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ABSTRACT 

PARTIAL SPINAL NERVE LIGATION ALTERS ANATOMICAL COMPONENTS 

OF OXYTOCIN SIGNALING AND THE LEVEL OF TONIC OXYTOCIN-

MEDIATED INHIBITION OF NOCICEPTION  

By:  

Amie Leigh Milliken Severino  

Dissertation under the Direction of:  

Dr. James C. Eisenach MS, MD 

Chronic pain affects more than 25 million people in the United States of America, 

with neuropathic pain contributing to pain in 6-8% of this population. Chronic pain 

occurs after surgical interventions in approximately 10-40% of patients, but most 

patients recover without developing persistent pain. Why some patients recover 

and others do not may be due to differences in activity of endogenous pain 

inhibition. Oxytocin is a peptide that has been characterized for its analgesic 

properties and recent studies suggest that oxytocin may contribute to 

endogenous inhibitory tone in chronic pain.  We investigated mechanisms of 

oxytocin signaling that may be altered by partial spinal nerve ligation (pSNL) 

injury and contribute to the apparent recovery of pain after pSNL injury in rats.  

Oxytocin fibers that originate in the paraventricular nucleus of the hypothalamus 

terminate in the dorsal horn of the spinal cord and receptors for oxytocin are 

located in the spinal cord and in the dorsal root ganglion. We hypothesized that 

these components of oxytocin signaling may be upregulated after pSNL, thereby 

increasing oxytocin signaling capacity. pSNL injury increased oxytocin 

immunoreactivity in the superficial dorsal horn of the lumbar spinal cord and 

increased expression of mRNAs for receptors activated by oxytocin in the 
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ipsilateral L4 dorsal root ganglion ipsilateral to injury. We evaluated the functional 

implications of these anatomical alterations by quantifying spinal oxytocin release 

via spinal microdialysis in basal conditions, after peripheral capsaicin stimulation 

and after electrical stimulation of the paraventricular nucleus. Electrical 

stimulation of the paraventricular nucleus increased spinal oxytocin release only 

in animals after pSNL.  These data suggest an increased capacity for peripheral 

and spinal oxytocin signaling and for spinal release of oxytocin after central 

stimulation after pSNL.  

We then investigated whether tonic oxytocin signaling in the spinal cord was 

necessary for the maintenance of behavioral recovery from mechanical 

hypersensitivity after pSNL injury. Intrathecal injection of an oxytocin receptor 

antagonist reverses recovery from mechanical hypersensitivity after a similar 

nerve injury in postpartum animals. Here we investigate the role of tonic spinal 

oxytocin signaling in the maintenance of recovery from hypersensitivity 5-9 

weeks after nerve injury in virgin female and male rats. We hypothesized that 

nonselective antagonists and selective antagonists to the oxytocin receptor and 

vasopressin 1a receptor would uncover the latent sensitization processes that 

persist during this period of apparent partial recovery from injury and would result 

in hypersensitivity. We found that both nonselective and receptor selective 

antagonists reinstated hypersensitivity in animals with partial recovery from nerve 

injury, without a sex difference in this effect.  These antagonists had no effect on 

mechanical sensitivity in normal animals. These data extend previous 

observations in postpartum animals to suggest that recovery from 
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hypersensitivity after nerve injury in male and female rats reflects ongoing 

activation of spinal oxytocin receptors and vasopressin 1a receptors. 

Together, these observations indicate that pSNL alters both anatomical 

components of oxytocin, stimulation-evoked release of oxytocin, and tonic 

receptor signaling. These alterations suggest increased oxytocin-mediated 

inhibitory tone is in part responsible for the recovery observed after pSNL. We 

suggest that nerve injury induces a new homeostasis in which oxytocin-mediated 

inhibitory tone masks ongoing latent sensitization processes to produce this 

recovery.
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CHAPTER ONE 

INTRODUCTION 

Introduction to Pain and Preclinical Modeling  

Chronic pain is a significant public health issue affecting over 25 million people in 

the United States alone, with patients reporting chronic pain symptoms every day 

throughout the duration of a National Institute of Health 3-month survey period in 

2012.86 Up to 37% of chronic pain patients specifically have developed persistent 

pain due to pathology in nerves, a percentage that varies depending on the 

particular etiology of the pain.51 Neuropathic pain can be due to a variety of 

disorders or external circumstances, including diabetic peripheral neuropathy, 

cancer, post-herpetic neuralgia, trauma, and surgery. Characterizing 

endogenous processes that contribute to the normal resolution from injury-

induced pain provides insights into mechanisms of recovery that could identify 

targets for the development of treatments for pain.  

After injury, many processes occur to facilitate pain transmission. Sensitization 

refers to an increased facilitation of nociceptive transmission.109, 110 This may 

occur in the primary sensory afferents, in the spinal cord, or supraspinally in the 

brainstem and brain (Figure 1). Multiple factors contribute to the extent of 

sensitization after peripheral nerve injury, due to processes occurring at pro-

inflammatory cytokines. injured nerves and activated glial cells that produce 

changes in the balance of descending pain facilitation or inhibition.84, 106, 107 

Central sensitization in the spinal cord is in part due to N-methyl-D-aspartate 

(NMDA) receptor signaling that facilitates transmission similarly to long term 
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potentiation (LTP).111 Primary nociceptive afferents are sensitized after an initial 

inflammation or injury due to NMDA receptor signaling, tissue or immune 

response-induced release of cytokines and neurotrophic factors and protein 

kinase C ε isoform (PKCε) cascades.25, 87, 103 Sensitization may persist even 

beyond behavioral recovery after nerve injury, but is masked by an increase in 

endogenous inhibitory tone.  

 

Figure 1. Sites of nociceptive transmission.  

When pain resolves, either the sensitization processes are reduced over time or 

counterbalancing inhibitory signaling is increased that masks the latent 

sensitization of primary nociceptive afferents and central sites. Latent 

sensitization was demonstrated by studies using antagonists to block 

endogenous inhibition to demonstrate the persistence of nociceptive facilitation 

after an initial injury stimulus.31, 102 Mechanisms that mask latent sensitization 

include tonic kappa and delta opioid receptor activity, tonic α2 adrenoceptor 

activity and constitutive mu opioid receptor activity.78, 88, 96, 102  Evidence suggests 

that activity of these inhibitory mechanisms contributes to the apparent 
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behavioral recovery from hypersensitivity.31, 78, 102 We sought to explore whether 

oxytocin signaling also contributes to the endogenous inhibitory tone masking 

latent sensitization processes after peripheral nerve injury. 

Understanding endogenous pain inhibition systems and their plasticity will allow 

us to target these systems to develop therapies for symptoms associated with 

pain, such as hypersensitivity. Pharmacotherapies that target inhibitory systems, 

such as the noradrenergic and opioidergic systems, have yielded mixed clinical 

success in the treatment of chronic pain. For example, the effectiveness of 

chronic opioid therapy is controversial and may in fact induce hyperalgesia over 

time.13, 124 Also, many of these drugs produce unwanted and disruptive side 

effects. Clonidine is an α2 adrenoceptor agonist that has been used clinically to 

relieve pain, but produces profound sedation and hypotension.80 Opioid drugs 

have a high abuse potential, become ineffective over time due to tolerance and 

are associated with various sedative, cognitive and gastrointestinal side effects.18 

With the Center for Disease Control’s recent classification of opioid drug abuse 

as an epidemic there is considerable interest in developing non-opioid treatments 

for chronic pain.34, 73 

In order to study pain, we must develop models of human injury and determine 

behavioral endpoints that capture aspects of the human pain experience. As we 

are limited to animal models of chronic neuropathic pain conditions, we are only 

able to employ semi-quantitative assays of pain-behavior. Where we may be able 

to ask a patient to rate qualitative experience of their pain intensity or 

unpleasantness; in animals we can only measure behavioral responses and how 



15 
 

they are altered by the pain condition. We study hypersensitivity to mechanical 

stimuli, a decrease in the threshold of mechanical pressure that elicits a paw 

withdrawal response after injury compared to the uninjured state. This decreased 

withdrawal threshold is thought to parallel touch evoked pain, a common 

symptom in patients with neuropathic pain.49, 76 We also employ the terms 

analgesia, referring to the reduction of the pain experience and antinociception, 

referring to inhibition of nociceptive transmission. A lack of pain perception 

(analgesia) does not necessarily indicate a lack of neurotransmission 

(nociception). This dissertation specifically seeks to determine if oxytocin 

contributes to signaling that results in apparent anti-hypersensitivity after injury 

by reducing excitatory ascending nociceptive transmission. The model of 

neuropathic pain we employed involves injuring peripheral nerves with a tight 

ligation of 1/2 of the L5 spinal nerve. This partial spinal nerve ligation (pSNL) 

model reliably produces tactile hypersensitivity that typically resolves within a 10-

week time frame.49 This particular method is a modification of the complete L5 

and L6 spinal nerve ligation injury described by Chung, where heat 

hypersensitivity resolves in 5 weeks but mechanical hypersensitivity often does 

not resolve over several months.62 These models of peripheral neuropathy 

produce behavioral hypersensitivity to multiple stimuli, causing increased 

sensitivity compared to normal animals in evoked-behavioral tests using cold, 

heat, and mechanical stimulation.57 The pSNL model of neuropathic pain is 

useful in preclinical studies as it allows us to study endogenous mechanisms of 

resolution from mechanical hypersensitivity.  
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Oxytocin is an endogenous neuropeptide known to produce antinociception in 

rodents. We previously demonstrated that spinal oxytocin signaling may have a 

role in resolution of nerve injury pain in the early postpartum period in rats.50 We 

sought to characterize the role of endogenous oxytocin in nerve-injury induced 

hypersensitivity in both sexes beyond the postpartum condition. We have 

demonstrated that oxytocin, more classically thought of in the context of social 

behaviors, may also play an important role in recovery from hypersensitivity after 

injury.  

Introduction to Oxytocin 

Oxytocin is a nonapeptide hormone that has been widely characterized for its 

unique role in parental and social behaviors in a variety of species. It is most 

known to be involved in childbirth and rearing by eliciting myometrial 

contraction,aiding in the milk-letdown reflex of lactation and facilitating maternal-

neonatal bonding.7, 16, 67 Oxytocin regulates pro-social behaviors by mediating 

maternal and paternal parental and alloparental behaviors and facilitating the 

formation of monogamous pair bonds.1, 61, 70, 118-121 Iterations of oxytocin and 

oxytocin-like hormones (i.e. isotocin and mesotocin) have been identified in many 

vertebrate species but their biological actions have been most described in 

human, rat, mouse, and prairie vole. Though the majority of oxytocin research 

describes social and maternal behaviors associated with oxytocin signaling, 

emerging evidence shows that oxytocin has a role in antinociception and 

analgesia. Oxytocin has acute antinociceptive effects at brain, spinal, and dorsal 

root ganglion (DRG) sites.  Oxytocin fibers sprout in the superficial spinal cord, 
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the site of termination of nociceptive afferents, after peripheral inflammation.32, 79 

This suggests that oxytocin may have a role in the recovery from chronic 

inflammatory pain. Using spinal administration of an oxytocin receptor antagonist, 

we previously demonstrated a role for oxytocin in the recovery from 

hypersensitivity after nerve injury in postpartum rats.50 The multiple sites of 

oxytocin action in pain are due to widespread oxytocinergic innervation and 

reflect actions at two receptors that are distributed throughout the brain, spinal 

cord and DRG. Oxytocin signaling relies on central and peripheral release, 

receptor distribution, and specific G-protein cascades. 

