artifacts and (C) 2 consecutive WDR responses to electrical RF stimulation. 682 

(D) Raw tracing of a single response to RF electrical stimulation. Panels (E) and (F) represent 683 

the raster plot and the peristimulus time histograms (PSTHs) constructed from 10 WDR 684 
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responses to RF electrical stimulation depicting the different fiber components (A -fibers, A -685 

fibers and C-fibers). In (G) the wave average of the activity of the WDR neuron recorded is 686 

illustrated; note that before RF stimulation no spontaneous response occurs. Panel (H) is a raw 687 

electrophysiological record of a spinal WDR neuron before and after peripheral formalin 688 

administration (50 l of 1 % formalin) in its RF; note that after formalin injection the WDR cell 689 

starts “spontaneously” firing. (I) A time histogram showing the neuron firing rate; note that the 690 

wave average of the activity of the recorded WDR neuron is the same as the one in panel G.  691 

Figure 3. Oxytocin (OXT) microinjection in the rostral agranular insular cortex (RAIC) 692 

decreases spinal WDR cell activity upon peripheral formalin administration. (A) Time 693 

course of the “spontaneous firing” of spinal WDR cells recorded after OXT microinjection into 694 

RAIC (40 nmol; n = 6) in rats submitted to peripheral subcutaneous (s.c.) 1 % formalin injection. 695 

Note that in these electrophysiological experiments, the s.c. formalin elicits a biphasic response 696 

similar to the one observed in the behavioral experiments, and OXT microinjection successfully 697 

diminished the spontaneous firing. Panels (C) and (D) show the time course data expressed as 698 

area under the “spontaneous firing” against time curve (AUC); the unpaired two-tailed t-test 699 

suggests that oxytocin reduced the AUC during P1 and P2. For statistical details see Table 1. 700 

Panel (D) shows time histograms of the WDR spontaneous neuronal activity upon peripheral 701 

formalin administration at different recording times in both groups; increased neuronal firing of 702 

the control neuron at minute 1 and 35 minutes after formalin administration in comparison to a 703 

neuron in an animal pretreated with OXT in RAIC under the same experimental conditions. 704 

Panel (E) depicts a peri-stimulus time histogram showing the WDR neuronal activity upon 705 

electrical stimulation of their peripheral receptive field at min 1 and 35 minutes after peripheral 706 

formalin administration in control (above) and OXT (below) pretreated groups. It is interesting 707 
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to note that although the spontaneous firing was drastically diminished in animals treated with 708 

OXT, the evoked WDR cell response persisted.  709 

Figure 4. Bilateral hypothalamic paraventricular nucleus (PVN) projections towards 710 

rostral agranular insular cortex (RAIC). (A) Schematic diagram depicting the PVN with 711 

Fluoro-Gold™ (FG) positive cells after injection of this retrograde tracer in the RAIC. (B) A 712 

photomicrograph of the FG injection in the RAIC (scale bar: 100 m). Panels (C) and (D) are 713 

photomicrographs showing the presence of bilateral FG-labeled cells inside the PVN (scale bar: 714 

50 m and 60 m, respectively). (D) Distribution of the FG-labeled cells along the rostral-caudal 715 

extension of the PVN.  716 

Figure 5. Some hypothalamic paraventricular nucleus (PVN) projecting neurons to the 717 

rostral agranular insular cortex (RAIC) are oxytocinergic. Fluoro-Gold™ (FG) was 718 

microinjected in the RAIC and confocal photomicrograph were taken into the PVN 719 

demonstrating double-labeled cells. (A) Oxytocin-labeled cells (in red) in the RAIC. (B) Anti-720 

Fluoro-Gold™ (FG) labeled cells in green. (C) A merge image showing double-labeled cells 721 

(white arrows) in yellow. Panels (D) and (E) are photomicrograph exemplifying a PVN cell 722 

labeled against oxytocin (in red) and with FG (in yellow); note that panel (F) is a merge image 723 

showing that the cell is double labeled. Scale bars: 50 m (panels A, B and C); 30 m (panels D, 724 

E and F). (G) A summary graph showing the rostro-caudal extension of FG-labeled and double-725 

labeled cells along the PVN.  726 

Figure 6. Oxytocin (OXT) antinociceptive effect in RAIC is mediated by a local OTR and 727 

GABAA activation which partially promoted a descending noradrenergic modulation  (A) 728 

Diagram and timeline schema of the experimental design used in the 5 % formalin test; note that 729 