Oxytocin-producing neurons are located in the paraventricular nucleus (PVN) of 

the hypothalamus as well as the supraoptic nucleus 101. Magnocellular PVN and 

supraoptic nucleus neurons innervate the posterior pituitary to release oxytocin 

into the circulation to coordinate systemic actions at target tissues throughout the 

body, including oxytocin mediated contractile action of the breast and 

myometrium 3, 10, 15, 16. Oxytocin neurons release oxytocin axonally or 

dendritically, where release from one site of the neuron does not necessarily 

correlate with release elsewhere on the neuron 66. Dendritic release of oxytocin 

allows oxytocin neurons to auto-regulate hypothalamic activity through a local 

paracrine mechanism, and such volume transmission may occur elsewhere in 

the brain 33, 43, 66, 81  Oxytocin is attached to a carrier protein, neurophysin I, and 

initially released as a precursor protein that is hydrolyzed by peptidylglycine 

alpha-amidating monooxygenase enzyme contained in the target tissues to 

become bioactive oxytocin.93 Oxytocin containing paraventricular parvocellular 



18 
 

neurons project to supraspinal and spinal sites. 94 In the spinal cord, these 

neurons terminate at the site of nociceptive processing, the superficial Rexed 

laminae I-II in the dorsal horn.98 29, 52, 59, 89 Oxytocin neurons also project to 

autonomic centers including the interomedial lateral spinal nucleus and Rexed 

lamina X to control cardiac sympathetic activity and penile erection19, 20, 28, 30, 60, 63, 

117.  It has recently been suggested that a very small subpopulation of oxytocin 

neurons within the paraventricular hypothalamus facilitate a coordinated systemic 

and central release of oxytocin to produce analgesia.40 With extra synaptic and 

synaptic mechanisms of release and widespread sites of action to modulate 

nociception, the oxytocin system is of great interest for those studying 

endogenous mechanisms of antinociception and analgesia.  

The receptors for oxytocin 

Oxytocin is an agonist at the oxytocin receptor  and vasopressin receptors 1a, 

1b, and 2. Oxytocin binds with the greatest affinities to the OXY-R and V1a-R 

(human OXY-R binding Ki=0.8 nM, V1a-R binding Ki=120 nM, vasopressin 1b 

receptor binding Ki>1000 nM and vasopressin 2 receptor binding Ki=3500 nM).74  

The majority of oxytocin-mediated physiological effects have been attributed to 

signaling at the OXY-R and V1a-R. Vasopressin, unlike oxytocin, binds relatively 

non-selectively across all of these receptors. Vasopressin is described as a full 

agonist at the V1a-R, and V1b-R receptor and as a partial agonist at the OXY-R 

(mouse receptors), with about 50% less maximum efficacy than oxytocin in 

eliciting intracellular inositol second messenger cascades in vitro.27 Oxytocin can 

elicit similar intracellular second messenger cascades upon binding to OXY-R, 
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V1a-R or V1b-R, and is a full agonist for each of these receptors.22  The OXY-R 

and V1a-R are G-protein coupled receptors (GPCRs), and primarily elicit their 

intracellular effects via coupling to Gq/11.95  However, oxytocin binding can elicit 

different effects upon binding to receptors depending on the tissue-dependent 

variability in the types of G-proteins to which the receptors couple.26 When 

oxytocin is coupled to Gq/11, it activates the phospholipase C-β pathway to cause 

increased phosphoinositide and subsequent mobilization of intracellular Ca2+.95  

Contraction of the myometrium in labor depends on Gq/11 coupled oxytocin 

signaling. Gq/11 coupling may cause cellular depolarization via activation of 

voltage gated calcium channels or inhibition of GABAA receptors.101 Through 

Gq/11 coupling, activation of the OXY-R may also elicit proliferative effects on cells 

via dephosphorylation of elongation factor eEF2.35 After OXY-R activation causes 

activation of PKC, downstream phospholipase C and diacylglycerol cascades 

activate elongation factor eEF2.101 When OXY-R is coupled to Gi, it can inhibit 

cyclic adenosine monophosphate (cAMP)-dependent second messenger 

pathways as exhibited in cultured olfactory neurons derived from an immortalized 

mouse cell line.48 This signaling can cause antiproliferative effects and activation 

of inward rectifying K+ channels.48 OXY-R may also couple with Gs to increase 

adenylyl cyclase activity to cause an overall excitatory effect upon oxytocin’s 

binding, as observed in rat vagal neurons in the brainstem.4 Additionally, 

oxytocin’s binding affinity to OXY-R is highly variable depending on the 

intracellular presence of cholesterol or magnesium, both positive allosteric 

modulators.46, 95, 108  Considering oxytocin’s ability to bind to multiple types of 
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receptors, the differential G-protein coupling of the receptors oxytocin binds to, 

and the effect of intracellular environment on ligand affinity, oxytocin’s effects 

may be stimulatory or inhibitory throughout the body. 

OXY-R and V1a-R expression profiles throughout various tissues are well 

documented in rodents, though issues with developing selective ligands to these 

receptors warrants a cautious interpretation of previous findings. As previously 

discussed, the OXY-R is expressed in the superficial areas (Rexed laminae I-II) 

of the spinal cord, which are associated with nociceptive processing and 

neurotransmission to spinal sites.83 V1a-R expression in the spinal cord is more 

diffuse, though in the case of males a particular association with motor neurons 

in spinal areas involved in sexual function has been described.98 Previous 

studies must be interpreted with caution, as they rely on autoradiographic binding 

assays of radiolabeled-antagonists to receptors. The antagonists were 

demonstrated to be selective by pre-incubation with “selective” agonists, but the 

V1a-R receptor antagonist used in this study did have a relatively strong affinity 

for the OXY-R (0.008 nM for the V1a-R and 1.9 nM for the OXY-R). Given the 

significant homology of oxytocin and vasopressin, as previously discussed, there 

is inherent difficulty in the development of potent and selective agonists and 

antagonists to OXY-R and V1a-R. Definitive localization of these receptors in the 

spinal cord is also made difficult by the lack of selective antibodies, and thus it is 

unclear what cells specifically express these receptors.  
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Sex and species differences in components of oxytocin signaling 

Sex and species differences occur in various components of oxytocin signaling. 

These differences often suggest increased capacity for oxytocin signaling in 

females compared to males, likely due to the physiological role of oxytocin in 

maternal behavior, lactation and myometrial contraction. Female rodents 

exhibited increased oxytocin fiber density (as assessed by 

immunohistochemistry) in the PVN compared to male rodents in several species, 

including CD mice, mandarin voles, and Brandt’s voles. 54, 90, 112 Female Chinese 

striped hamsters and Mongolian gerbils also have increased oxytocin neuron 

fiber densities as assessed by immunohistochemistry in the medial preoptic area 

compared to males of the same species.104 The density of fibers that were 

immunoreactive for oxytocin were increased in mouse and mandarin vole 

females in the lateral septum, bed nucleus of the stria terminalis, and in the 

lateral hypothalamus compared to males.54, 90  Oxytocin concentrations in human 

cerebrospinal fluid are higher in women than in men.6 These sex differences 

across rodent and human species alike suggest that females are more likely to 

have higher expression of oxytocin in various brain regions.  

Sex and species difference in distribution and localization of OXY-R and V1a-R 

have been observed in rodents and humans centrally and peripherally. Higher 

autoradiographic binding was observed using a I125 linear-antagonist to the V1a-

R was observed in male Wistar rats than females in forebrain regions including, 

but not limited to the somatosensory cortex, piriform cortex, medial posterior bed 

nucleus of the stria terminalis, and dentate gyrus.37 It must be noted that, though 
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this was a supposedly selective linear antagonist to V1a-R, pretreatment with 

oxytocin did reduce radiolabeled antagonist binding, suggesting a lack of 

receptor selectivity.58 In CB57B6 mice, females had higher medial preoptic area 

and mammillary body V1a-R binding than in males.   

Previous studies using a nonselective tritiated agonist for OXY-R binding 

suggested no sex differences in Sprague Dawley rats in the lateral septum, the 

bed nucleus of the stria terminalis, the ventromedial hypothalamus or in the 

central amygdala.97 However, later studies used a more selective oxytocin 

receptor antagonist (in Sprague Dawley rats) and mRNA expression (in Long-

Evans rats) assay found higher levels of mRNA and binding in the ventral medial 

hypothalamus in males when compared to the females of the same species.12, 100 

In male Wistar rats, a selective radiolabeled OXY-R antagonist was used to 

determine that males had greater binding sites in many forebrain regions 

(nucleus accumbens, dorsal caudate putamen, intermediate lateral septum, 

posterior bed nucleus of the stria terminalis, medial preoptic area, agranular 

insular cortex, CA1 region of the hippocampus, medial amygdala as well as the 

ventromedial hypothalamus) when compared to females.36 It is interesting to note 

that while these instances have suggested greater expression of the OXY-R in 

males of some species compared to females, a study assessing tissue content of 

oxytocin suggest greater PVN and SON content of oxytocin in Wistar rat females 

compared to males in brain slices.37 Given the likelihood of sex differences in 

OXY-R expression and mRNA, it is pertinent to study both sexes. 
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V1a-R expression and binding profiles are also variable between different sexes 

and species. The expression of the V1a-R is more pronounced in male 

monogamous prairie voles than in non-monogamous species in the ventral 

pallidum, an area of the brain involved in pair bond formation, though functional 

implications on pair bonding behavior of this sex difference are unknown. 69, 121 

Fatherhood increases V1a-R expression of male marmosets, though it is unclear 

whether oxytocin or vasopressin activates this receptor to coordinate paternal 

behavior.64 In the spinal cord, male rats have been demonstrated to have greater 

oxytocin binding in the lumbar dorsal horn and specifically binding to V1a-R in 

laminae X of the spinal cord than in females, suggesting a role in autonomic and 

sexual function compared to females.98, 100 Indeed, castration of male rats 

decreased the observed level of oxytocin binding in the spinal cord to levels 

similar to females.100 The increased oxytocin binding in the male lumbar dorsal 

horn relative to females is related to dimorphism in sexual physiology. 