OXT, L-368,899 and bicuculline were microinjected into RAIC, whereas BRL 44408 was 730 
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intrathecally (i.t.) delivered. (B) Time course during phase I (P1) and phase II (P2) of the mean 731 

number of flinches observed after treatment with vehicle (n = 6), OXT administration (400 pmol; 732 

n= 6; showed for comparison) or with: (i) L-368,899 (400 pmol; OTR selective antagonist; n = 733 

6) plus OXT; (ii) bicuculline (200 pmol; GABAA receptor antagonist; n = 6) plus OXT; or (iii) 734 

BRL 44408 ( 2A-adrenoceptor antagonist; 1 nmol; n = 6) plus OXT, in rats submitted to the 735 

formalin test. Panels (C) and (D) show the data from the time course expressed as area under the 736 

mean number of flinches against time curve (AUC). The OXT group represents that of animals 737 

receiving an intracortical microinjection of oxytocin (400 pmol; shown for comparison). The 738 

1W-ANOVA showed differences between treatments, suggesting differences during P1 and P2. 739 

Note that while L-368,899 and bicuculline abolish the OXT-induced antinociception in both 740 

phases, i.t. BRL 44408 partially reverses the OXT effect only during P2; furthermore, during P2, 741 

L-368,899 treatment seems to have a pronociceptive effect considering that it is significantly 742 

higher to that observed in the vehicle subgroup. Panels (E) to (G) show the per se effect of 743 

treatment with L-368,899, bicuculline and BRL 44408; note that L-368,899 alone induces a 744 

slight (but statistically significant) pronociceptive effect in P1, whereas during P2 the 745 

pronociceptive effect is remarkable. For statistical details see Table 1. 746 

Figure 7. The hypothalamic paraventricular nucleus (PVN) projections destinate OTR 747 

expressing and GABAergic neurons inside the rostral agranular insular cortex (RAIC). (A) 748 

Photomicrograph of the anterograde tracer Fluoro-Ruby® (FR) deposited into the PVN (scale 749 

bar: 120 m). Panels (B) and (C) are two photomicrographs showing the presence of FR-labeled 750 

fibers inside RAIC (scale bar: 60 m for both). In (D) a confocal photomicrograph showing the 751 

relation between OTR-expressing cells (in blue) and FR-labeled fibers (in red) inside RAIC 752 

(scale: 60 m). Panel (E) is a confocal image showing the relation between GABA-labeled cells 753 
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(in green) and FR-labeled fibers (in red) inside RAIC (scale bar: 60 m). (F) A crop from (E) 754 

showing the close-relation between a GABA-labeled cell (in green) and an FR-labeled fiber (in 755 

red); scale: 30 m. (G) A representative confocal image showing the relation between OTR-756 

expressing cells (in blue), FR-labeled fibers (in red) and GABA-labeled neurons (in green) inside 757 

RAIC (scale: 50 m). (H) A cropped image from panel (A) showing a single GABA-labeled cell 758 

expressing OTR and maintaining a close relation with an FR-labeled fiber (white triangle) (scale: 759 

20 m). 760 

Figure 8. Proposed mechanism for inhibition of pain transmission by oxytocin in the 761 

rostral agranular insular cortex (RAIC). As previously described by Jasmin et al. (2003), 762 

glutamatergic fibers from the RAIC target GABAergic cells in the pericoerulear region, which 763 

inhibit noradrenergic neurons in the locus coeruleus (LC) and consequently diminish the 764 

descending inhibition of spinal nociceptive transmission. Here, we show that: (i) some 765 

oxytocinergic neurons from the hypothalamic paraventricular nucleus (PVN) seem to target 766 

GABAergic neurons inside the RAIC; and (ii) the formalin-induced behavioral and 767 

electrophysiological nociception is inhibited by oxytocin microinjection into the RAIC. Our 768 

spinal dorsal horn electrophysiological data showed that microinjection of oxytocin into the 769 

RAIC inhibits pain transmission at spinal cord level suggesting a top-down mechanism evoked 770 

by this neuropeptide at cortical level. Since intracortical microinjection of the oxytocin receptor 771 

(OTR) antagonist (L-368,899) or blockade of GABAA channels (using bicuculline) abolished the 772 

effect of oxytocin, a potential GABAergic mechanism enhancing descending antinociception is 773 

suggested. Indeed, spinal pre-treatment with an 2A-adrenoceptor antagonist (BRL 44408) 774 

partially blocked the antinociception induced by cortical oxytocin. Taken together, our results 775 

demonstrate that oxytocin at RAIC level could inhibit the nociceptive input at spinal cord level 776 
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by activating cortical OTR and recruiting GABAergic transmission which, in turn, enhance the 777 

spinal 2A-adrenoceptor activity.   778 


