Beyond oxytocin signaling differences between males and virgin females, there 

are also differences in oxytocin signaling that occur in pregnancy and labor in 

females. OXY-Rs are upregulated in the breast and myometrium three days 

before induction of labor in humans, preparing the myometrium for the necessary 

contractility of this tissue.15, 45 Release of oxytocin is also upregulated during 

labor and lactation, which may be due to a switch in GABA’s inhibitory signaling 

towards excitatory signaling at oxytocin-containing neurons.68  The increased 

capacity for oxytocin signaling in pregnant or postpartum women may also 

contribute to the reduced incidence and increased healing rate of chronic pain 
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after childbirth, suggesting a protective effect of oxytocin when it is 

upregulated.11, 38, 50, 65   

Development of selective agonists and antagonists for oxytocin receptor 

and vasopressin 1a receptor 

Many factors have impeded the successful development of selective ligands to 

the OXY-R and V1a-R. To begin with, there is a mere 2-amino acid difference 

between vasopressin and oxytocin.45 There are also similarities in the sequences 

for OXY-R, V1a-R, V1b-R and V2-R, with about 102 invariant amino acids of 

370-420 total amino acid residues.14 A BLAST protein query of the human OXY-

R to the human V1a-R suggests ~50% homology between the amino acids for 

these receptors.72 Though receptor sequences share low homology, ligand 

sequences are quite similar which contributes to difficulties in the development of 

receptor selective agonists and antagonists. Another limitation to the 

development of selective agonists and antagonists is the reliance on cell 

signaling and bioassays, or assays of supposedly selective effects in different 

tissues. Currently, the potency for agonists and antagonists at OXY-R and V1a-R 

is determined by eliciting particular in vivo behavioral and in vitro cellular 

responses to drug administration.24 Using these assays to determine selectivity 

may appear to be slightly recursive as it necessitates a well-defined 

understanding of the receptors in mediating specific physiological events (which 

have likely been defined using non-selective agents).  Several types of structural 

molecules with similar properties to endogenous ligands have been developed to 

serve as OXY-R and V1a-R agonists and antagonists, including linear non-
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peptides, peptides, or non-reducible selenoether compounds. 24, 32, 74 Greater 

insights into the nature of oxytocin signaling in pain will be made once receptor 

agonists and antagonists are developed to selectively activate the OXY-R and 

V1a-R.  We have selected atosiban (a nonselective oxytocin and V1a-R 

antagonist), as well as the two most selective peptide receptor antagonists 

currently available for the studies that follow.74 The selectivity of these peptide 

antagonists were determined using assays to determine the in vivo  inhibition of 

oxytocic, vasopressor and antidiuretic function. In vitro assays that were used to 

determine antagonist selectivity were performed on diethylstilbestrol treated 

isolated rat uteri (OXY-R inhibition), in vivo vasopressor assays (V1a-R inhibition) 

were performed on urethane-anesthetized rats, and in vivo antidiuretic (V2-R 

inhibition) assays were performed on water-loaded rats.23, 75 The selective V1a-R 

antagonist (d(CH2)5[Tyr(Me)2, Dab5]AVP) has an anti-V1a-R pA2 of 6.71 nM in in 

vivo vasopressor assays and undetectable activity in antidiuretic and anti-

oxytocic assays, giving it an infinitely selective in vivo ratio to antagonism of the 

V1a-R at the studied doses.74 This antagonist was demonstrated to be selective 

in a study of female-female pair bonding in prairie meadow voles using micro-

injected doses in the lateral septum of 1.5 mM concentration.8 The selective 

OXY-R antagonist (desGly-NH2,d(CH2)5[D-Tyr2, Thr4]OVT) displays selectivity for 

the OXY-R by 100 fold in  anti-oxytocic action/anti-vasopressor ED50.  Using 

receptor selective antagonists will allow us to study the respective contributions 

of these receptors to maintain tonic oxytocin signaling after injury. 
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Genetic variations in the oxytocin receptor and vasopressin 1a receptor 

Polymorphisms and differential transcriptional or translational regulation of the 

genes for OXY-Rs and V1a-Rs contribute to varied effects of oxytocin binding or 

activation of these receptors resulting in deficits or gain of function.  For example, 

the OXY-R gene contains estrogen response elements to allow for upregulation 

of the receptor in the presence of estrogen release.45 The 5’ region of the V1a-R 

gene contains a microsatellite portion that may be increased in length in 

monogamous voles, but not in other non-monogamous vole species or 

rodents.99, 122 Other social behaviors may also be altered with variations in the 

OXY-R gene. A single nucleotide polymorphism (rs2254298) in the OXY-R gene 

in humans has been shown to correlate with incidence of autism, though it must 

be noted that this correlation is controversial and has not been well replicated.21 

Similarly, two microsatellite polymorphisms in the gene for V1a-R have been 

associated with autism in humans and amygdala function. 82 Though 

polymorphisms haven’t been identified in rat OXY-R or V1a-R that correlated with 

particular behavioral states, it is important to note that genetic modifications may 

occur to alter the expression of these receptors. This is especially likely given 

that early life experiences with grooming and feeding affect the levels of OXY-R 

and V1a-R expression in rodents.42 This suggests a potential epigenetic 

regulation of receptor expression that may affect the interpretation of our results, 

as laboratory animals undergo different early-life experiences than those of wild 

animals. 
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Oxytocin antinociception and analgesia 

Though the role of oxytocin has largely been defined by focus on social, parental 

and alloparental behavior and its actions on myometrial and breast tissues, these 

are far from the only physiological functions of oxytocin. Oxytocin signaling at 

OXY-R and V1a-R also contributes to antinociception. There is evidence to 

support central and peripheral mechanisms of oxytocin-mediated antinociception, 

which anatomical studies suggest may be coordinated to produce 

complementary actions.40 The mechanisms of antinociceptive oxytocin signaling 

have been described in the spinal cord and DRG (Figure 2). 

 

 

Figure 2.  Mechanisms of oxytocin-mediated antinociception determined by 
studies in the spinal dorsal horn and cultured dorsal root ganglion (DRG) 
neurons. 
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Peripheral oxytocin in acute antinociception and analgesia 

It has been suggested that oxytocin may act at a peripheral site to mediate 

antinociception. Electrical stimulation of the PVN causes increased systemic and 

central oxytocin concentrations and increased paw withdrawal thresholds (PWT), 

indicating antinociception in cold, heat, and mechanical tests of pain-related 

behavior. 77, 85  Systemic administration of agonists for vasopressin and oxytocin 

receptors acutely produces analgesia in vivo in heat, mechanical, and 

inflammatory pain behavior tests, which was determined to be mediated by V1a-

R signaling as antinociception in these tests was absent in V1a-R knockout 

mice.92 This evidence, combined with their findings that V1a-R mRNA expression 

was primarily localized in the DRG and the attenuation of antinociception upon 

systemic administration of a V1a-R antagonist partially support a peripheral site 

of V1a-R action. The authors also demonstrate that 33% of the total DRG soma 

that were positive for V1a-R mRNA were small-to-medium sized DRG neurons, 

coinciding with soma sizes of unmyelinated nociceptors.92  In rats, intraperitoneal 

oxytocin increased withdrawal latencies in a mechanical withdrawal test, tail flick 

and hot plate thermal test of nociceptive thresholds.2 Intraperitoneally delivered 

peptide compounds (including most oxytocin agonists and antagonists that have 

been used experimentally) should only reach systemic compartments, as 

systemically administered peptides should not cross the blood brain barrier.41 

Subcutaneous administration of a selective OXY-R antagonist, 1-deamino-2-D-

Tyr-(Oet)-4-Thr-8-Orn-oxytocin, blocked oxytocin-induced antinociception to 

thermal but not mechanical stimuli.2  These results suggest that a peripheral 
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mechanism of oxytocin action may occur and be dependent upon signaling at 

both OXY-R and V1a-R for different nociceptive stimuli. 

The specific receptors involved and site of peripheral oxytocin-induced 

antinociception are still unclear. Traditionally, both the V1a-R and the OXY-R act 

via the Gq G-protein to cause increased cellular excitability as previously 

described, but paradoxically the peripheral activation of these receptors is 

suggested to reduce nociception. If V1a-R and OXY-R are acting upon primary 

afferents, which is still unknown due to the aforementioned difficulty in localizing 

receptors due to methodological limitations, then the signaling mediated by these 

receptors would be more likely to be inhibitory rather than excitatory. This would 

require oxytocin signaling that doesn’t result in excitation, which would likely be 

independent of Gq signaling cascades.  Indeed, studies on cultured DRG 

neurons suggest the potential for a peripheral mechanism (though they do not 

exclude central action) whereby oxytocin signaling could reduce firing of primary 

afferents. Oxytocin application to DRG cells in culture resulted in reduced 

neuronal firing of thigsparin and capsaicin sensitive cells, demonstrating a 

reduction of firing on primary nociceptive afferents that was blocked by an OXY-

R antagonist.56 The suggested mechanism of this is a modulation of the activity 

of N-type high voltage-gated Ca2+ channels that subsequently inhibits excitatory 

transmission, as observed previously in the supraoptic nucleus (though this was 

speculation by the authors).55 Another study of DRG cultured neurons suggests 

that the oxytocin-mediated reduction in primary afferent firing is driven by a V1a-

R-dependent inhibition of excitatory acid sensing ion channels.91 These two 
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mechanisms suggest that oxytocin signaling may act on primary afferents in the 

periphery to reduce excitability.  

Central oxytocin in acute antinociception  

Centrally administered oxytocin produces behavioral antinociception following 

acute administration into a number of brain regions, including the caudate,116 

central amygdala53 and periacqueductal grey44, 115. These sites are associated 

with emotion, reward and descending control of pain, suggesting that oxytocin 

might produce behavioral antinociception by modulating both perception of the 

stimulus intensity as well as the affective response. In humans, intranasal 

oxytocin has been demonstrated to reduce headache pain, although whether this 

is a peripheral or central mechanism is unclear because intranasal oxytocin 

increases circulating concentrations of oxytocin.47, 105 

The work in this dissertation focuses on oxytocin’s actions in the spinal cord. 

Oxytocin fibers that originate from parvocellular PVN neurons have been 

observed to terminate in lamina I and II of the dorsal spinal cord; the site of the 

primary nociceptive afferents, projection neurons and interneurons important to 

nociception.  Intrathecal administration of oxytocin transiently reduces 

hypersensitivity in rats with carrageenan induced-inflammation in behavioral 

assays using thermal and mechanical stimuli.123 Another study suggests that 

release of endogenous spinal oxytocin reduces inflammation-induced 

hypersensitivity via synthesis of allopregnonalone, which in turn increases 

GABAA receptor inhibition of nociception in spinal slices.60 This particular study 

also provides insights into tonic oxytocin-mediated antinociception in the spinal 
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cord that will be described later. In spinal cord slices, bath application of an 

oxytocin analogue, [Thr4, Gly7]-Oxytocin (TGOT) reduces lamina II interneuron 

firing and reduces both sustained and transient depolarizing K+ currents .19 

These data and similar studies suggest that acute administration of oxytocin 

excites a population of GABAergic interneurons in the spinal cord that decreases 

glutamatergic interneuron firing to reduce the ascending nociceptive drive.19, 20 

Together, these behavioral and electrophysiological data suggest that oxytocin 

mediates antinociception in part by actions in the spinal cord. 

A role for oxytocin in chronic pain 

Given the increasing evidence of oxytocin’s ability to produce antinociception or 

reduce hypersensitivity when release is induced endogenously or exogenous 

oxytocin is delivered, researchers have been exploring the effects of oxytocin in 

chronic pain states. Studies described below suggest that oxytocin reduces 

hypersensitivity by peripheral and central actions similarly to its ability to reduce 

evoked pain measures in acute pain conditions. Other studies suggest that 

endogenous oxytocin signaling may be altered in subacute and chronic pain 

states, which provides the rationale for the experiments contained in this 

dissertation.  

Peripheral oxytocin and chronic hypersensitivity 

Peripheral oxytocin has been demonstrated to attenuate hypersensitivity in 

subacute and chronic time courses.  In humans, intravenous oxytocin increased 

distension thresholds in IBS patients after interluminal distension was performed 

to cause pain, but did not alter responses to somatic nociception in the arm 
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(using a 20 mU/min infusion rate).71 Similarly, intracolonic administration of 

oxytocin reduced mechanosensitivity of colorectal afferents in a mouse model of 

chronic visceral hypersensitivity but not in normal animals.32 In the same study, 

messenger ribonucleic acid (mRNA) expression of OXY-R was not observed in 

normal animals but was observable by reverse transcriptase polymerase chain 

reaction (RT-PCR) in the DRG that contains primary colonic afferents in injured 

animals. This upregulation of OXY-R mRNA in sensory afferent soma likely is 

responsible for their finding that oxytocin-analogue administration only affected 

nociceptive responses in the presence of hypersensitivity. Evidence suggests 

that the capacity for endogenous oxytocin signaling may be increased in chronic 

pain states, but the functional relevance to recovery from hypersensitivity is not 

addressed in these studies.  

Central oxytocin and chronic hypersensitivity 

There is evidence to suggest that oxytocin is capable of reducing hypersensitivity 

in chronic pain states via signaling in the central nervous system, both in the 

brain and spinal cord. For example, excitation of the PVN and intrathecal delivery 

of exogenous oxytocin increased mechanosensory thresholds in rats with sciatic 

loose ligature, a peripheral nerve injury model, compared to sham animals.85 The 

effect of stimulation of the PVN was blocked by intrathecal administration of a 

selective OXY-R antagonist (d(CH2)5[Tyr(Me)2, Thr4,Tyr-NH2
9]OVT), but not by 

naloxone. The effect of antagonist administration was not examined after the 

intrathecal administration of an exogenous oxytocin agonist in the absence of 

PVN stimulation. In humans, one uncontrolled study of low back pain patients 
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showed that intrathecal administration of oxytocin transiently relieved pain.114 

Preclinical trials indicate safety of intrathecal oxytocin delivery in rats, dogs113 

and humans;39 though the use of intrathecal oxytocin for therapy has not been 

examined.  

The preliminary insights into the role of endogenous oxytocin in normal resolution 

of pain began with observations from postpartum rodents and humans. 

Postpartum women develop chronic pain at low incidences after vaginal or 

Caesarean birth, 1.8% report pain when surveyed 6 months post-delivery and 

0.3% when surveyed after 12 months.38  In contrast, 1-14.9% of hysterectomy 

patients who underwent extensive but similar levels of surgically induced tissue-

trauma that occurred outside of the peripartum period report acquired pain due to 

surgery and 4.7-31.9% of these patients report pain overall (not necessarily due 

to surgery).17 It has been speculated that since oxytocinergic signaling is 

upregulated prior to labor that this may explain these findings of reduced 

incidence of pain in postpartum women.65  After pregnancy and during lactation, 

upregulated oxytocin signaling may mask or even prevent chronic pain 

symptoms. Interestingly, paw withdrawal thresholds of rats transiently decrease 

after weaning pups, suggesting that sustained oxytocin release contributes to 

tonic antinociception.50 When delivered intrathecally, atosiban (a nonselective 

OXY-R and V1aR antagonist) exacerbated mechanical hypersensitivity in 

postpartum rats that had partially recovered from spinal nerve ligation injury.50 

These findings suggest that oxytocin signaling contributes to the apparent 
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recovery from behavioral disruptions after injury in the postpartum period, a time 

of increased ligand release and oxytocin receptor upregulation.  

Chronic pain has been previously associated with changes in oxytocin signaling 

components at peripheral and central sites. Circulating levels of oxytocin are 

decreased in humans in a variety of chronic pain conditions, including 

fibromyalgia and recurrent abdominal pain.5, 9 In contrast to the observed 

decrease in peripheral oxytocin release, anatomical evidence for plasticity in 

components of central oxytocin signaling suggest increased oxytocin signaling 

capacity in injury states. The apparent oxytocin expression of oxytocin was 

increased in the spinal cord dorsal horn and in the PVN after induction of 

arthritis79 and oxytocin content was increased lumbar tissue content of oxytocin 

after inflammation.60  PVN stimulation-induced release of oxytocin was also 

increased after sciatic loose ligature in the lumbar spinal cord compared to sham 

animals.85 Topical application of an OXY-R antagonist decreased the firing 

threshold of C-type nociceptors in rats with inflammation, suggesting that 

oxytocin signaling produces a sustained inhibition of nociceptor activity.60 In 

tandem with the antagonist-induced rekindling of hypersensitivity in post-partum 

female animals with spinal nerve ligation, we postulate that resolution of injury-

induced hypersensitivity may depend on sustained oxytocin signaling in the 

spinal cord. 

Rationale and Aims 

The evidence for enhanced signaling capacity for oxytocin or a tonic 

antinociceptive role of oxytocin in chronic pain has not been fully explored in 
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naïve male or female rats. Endogenous and exogenous oxytocin produces 

antinociception in normal animals when administered centrally or peripherally in 

assays of acute, evoked-pain behaviors. This effect has been attributed to 

signaling at central and/or peripheral receptors for oxytocin, and the literature is 

inconclusive as to whether OXY-R, V1a-R or both receptors mediate these 

effects.  

There is some evidence that behavioral recovery from injury in the peripartum 

period depends in part on oxytocin signaling.50 We have focused on spinal 

mechanisms of oxytocin signaling after injury as the literature indicates that pain 

causes reductions in circulating endogenous oxytocin, making a peripheral effect 

of oxytocin to reduce pain less likely. However, these postpartum rats have an 

upregulated capacity for oxytocinergic signaling in this time. We don’t know 

whether injury in a naïve animal would be associated with enhanced 

oxyotcinergic signaling or what the role of oxytocin signaling may play in 

behavioral recovery from hypersensitivity. We sought to examine these current 

gaps in knowledge to address the anatomical, functional, and behavioral role of 

oxytocin in the normal resolution of hypersensitivity using the previously 

described partial L5 spinal nerve ligation model, an injury that induces slowly-

recovering mechanical hypersensitivity.49 

We focused on the role of oxytocin signaling in resolution of hypersensitivity after 

this particular injury as it reproducibly causes mechanical hypersensitivity that 

resolves over a period of about 10 weeks.49 This model allows us to study 

changes that are associated with nociception after injury of primary sensory 
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afferents in a relatively quickly resolving model of injury. By specifically inducing 

damage in primary afferents, we are effectively modeling chronic post-surgical 

nerve injury pain. 

We first examined whether injury is associated with plasticity in components of 

oxytocinergic signaling in primary afferents and descending oxytocin fibers that 

terminate in the spinal cord dorsal horn. We assessed the immunoreactivity of 

oxytocin fibers in the areas of the spinal cord associated with nociceptive 

signaling, the superficial (I-II) and deeper laminae of the dorsal horn (III-V), 

positing that injury-induced changes would occur and be regionally constrained 

to the spinal level receiving input from the surgical injury. We also addressed the 

effect of injury on expression of mRNA for OXY-R and V1a-R in the spinal cord 

and primary afferent cell bodies in the L4 and L5 DRG. We assessed mRNA 

expression as a proxy for protein expression, since selective antibodies for OXY-

R and V1a-R are not available. We hypothesized that these anatomical 

components of oxytocin signaling would indicate increased capacity for oxytocin 

signaling after injury when compared to normal animals. 

Examining the anatomical plasticity of oxytocinergic signaling components 

addresses the apparent capacity for signaling but does not address functional 

release of oxytocin or endogenous signaling of oxytocin in the intact animal. 

Lumbar content of oxytocin is increased after sciatic loose ligature77 and in 

subacute inflammation60 (persistent beyond 24 hours), but just as examining 

components of signaling this does not address the functional significance of 

enhanced signaling capacity.  Extracellular release of oxytocin in the dorsal horn 
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of the spinal cord has been previously difficult to assess due to inadequate 

sensitivity of commercially available assays. We were able to address whether 

the apparent increased anatomical capacity correlated with increased basal 

oxytocin release, PVN-evoked release of oxytocin in the spinal cord, or 

peripheral noxious-stimulus induced release using spinal microdialysis. We 

hypothesized that injury would increase the basal release of oxytocin, the 

noxious stimulus evoked release of oxytocin and the PVN stimulation-evoked 

release of oxytocin in injured animals compared to normal animals. 

We also addressed whether recovery from mechanical hypersensitivity after 

injury was dependent on tonic oxytocin signaling, and which receptor(s) mediate 

this effect. We hypothesized, given the previous observation that tonic oxytocin 

signaling in the spinal cord was responsible for maintenance of recovery in 

postpartum rats, that oxytocin would also contribute to the apparent behavioral 

recovery after injury in males and virgin females. We hypothesized that highly 

selective antagonists to either receptor could exacerbate hypersensitivity after 

injury when compared to normal animals.  
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Abstract 

Oxytocin is an endogenous peptide with neuroregulatory actions in the central 

and peripheral nervous system. Central oxytocin produces antinociceptive effects 

in the spinal cord and peripheral oxytocin produces antinociceptive effects by 

actions on sensory afferents. Here we show that components of oxytocin 

signaling in the spinal cord and peripheral afferents demonstrate increased 

capacity after nerve injury. Partial L5 spinal nerve ligation injury increased 

oxytocin immunoreactivity in the superficial dorsal horn of the lumbar spinal cord 

and increased expression of mRNAs for receptors activated by oxytocin in the 

ipsilateral L4 dorsal root ganglion after injury. We evaluated spinal oxytocin 

release via microdialysis prior to and during electrical stimulation of the 

paraventricular hypothalamus, and peripheral stimulation of the forepaw by 

capsaicin injection.  Electrical stimulation of the paraventricular nucleus 

increased spinal oxytocin release in animals after the partial spinal nerve ligation 

injury.  These data suggest an increased capacity for peripheral and spinal 

oxytocin signaling and for spinal release of oxytocin after central stimulation.  

Key words: Oxytocin, chronic pain, spinal cord, plasticity 
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Introduction  

Chronic pain after major surgery is a widespread problem, occurring in as many 

as 10-50% patients.22 Sensitization at central or peripheral sites and dysfunction 

of descending pain modulatory systems can contribute to the persistence of pain 

after peripheral nerve injury.10, 22, 24 Resolution from pain after injury may reflect a 

reduction in sensitization processes or an enhancement of counterbalancing 

inhibitory mechanisms.41, 45 Inhibitory input to the spinal cord attenuates the 

transmission of ascending nociceptive information via actions on primary 

afferents, spinal interneurons and ascending projection neurons.5, 19, 35  Recent 

studies suggest that in chronic pain states, inhibitory input serves to mask latent 

sensitization processes that persist beyond the apparent recovery from injury.7, 46  

Oxytocin has been long recognized for its actions on myometrial and breast 

tissues, for its role in social and parental behaviors and has more recently been 

recognized to modulate nociception and pain behaviors.3, 8, 11, 20, 26, 42, 44, 49 

Parvocellular oxytocin neurons in the paraventricular nucleus (PVN) of the 

hypothalamus innervate the superficial dorsal spinal cord, similarly to other 

descending modulatory systems.5, 16, 43, 50 These parvocellular cells also project 

to magnocellular oxytocin containing neurons in the PVN, and their activation 

releases oxytocin into circulation to produce complementary mechanisms of 

antinociception in the periphery.11  Acute administration, either systemic or 

intrathecal, of oxytocin or structural analogues increases withdrawal threshold to 

mechanical and thermal stimuli in normal and inflammatory conditions in rats and 

mice.6, 15, 21, 39, 48 Spinal oxytocin reduces firing of convergent wide dynamic 
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range ascending projection neurons.9 Mechanistic studies suggest that oxytocin 

engages a population of glutamatergic interneurons that in turn activate inhibitory 

GABAergic neurons in the superficial dorsal horn.3 Though there is a 

demonstrated role for oxytocin in acute analgesia, the role of endogenous 

oxytocin signaling in chronic pain is less understood.  

Oxytocin has high affinity and efficacy at two receptors, the oxytocin receptor and 

the vasopressin 1a receptor. These receptors are distributed throughout limbic 

regions, dorsal root ganglia and the spinal cord dorsal horn.37, 38, 40, 43, 47 Given 

the widespread distribution of these receptors, oxytocin may act on both the 

peripheral and central nervous systems to decrease nociception or reduce 

hypersensitivity.  Oxytocin signaling at these receptors may contribute to the 

resolution of pain following injury. This is supported by evidence that oxytocin 

signaling capacity increases in persistent pain states. For example, receptor 

mRNA in the dorsal root ganglion increases in animals with chronic visceral 

hypersensitivity8 and transgenic studies suggest an increased oxytocin 

innervation of the spinal cord after adjuvant-induced arthritis.29 Peripheral nerve 

injury and peripheral inflammation are also associated with an increased content 

or concentration of oxytocin in the PVN, lumbar cerebrospinal fluid, and lumbar 

cord tissue.20, 28 In addition, electrical stimulation of the PVN acutely reduces 

hypersensitivity after nerve injury and increases oxytocin concentration in lumbar 

cerebrospinal fluid.28, 30  

We previously showed that spinal oxytocin signaling was important to resolution 

of mechanical hypersensitivity after nerve injury in postpartum rats15 and that 
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nerve injury induces increased capacity for neurotransmitter release and receptor 

action for the classic antinociceptive neurotransmitter in the spinal cord, 

norepinephrine.17 Here we extend these observations to examine plasticity of 

spinal oxytocin signaling after peripheral nerve injury in male rats, including 

location specific anatomical changes, protein expression changes and functional 

changes in release of spinal oxytocin.  

Methods 

Animals: Male Sprague Dawley rats (aged 7-19 weeks, weighing 200g-400g) 

from Harlan Industries (Indianapolis, IN) were pair-housed under a standard 

12:12 hour light-dark (light from 6 a.m. to 6 p.m.) cycle and provided with food 

and water ad libitum. All experiments were approved and executed in 

accordance to guidelines by the Institutional Animal Care and Use Committee at 

Wake Forest University (Winston Salem, NC, USA).  

Experimental design:   Four experiments were performed using discrete groups 

of animals.  Within each experiment, groups of animals were comprised of 

normal age-matched animals and animals at either 2 or 10 weeks after pSNL 

injury.  The four experiments were performed to examine 1) oxytocin innervation 

using immunohistochemistry in normal and partial spinal nerve ligation (pSNL) 

animals at 2 and 10 weeks after injury (n=8/group, 32 total), 2) expression of 

oxytocin receptor and vasopressin 1a receptor mRNA using quantitative 

polymerase chain reaction (PCR) in normal and pSNL animals at 2 and 10 weeks 

after injury  (n=8/group, 32 total), 3) oxytocin release in the spinal cord dorsal 

horn using microdialysis after PVN electrical stimulation in normal and pSNL 
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animals at 2 weeks after injury (n=6/group, 12 total) and 4) oxytocin release in 

the spinal cord dorsal horn using microdialysis where discrete groups of pSNL 

and normal animals were administered either intradermal injection of vehicle or 

capsaicin into the forepaw in normal and pSNL animals at 2 and 10 weeks after 

injury (n=8/group, 64 total). In the mRNA expression and microdialysis 

experiment with capsaicin/vehicle injection, animals were randomly allocated to 

surgical and nonsurgical groups. Within each experiment, animals were 

randomized into cohorts with groups equally represented in each cohort. The 

primary outcome measure for the immunohistochemistry experiment was the 

oxytocin immunoreactive area in the superficial laminae (I-II Rexed laminae) in 

the lumbar dorsal spinal cord ipsilateral to injury. Secondary outcome measures 

were oxytocin immunoreactive area at deeper laminae (III-V Rexed laminae) 

ipsilateral to injury, in the superficial and deeper laminae of the contralateral to 

injury side, at dermatomal levels remote from injury and the difference in oxytocin 

immunoreactive area between subacute (2 weeks [2W]) and chronic time points 

(10 weeks [10W]).  The experimenter was blinded to group assignment when 

imaging and quantifying immunoreactivity in tissue sections. The primary 

outcome of the mRNA experiment was expression of vasopressin 1a receptor 

and oxytocin receptor mRNA in the ipsilateral L4 dorsal root ganglion. We 

focused on the L4 dorsal root ganglion, since afferents at this site innervate the 

area of hypersensitivity to behavioral testing after L5 ligation. Secondary 

outcome measures were mRNA expression of oxytocin receptor and vasopressin 

1a receptor at other sites. The primary outcome for the peripheral capsaicin 
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microdialysis experiment was change from baseline oxytocin concentration in 

microdialysates from the ipsilateral lumbar spinal cord after heterosegmental, 

peripheral noxious stimulation via intradermal capsaicin injection in the forepaw. 

The secondary outcome of the microdialysis experiment was basal oxytocin 

concentration. The primary outcome for the PVN electrical stimulation spinal 

microdialysis experiment was change from baseline oxytocin concentration in 

microdialysates from the ipsilateral lumbar spinal cord 30 minutes after PVN 

electrical stimulation. The radioimmunoassay (RIA) for oxytocin was performed 

by RIAgnosis (Munich, Germany) with the experimenter blinded to surgical group 

and age. Group sizes were determined prior to experimentation using power 

analyses on preliminary data to observe a 20% effect size in the primary 

outcome measures (α=0.05, [1-β] =0.8, IBM SPSS Sample Power) (IBM, 

Armonk, NY, USA).   

L5 partial spinal nerve ligation surgery: Partial ligation of the L5 spinal nerve 

was performed as previously described in 7 week aged male rats.14 Animals 

were anesthetized with 1.75-3% isoflurane in oxygen in 100% O2.  A 2.5 cm 

incision was made above the lumbar spine on one side (referred to as the 

ipsilateral side) and the right L6-transverse process was removed to expose the 

L5 spinal nerve. One third of the L5 spinal nerve was ligated with 8-0 nylon 

suture (Ethicon, Cincinnati, OH, USA) under a dissecting microscope. To avoid 

paralysis, the L4 spinal nerve was left untouched. The skin was closed with 5-0 

suture and treated with a topical antibiotic (neomycin, polymyxin and bacitracin, 

Johnson & Johnson, New Brunswick, NJ, USA). After surgery and emergence 
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from anesthesia, animals were returned to paired housing. Animals were 

weighed regularly for 1 week following surgery and a 30-40g weight gain was 

considered evidence of surgical recovery. 

Behavioral Testing: Animals were placed on a mesh surface in plastic 

chambers and were acclimated for 30 minutes before testing. The paw 

withdrawal thresholds (PWT) in awake rats were assessed by calibrated von 

Frey filament application to the plantar aspect of the hindpaw.  Filaments (Touch 

Test sensory probes, Stoelting, Wood Dale, IL, USA) of increasing bending force 

(0.6, 1.0, 2.0, 4.0, 6.0, 8.0, 15.0 and 26.0 grams) were applied on the plantar 

aspect of the footpad until the filament bent. A response to a filament was 

defined as a brisk paw withdrawal in response to the filament within 5 seconds of 

application. A paw withdrawal threshold of 26 grams was assigned if animals 

failed to respond to the 26 gram filament. Animals were first tested for their paw 

withdrawal thresholds on the ipsilateral (right) side and then on the contralateral 

side. The force that resulted in a 50% probability of withdrawal, comprising the 

paw withdrawal threshold,  was determined using a previously described up-

down method.4 Withdrawal thresholds were determined 1 day prior to nerve 

injury and on the day of euthanasia for the oxytocin fiber staining, PCR and 

microdialysis experiments (Table 2). Normal animals were not tested for PWT in 

the oxytocin fiber experiment or PVN stimulation experiment as they were 

obtained shortly prior to experimental procedures.  

Oxytocin fiber staining: Nerve injury and age-matched normal rats (n=8 per 

group/32 total) were anesthetized with 5% isoflurane in 100% O2 and injected 
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with intraperitoneal Beauthanasia-D (195 mg pentobarbital sodium, 25 mg 

phenytoin sodium in 0.5 mL solution) (Schering-Plough Corp., Kenilworth, NJ, 

USA). The entire spinal cord was dissected as well as L4 and L5 ipsilateral 

DRGs. Tissues were fixed for immunohistochemistry (IHC) by intracardiac 

perfusion (n=8 rats/group, 32 total) using 0.01M phosphate buffered saline (PBS) 

containing 1% sodium nitrite followed by fixation with 0.01M PBS containing 4% 

formaldehyde. The tissue was cryoprotected for 36 hours in 0.01M PBS 

containing 30% sucrose and embedded in OCT cryoprotectant before sectioning 

the cervical (C2-5), thoracic (T3-8), and lumbar (L4-6) spinal cord into into 20 µm 

slices. Tissue sections were washed without agitation with 0.1M PBS and 

blocked for 1 hour at room temperature with 3% Normal Donkey Serum with 

0.3% Triton X-100 in 0.1M PBS to prevent non-specific binding. All antibodies 

were prepared in 0.1% Normal Donkey Serum with 0.1% Triton X-100 0.1M PBS. 

Tissue sections were incubated in 1:100 1° monoclonal mouse antibody to rat 

oxytocin-neurophysin (PS 38 ATCC CRL-1950, American Type Culture 

Collection, Manassas, VA, USA) overnight at 4°C. Sections were washed without 

agitation in 0.1M PBS and then incubated with 2° donkey antibody to mouse 

conjugated to CY2 1:500 for 2 hours at room temperature without mechanical 

agitation (Jackson Immunoresearch, West Grove, PA, USA). Images were 

captured with a Nikon Ni-U Eclipse microscope and assessed for oxytocin 

immunoreactivity using NIS Elements software (Nikon Instruments, Inc., Melville, 

NY, USA). The area containing laminae I and II was determined in each image 

by dark field microscopy and the outlines of this area superimposed on 
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epifluorescent images of oxytocin immunoreactivity. The proportion of this area 

above a fixed threshold was calculated to determine oxytocin fiber density. The 

values from 4 sections at each spinal level and side per animal were averaged to 

yield one value for the oxytocin immunoreactive area for each level for every 

animal at each laminar division.  

mRNA Measurement: Tissue Preparation and RNA Extraction: Tissue was 

collected from animals 2W or 10W after nerve injury or equivalent age from 

matched normal animals (n=8 rats/group, 32 total). To collect tissue, animals 

were anesthetized with 5% isoflurane in 100% O2 and rapidly decapitated. The 

L4-6 region of the spinal cord was dissected and the superficial ipsilateral and 

contralateral sides were collected in ice-cold 0.1M PBS. L4 and L5 dorsal root 

ganglia were dissected from the ipsilateral side.  

The total RNA was extracted using TRIZOL (Invitrogen, Carlsbad, CA, USA).  

Contaminating genomic DNA was removed by DNase I digestion using DNA-free 

RNA kit (ZYMO Research, Irvine, CA, USA).  The quality and concentration of 

RNA samples were assessed using a NanoDrop 2000c spectrophotometer 

(ThermoFisher Scientific, Waltham, MA, USA).  

Reverse transcription: Reverse transcription was performed using a high-

capacity cDNA reverse transcription kit (Applied Biosystems, Foster City, CA, 

USA).  Total RNA (2 μg) was converted to single stranded cDNA.  Reverse 

transcription without reverse transcriptase was also performed to assess 

genomic DNA contamination.   
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Quantitative real-time PCR (qPCR): Primers were designed using qPCR primer 

designing software from Integrated DNA Technology and listed in Table 1 

(Integrated DNA Technology Inc., Coralville, Iowa, USA). qPCR was used to 

validate oxytocin receptor and vasopressin 1a receptor primers using oxytocin 

receptor and vasopressin 1a receptor neuroblastoma (N2A)-derived receptor 

hyper-expression cell lines and a non-receptor expressing N2A cell line. Oxytocin 

receptor primers amplified oxytocin receptor mRNA in the oxytocin receptor 

expression cell line but did not in vasopressin 1a receptor or N2A cell lines. 

Vasopressin 1a receptor primers amplified vasopressin 1a receptor mRNA in the 

vasopressin 1a receptor expression cell line but did not in oxytocin receptor or 

N2A cell lines. Primers were designed to minimize amplification from 

contaminating genomic DNA.  

qPCR was performed using All-in-One qPCR SYBR Green Master Mix 

(GeneCopoeia Inc., Rockville, MD, USA) in a 96-well format on an ABI PRISM 

7500 Fast real-time PCR System (Applied Biosystems, Forester City, CA, USA). 

PCR reactions contained 0.2 µM of primers and 20 ng of reverse transcribed total 

RNA in 20 µL. PCR was performed with an initial 3-minute denaturation at 95°C 

followed by 40 cycles of PCR (15 seconds at 95°C, 30 seconds at 60°C and 15 

seconds at 72°C). Melt curve analysis performed at the end of qPCR 

reproducibly showed a single peak for each gene in each sample. The relative 

change in the target gene expression was analyzed using 2-ΔΔCT method as 

previously described.25  Samples containing no cDNA template and no reverse 

transcriptase were run as negative controls for contamination and amplification of 
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genomic DNA, respectively.  All samples were run in triplicate.  For each gene, 

qPCR reactions for normal and injury groups were run concurrently on the same 

96-well plate.  The mRNA levels of oxytocin receptor and vasopressin 1a 

receptor were normalized to mRNA levels of actin in each sample.  

 
Table 1. Primer sequences for oxytocin receptor (OTR), vasopressin 1a receptor 
(V1aR), and actin RT PCR analysis. 

Gene Forward Primer Reverse Primer 

Oxytocin 
receptor F: 5’-GGATCTACATGCTCTTCACAGG -3’ R: 5’- CAGGACAAAGGTGGATGAGTT-3’ 

Vasopressin 
1a receptor F: 5’- GGTCGCCTTCTTCCAAGTATTA -3’ R: 5’- TGTCATCACCACCAGCATATAG-3’ 

Actin F: 5’-ACAGGATGCAGAAGGAGATTAC -3’ R: 5’-ACAGTGAGGCCAGGATAGA -3’ 

 

Spinal microdialysis:  Prior to spinal microdialysis, animals were anesthetized 

with 1.75% isoflurane in 100% O2 and a jugular intravenous catheter was 

inserted to perfuse sterile saline at a rate of 1 mL/min throughout the duration of 

the procedures, as previously described.33  The L5 region of the spinal cord was 

exposed by a thoracolumbar hemi-laminectomy, and the rat was placed into a 

stereotaxic table. The dura was resected and a 50kDa cutoff hair pin 

microdialysis probe (Eicom Co., Kyoto, Japan) was inserted 1 mm deep into the 

dorsal spinal cord.  The spinal cord was covered in saline-soaked Gelfoam to 

maintain moisture (Pfizer Injectables, New York, NY, USA). Ringer’s solution 

(double distilled H2O containing 123.23 mM NaCl, 1.53 mM CaCl2, 4.96 mM KCl, 

pH 7.3-7.4 [Cold Springs Harbor Protocols, Cold Springs Harbor, NY, USA]) was 
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infused through the dialysis probe at a constant rate of 1µL/min using a syringe 

pump (KD Scientific Inc., Hollston, MA, USA) for 1.5 hours before collection of 

baseline dialysates (30 min). Samples were lyophilized and analyzed for oxytocin 

concentration via an ultra-sensitive RIA (RIAgnosis, Munich, Germany).32 

PVN electrical stimulation experiment:  To determine whether the microdialysis 

system was sensitive to direct stimulation of descending oxytocin fibers from the 

PVN, microdialysis of the ipsilateral L5 spinal cord was performed on animals 2W 

after nerve injury or in age-matched normal animals (n=6/group, 12 total). One 

week prior to the microdialysis experiment, platinum electrodes (Eicom Co., 

Kyoto, Japan) were implanted unilaterally into the PVN of all animals at the 

following coordinates: 0.6 mm lateral to the midline, 0.9 mm posterior to bregma 

and 8.2 mm ventrally to the surface of the brain.34 To implant the electrodes, 

animals were anesthetized with 0.2 mg/kg midazolam and 3% isoflurane and 

secured on a stereotactic apparatus before exposing the skull.  The electrodes 

were implanted and secured using three screws and dental acrylic as previously 

described.12, 13 Stimulation parameters were derived from parameters that had 

previously shown behavioral effects.13 Baseline dialysates were collected for 30 

minutes before continuous stimulation of the PVN was applied. The 150 µA 

stimulations were delivered under the control of a program delivered by a MED 

PC IV software (Med Associates, Inc., St. Albans, Vermont, USA) system for one 

hour, with a one-second interval between stimulations. After the experiment, the 

animal was euthanized and rapidly decapitated.  
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Peripheral capsaicin experiment: Microdialysis of the ipsilateral L5 spinal cord 

was performed on animals 2W or 10W after nerve injury or equivalent age-

matched normal animals (n=8/group, 64 total). To test the effect of a heterotopic 

noxious stimulus on oxytocin release, 50 µL of either vehicle (10% ethanol, 10% 

Tween 20 in sterile saline) or capsaicin (150 µg in vehicle) were injected in the 

ipsilateral forepaw and spinal microdialysates were then collected (30 min).23  

Statistical Analysis 

Oxytocin fiber density: To test the oxytocin fiber outcome between nerve injury 

and normal groups, accommodate the skewness of the data, and compare 

multiple nested measures from the same animals (3 dermatomal levels and 2 

sides of the spinal cord per each animal), a Generalized Estimating Equation 

(GEE) analysis was used. The residual series were examined to determine the fit 

of the model. Ipsilateral and contralateral sides were examined independently 

with Bonferroni correction for multiple comparisons within side. Data from 1 

animal in the pSNL group was excluded from analysis for reasons described in 

the Results section. All hypothesis testing was two-tailed with P values of 0.05/4= 

0.0125 considered statistically significant.   Pairwise comparisons were used to 

determine the differences between normal and pSNL animals described in the 

results. Age was initially included as a variable, but later removed as it had no 

bearing on any outcomes in the experiment.  The analyses were performed with 

IBM SPSS Statistics for Windows, Version 22.0. Armonk, NY: IBM Corp. 

mRNA expression: Relative expression levels of mRNA for oxytocin receptor and 

vasopressin 1a receptor were analyzed with 2-way ANOVAs to observe effects of 
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surgical group and location and their interaction, and Bonferroni corrections were 

applied for multiple comparisons. Tukey’s post hoc analyses were performed to 

assess pairwise comparisons between groups at each location. No data were 

excluded from this analysis.  The analyses were performed with IBM SPSS 

Statistics for Windows, Version 22.0. Armonk, NY: IBM Corp. 

Microdialysis with PVN electrical stimulation experiment: Oxytocin concentrations 

outcomes were analyzed with a 2-way repeated measures ANOVA to observe 

effects of surgical group and time. No data were excluded from this analysis.  

Bonferroni correction was utilized to correct for multiple comparisons.   

Microdialysis with peripheral capsaicin experiment: Basal and evoked oxytocin 

concentration outcomes were analyzed with a 2-way ANOVA to observe effects 

of surgical group, treatment (capsaicin or vehicle), and their interaction. No data 

were excluded from this analysis. 
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Table 2. Paw withdrawal thresholds (PWTs) for rats at baseline (1 day prior to 
surgery) and on the day of the experiment. Behavior for normal and pSNL 
animals was performed on the same days. *P<0.05 versus baseline  

 

 

Results  

Partial spinal nerve ligation is associated with increased oxytocin fiber 

density in the lumbar spinal cord dorsal horn ipsilateral to injury. 

Of the 32 animals, 31 were used in the analysis of this experiment. One animal 

was excluded from the pSNL group after the experimenter was unblended to 

surgical condition during the statistical analysis as an outlier as its outcome 

measures fell above 2 standard deviations the group mean. A secondary 

analysis including this animal was able to reproduce the primary outcome of the 

primary analysis, confirming that this exclusion did not affect the results.  No 

neurologic or adverse events were observed in the duration of this experiment. 

Experiment Group N Baseline 
PWT (grams) 

±SEM 

Day of 
Experiment 

PWT (grams) 
±SEM 

 
Oxytocin Fiber Density 

 
Normal 

 
pSNL 

 
16 

 
16 

 
No behavior 

 
24.5 ± 1.02 

 
No behavior 

 
13.5 ± 2.44*   

 
  

mRNA Expression Normal 16 26.0 ± 0.00 23.7 ± 1.44  
 

pSNL 
 

16 
 

22.4 ± 1.92 
 

12.0 ± 2.63*  
Normal 6 No behavior No behavior 

Microdialysis with PVN 
Stimulation 

 
pSNL 

 
6 

 
23.8 ± 2.17 

 
3.18 ± 0.10*   

 
  

Microdialysis with 
Forepaw Vehicle or 

Capsaicin 

Normal 32 25.0 ± 0.58 25.9 ± 0.10 

  pSNL 32 24.2 ± 0.85 14.4 ± 1.72* 
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PWT was determined at baseline and on the day of experiment for pSNL animals 

and demonstrated hypersensitivity after pSNL (Table 2).  

Representative images of oxytocin fiber density in the dorsal horn at cervical, 

thoracic, and lumbar levels at 10W post-nerve injury and age-matched normal 

animals demonstrate the effect of injury at the lumbar spinal cord on both 

ipsilateral (Figure 1A) and contralateral sides (Figure 1B).  

Both normal and pSNL animals had higher immunoreactivity in the superficial 

laminae of the lumbar dorsal horn of the spinal cord compared to the 

immunoreactivity observed at cervical or thoracic levels. Both normal and pSNL 

animals had greater oxytocin fiber density in the lumbar cord compared to other 

spinal levels on both sides of the spinal cord. On the ipsilateral (right) side, the 

oxytocin immunoreactive area was over two-fold greater in the lumbar cord than 

in either the cervical cord the thoracic cord when comparing spinal levels and 

collapsing for surgical state (Figure 2A). On the contralateral side the oxytocin 

immunoreactive area was also significantly greater in the lumbar cord than in the 

cervical or thoracic cord (Figure 2B).  

Injury was associated with significantly increased oxytocin immunoreactivity in 

the superficial dorsal spinal cord ipsilateral to injury compared to in normal 

animals (Figure 2A). However, groups did not differ in oxytocin immunoreactive 

area contralateral to injury (Figure 2B). The oxytocin immunoreactive area in 

pSNL animals was significantly decreased in the superficial cervical cord on the 

contralateral side compared to the cervical cord of normal animals (Figure 2D). 

There was also an increase in oxytocin immunoreactivity in the deeper laminae 
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of the lumbar spinal cord dorsal horn ipsilateral to injury (Figure 2C).  There were 

no differences observed between the pSNL and normal animals at any 

dermatomal level in the deeper laminae of the contralateral dorsal horn (Figure 

2D). 
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Figure 1. Representative images of oxytocin immunoreactivity in the 
cervical, thoracic, and lumbar spinal cord dorsal horn. Representative 
images show oxytocin immunoreactivity in the dorsal horn on ipsilateral (IPSI) (A) 
and contralateral (CONTRA) (B) side to surgery of the spinal cord in age-
matched normal and 10W post-injury partial spinal nerve ligation male rats rats at 
cervical, thoracic, and lumbar levels. Scale bars represent 100 µm. 
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Figure 2.  Quantification of oxytocin immunoreactivity in the superficial and 
deep laminae of the spinal cord dorsal horn ipsilateral and contralateral to 
injury. The percentage of oxytocin immunoreactive area in the superficial dorsal 
horn of the ipsilateral (A) but not contralateral (B) lumbar spinal cord was 
increased after nerve injury (pSNL) (n=15, ages combined) compared to age-
matched normal animals (n=16, ages combined) (*A: P=0.012, Bonferroni 
correction, GEE). The percentage of immunoreactive area in the deep dorsal 
horn of the ipsilateral side (C) was increased after injury in the lumbar region (*C: 
P<0.0001, Bonferroni correction, GEE). Injury caused a decrease in oxytocin 
immunoreactivity in the superficial contralateral cervical cord compared to normal 
animals (B) (*B: P=0.007, Bonferroni correction, GEE). In all animals, regardless 
of injury state, oxytocin immunoreactivity was greatest in the superficial lumbar 
dorsal horn spinal level compared to the cervical or thoracic levels (#A & #B: 
P<0.001, Bonferroni correction, GEE). Data are presented as the raw data 



68 
 

means +SEM. *= within spinal level difference between pSNL and normal 
animals, #=between spinal level differences of pSNL and normal animals 

 

Oxytocin receptor and vasopressin 1a receptor mRNA expression is 

increased ipsilaterally in the L4 dorsal root ganglion and contralaterally in 

the spinal cord in injured animals compared to normal animals. 

All 32 animals were used in the final analysis. PWT was determined at baseline 

and on the day of tissue collection for pSNL and normal animals and 

demonstrated hypersensitivity after pSNL (Table 2). Analyses using 2-way 

ANOVAs revealed main effects and their interactions between surgical group and 

location for both oxytocin receptor and vasopressin 1a receptor mRNA 

expression levels (oxytocin receptor ANOVA: P<0.001, df=3, F=9.03, 

vasopressin 1a receptor ANOVA: P=0.002, df=3, F=5.38).  Injury was associated 

with a 6.5-fold increase of oxytocin receptor mRNA level in the L4 dorsal root 

ganglion compared to normal animals (Figure 3A; P=0.002). Injury was also 

associated with a 1.7-fold increase in the level of oxytocin receptor mRNA in the 

spinal cord contralateral to pSNL surgery (Figure 3A; P=0.046) but no effect of 

injury was observed in the ipsilateral spinal cord. Finally, injury was also 

associated with a 2.3-fold increase in vasopressin 1a receptor mRNA level in the 

L4 dorsal root ganglion ipsilateral to surgery compared to normal animals (Figure 

3B; P=0.013).  
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Figure 3. Oxytocin receptor and vasopressin 1a receptor mRNA expression 
is increased ipsilateral and contralateral to injury and in the ipsilateral L4 
dorsal root ganglion Oxytocin receptor (OTR) (A) and vasopressin 1a receptor 
(V1aR) (B) mRNA expression (reported as ratios to actin mRNA expression) 
were increased after partial spinal nerve ligation (pSNL) injury in the ipsilateral L4 
dorsal root ganglion (DRG) compared to age-matched normal animals (n=16 per 
group, ages combined) (*A: P= 0.002, *B: P= 0.013, 2-way ANOVAs). Oxytocin 
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receptor mRNA was also increased after injury in the contralateral (CONTRA) but 
not ipsilateral (IPSI) spinal cord (*A: P= 0.046). Data are presented as mean 
+SEM. 

 

PVN stimulation evoked release of oxytocin in the lumbar spinal dorsal 

horn in injured animals. 

Twelve animals were used in the analysis of this experiment, and no animals 

were excluded. PWT was determined at baseline and on the day of microdialysis 

in pSNL animals (Table 2).  All microdialysates contained concentrations of 

oxytocin above the detection limit of the assay. A main effect of surgical group 

was observed (P=0.0046, df=1, F(1,10)= 20.79) (Figure 4). Post-hoc 

comparisons showed an increase in oxytocin 30 min after stimulation in injured, 

but not normal, animals (0.125 greater pg/mL increase in microdialysate oxytocin 

after 30 minutes in nerve-injured animals, Figure 4; P=0.04), although the effect 

size of 0.08 pg/mL increase in oxytocin with stimulation in normal animals (Figure 

4; P=0.08) was similar to that observed in pSNL animals.  
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Figure 4. PVN stimulation evoked release of oxytocin in the lumbar spinal 
dorsal horn in injured animals. PVN stimulation caused increased oxytocin 
concentration in lumbar spinal cord microdialysates from the ipsilateral spinal 
cord in partial spinal nerve ligation (pSNL) animals but not in age-matched 
normal animals when comparing the basal oxytocin concentration to the 
concentration after 30 minutes of stimulation (*P=0.039, 2-way ANOVA, 
Bonferroni’s test for multiple comparisons).  

 

Peripheral capsaicin injection fails to increase oxytocin concentrations in 

lumbar spinal cord microdialysates in either normal or injured animals. 

Data from 62 of 64 animals were included. There were 2 adverse events:1 

animal died during partial spinal nerve ligation surgery (10W nerve injury-vehicle 

group, cohort 3), and 1 died in its cage after nerve injury surgery (2W nerve 

injury-vehicle group, cohort 3) after failing to gain weight after surgery. PWT was 

determined at baseline and on the day of microdialysis for pSNL and normal 

animals and confirmed hypersensitivity after pSNL (Table 2). There was no effect 
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of injury on the microdialysate concentration of oxytocin in basal release 

conditions or after the injection of vehicle or capsaicin (2-way ANOVA) (Figure 5). 

 

 

Figure 5. Lumbar spinal cord microdialysate concentrations of oxytocin 
before and after forepaw injection of vehicle or capsaicin in normal and 
pSNL animals. Lumbar spinal cord microdialysate concentrations of oxytocin did 
not differ between normal and pSNL animals (2-way ANOVA, P=0.32) and did 
not increase after forepaw injection of vehicle or capsaicin (n=8/group, there was 
no difference between 2W and 10W group animals and these groups were 
combined) (2-way ANOVA, P=0.25). Data are presented as mean +SEM.  

 

Discussion 

The findings of this study provide anatomical and functional evidence of 

increased capacity for peripheral and spinal oxytocin signaling after peripheral 

nerve injury.  Oxytocin fiber density in the superficial and deep lumbar dorsal 

horn were increased on the side ipsilateral to injury compared to normal animals. 

We observed that mRNA expression for the oxytocin receptor and vasopressin 
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1a receptor were increased in pSNL animals compared to normal animals in the 

ipsilateral L4 dorsal root ganglion. Whether the these changes in oxytocin 

innervation and receptor expression alter behavioral recovery from 

hypersensitivity was not addressed in the current study, although previous 

studies suggest that tonic oxytocin signaling may  be partially responsible for the 

recovery from mechanical hypersensitivity after nerve injury in postpartum female 

rats.1, 15 The importance of the decreased oxytocin immunoreactivity in the 

superficial cervical spinal cord contralateral side to injury is unclear, as we did not 

assess paw withdrawal threshold in the forepaw after lumbar spinal nerve injury.  

We interpret increased oxytocin immunoreactivity as likely reflecting fiber 

sprouting, although increased trafficking of oxytocin peptide to the synaptic 

terminals in the spinal cord, or injury-induced alteration in antigen availability to 

antibody during immunohistochemistry could be responsible. It is also 

conceivable, given the lack of an increase of basal oxytocin release after injury, 

that increased immunoreactivity for oxytocin may reflect an accumulation of 

neurotransmitter at the presynaptic terminals. We anticipated that subcutaneous 

capsaicin in the forepaw would evoke oxytocin release in the spinal cord, and 

that this would be increased after injury, since previous studies with descending 

noradrenergic systems have found heterotopic nociceptive activation induces 

spinal cord norepinephrine release which is enhanced after neuropathic injury.27, 

31 Contrary to our hypothesis, capsaicin failed to evoke oxytocin release in either 

normal or pSNL animals.  Whether this reflects an interaction with general 

anesthesia, a very small effect, or failure of oxytocin to be involved in heterotopic 
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inhibition is unclear.  Direct stimulation of the PVN did increase spinal oxytocin 

release in injured animals as a positive control, though we must note we did not 

perform histology to indicate the location of the electrodes.    

Upregulation in oxytocin innervation of the spinal cord and the receptors for 

oxytocin in primary afferents is consistent with the concept that peripheral and 

central oxytocinergic mechanisms act in concert to reduce hypersensitivity after 

peripheral injury.11  Our observation that mRNA expression levels of oxytocin 

receptor and vasopressin 1a receptor were increased in response to injury in the 

L4 DRG suggests a potential increased capacity for peripheral and central 

oxytocin signaling after nerve injury in sensory afferents. We observed mRNA 

expression changes in the uninjured L4 DRG afferents, which have been 

demonstrated to change in their capacity for nociceptive transmission after L5 

nerve injury.2 Though it is possible that mRNA expression changes suggest 

increased capacity for peripheral oxytocin signaling after injury, it is also likely 

that oxytocin-mediated signaling at the superficial dorsal horn primary afferent 

terminals regulates oxytocin’s antinociceptive processes. Oxytocin 

antinociception at primary afferent terminals in the spinal cord may be mediated 

by oxytocin’s effects on voltage gated calcium channel activity18 or acid sensing 

ion channel activity36 in primary afferents. These effects are mediated by the 

oxytocin receptors and vasopressin receptors, respectively, and future research 

using receptor selective antagonists or transgenic models could be performed to 

determine the precise mechanism of oxytocin-induced antinociception in a 

chronic injury setting. 
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In conclusion, we observed anatomical changes in spinal oxytocin fibers and 

primary afferents suggesting increased capacity for oxytocin signaling after nerve 

injury. We observed oxytocin immunoreactivity increases in the superficial and 

deeper dorsal horn in response to injury, an effect largely limited to the ipsilateral 

lumbar spinal level related to the area of injured peripheral input.  These data 

suggest that the capacity for spinal oxytocin release is increased after injury, 

supported by an increase in PVN excitation-mediated release of spinal oxytocin 

after injury. We also observed increased mRNA for oxytocin receptor and 

vasopressin 1a receptor in the dorsal root ganglion that innervate the areas of 

mechanical hypersensitivity also suggest an increased capacity for oxytocin to 

act on primary sensory afferents after injury at either central or peripheral sites. 

We did not observe increased spinal release of oxytocin in basal or capsaicin-

evoked conditions, suggesting that changes in spinal oxytocin signaling after 

injury are not likely due to increased neurotransmitter release.  This body of work 

provides further evidence that peripheral nerve injury causes changes to 

components of oxytocin signaling in male rats. 
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Abstract 

Oxytocin, whether administered systemically or intrathecally, is antinociceptive to 

acute noxious stimuli. Intrathecal injection of a non-selective oxytocin receptor 

(OXY-R) antagonist reverses recovery from mechanical hypersensitivity after 

peripheral nerve injury in postpartum animals. Here we investigate the role of 

tonic spinal oxytocin signaling in the recovery from mechanical hypersensitivity 5-

9 weeks after nerve injury in virgin female and male rats. We hypothesized that 

nonselective antagonists and selective antagonists to the OXY-R and 

vasopressin 1a receptor (V1a-R) would uncover ongoing oxytocin signaling at 

one or both of the receptors to counterbalance latent sensitization during partial 

recovery from injury and would transiently exacerbate mechanical 

hypersensitivity. We found that both nonselective and receptor selective 

antagonists reinstated hypersensitivity in animals with partial recovery from nerve 

injury, without a sex difference in effect and without effect in normal animals.   

Dose response studies suggested that both receptors are involved in tonic spinal 

inhibition of hypersensitivity in the partially recovered animal. These data extend 

previous observations in postpartum animals to suggest that recovery from 

hypersensitivity after nerve injury in male and female rats in the absence of 

parturition reflects ongoing activation of spinal OXY-Rs and V1a-Rs. 
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Introduction 

Chronic pain after surgery is common, occurring in 10-40% percent of patients 

after major surgery,14, 22, 34 and thought to reflect in part surgical injury to nerves.  

Peripheral nerve injury in rodents causes both central and peripheral 

sensitization that produce behavioral disruptions including hypersensitivity to 

mechanical stimuli in the territory surrounding the injured nerves’ innervation. 

This behavioral hypersensitivity recovers over time, with considerable variation 

between individual rodents after the same surgical injury.1, 15, 34 Recovery from 

hypersensitivity might reflect dissipation of sensitization over time or increasing 

activation of counterbalancing inhibitory mechanisms.   

Recent evidence supports the concept of tonically active counterbalancing 

mechanisms which mask latent sensitization of nociceptive processing as a 

mechanism for recovery from hypersensitivity after injury.5, 12, 29, 37, 40 Animals that 

have previously recovered from injury show exaggerated responses to 

subsequent challenge with chemical or inflammatory stimuli and also show 

transient hypersensitivity following blockade of tonic inhibitory signaling. The 

phenomena, termed latent sensitization, is the result of NMDA mediated 

signaling and protein kinase C isoform ε (PKCε) signaling cascades.3, 9, 35, 40 

Individual differences in the ability to engage endogenous antinociceptive 

systems has been correlated with response to analgesics and speed of recovery 

from hypersensitivity after injury, suggesting that endogenous antinociceptive 

signaling may have a role in recovery and its dysregulation may result in  

persistent hypersensitivity after injury.2, 23, 34, 41  Both the opioidergic and 
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noradrenergic systems have documented roles in endogenous antinociception in 

the spinal cord and are known to contribute to conditioned pain modulation, a 

phenomenon whereby a conditioning noxious stimulus causes antinociception in 

response to a test stimulus2, 24, 34 Recent evidence suggests a role for these 

descending inhibitory systems to the spinal cord in recovery from injury, beyond 

the reduction of nociception after acute noxious stimulation. As such, sustained 

inhibitory signaling at mu opioid receptors (MORs), kappa opioid receptors 

(KORs), delta opioid receptors (DORs) and alpha-2 adrenoceptors (α2ARs) 

contributes to the apparent recovery from behavioral disruptions from prior 

injury.12, 40 These studies suggest this counterbalancing action resulting in 

behavioral recovery may reflect either tonic ligand-based or constitutive receptor 

activity and that behavioral recovery is reversed after administration of 

antagonists to these inhibitory receptors.  The role of other supraspinal or spinal 

antinociceptive mechanisms beyond opioid and noradrenergic systems in 

behavioral recovery from nerve injury has not been examined.   

Oxytocin, a nonapeptide hormone and neurotransmitter, has been described to 

provide acute antinociception after administration at various sites in the 

peripheral and central nervous system.31, 42  Oxytocin binds to both oxytocin 

receptors (OXY-Rs) and vasopressin 1a receptors (V1a-Rs), and both receptors 

have been implicated in mediating acute oxytocin-induced antinociception.21, 31, 36  

Additionally, there is evidence for plasticity in spinal and primary sensory afferent 

components of oxytocin signaling after peripheral injury, including increased 

oxytocin fiber density in the dorsal spinal cord after inflammation.13, 30  This 
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apparent increased capacity for spinal oxytocin release after peripheral injury 

parallels that demonstrated for the noradrenergic system.12, 18, 25 Intrathecal 

administration of atosiban, a nonselective OXY-R and V1a-R antagonist, reduces 

mechanical withdrawal thresholds in postpartum rats that have partially 

recovered from hypersensitivity after spinal nerve ligation injury.17 Whether there 

is a role for these receptors in recovery from injury in the absence of the 

postpartum period (a time of neurohormonal fluctuations) and whether there is a 

sex difference in this role have not been examined. Both male and female rats 

express OXY-Rs and V1a-Rs in the spinal superficial dorsal horn, a site of 

nociceptive processing.32, 38 Here we tested whether a similar reversal of 

recovery from hypersensitivity by intrathecal atosiban would occur following 

partial spinal nerve ligation (pSNL) injury in males and in virgin females. Atosiban 

exacerbated hypersensitivity in both sexes, so we also examined the relative 

efficacy of highly selective antagonists of OXY-Rs and V1a-Rs to determine the 

receptor(s) responsible for mediating the tonic antinociception. We chose to use 

antagonists, provided by Dr. Maurice Manning, that had been previously 

validated in assays of antidiuretic, anti-vasopressor, and anti-uterotonic behavior 

for a high degree of receptor selectivity of antagonists to their preferred 

receptor.6, 27  

Methods 

Animals: Female and male Sprague Dawley rats (aged 7 weeks, males 

weighing 250g and females weighing 180g) from Harlan Industries (Indianapolis, 

IN) were pair-housed under a standard 12:12 hour light-dark (light from 6 a.m. to 
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6 p.m.) cycle and provided with food and water ad libitum. All experiments were 

approved and executed in accordance to guidelines by the Institutional Animal 

Care and Use Committee at Wake Forest University (Winston Salem, NC, USA).  

Experimental design:   Two independent experiments were performed: one in 

which animals were randomized to receive vehicle or one of two doses of 

atosiban and the other in which animals were randomized to receive vehicle or 

one of two doses of an OXY-R and a V1a-R antagonist. Within each experiment 

there were 2 equally sized cohorts of male and female normal animals (normal 

animals were age-matched to pSNL animals) and 2 other, equally sized cohorts 

of male and female animals after pSNL. Animals were randomly allocated upon 

arrival to the pSNL or normal group prior to behavioral testing by cage-pair 

groups. Any animal that had paw withdrawal threshold (PWT) of >13 g in the two 

baseline measures prior to the day of surgery was excluded from the experiment. 

Drug administration in animals with pSNL began at a minimum of 5 weeks after 

surgery and if the PWT ipsilateral to surgery had recovered to at least 13 g for 2 

testing days in a row. Animals underwent von Frey testing weekly after surgery 

and prior to drug administration. Animals which had not recovered to this extent 

from surgery-induced hypersensitivity by 9 weeks were excluded.  This time 

window and level of recovery were chosen based on prior experience with the 

pSNL model that indicated about 80% of animals recover within the 5-9 week 

window to the 13 g threshold (historical data, not shown). We also excluded 

animals from further analysis that had not recovered to at least 13 g after the 

previous drug injection.  
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The primary outcome for each experiment was PWT, and the primary analysis 

was change in PWT prior to and after study drug administration. The 

experimenter was blinded to study drug dose and identity in all experiments. 

Group sizes of 11 were determined prior to experimentation based on preliminary 

data to observe a 20% reduction in PWT after study drug administration with 

α=0.05 and [1-β] =0.8, IBM SPSS Sample Power) (IBM, Armonk, NY, USA).   We 

accounted for up to a 25% exclusion rate for pSNL animals due to lack of 

recovery to 13 g within 5-9 weeks after surgery and received approval to prepare 

up to 14 animals per group to accommodate these potential exclusions.   

L5 pSNL surgery: Partial ligation of the right L5 spinal nerve was performed as 

previously described in 7 week aged male rats.16 This surgery results in 

hypersensitivity of the right hindpaw, defined herein as the ipsilateral paw, and 

the left hindpaw was the contralateral paw. Animals were anesthetized with 1.75-

3% isoflurane in oxygen.  A 2.5 cm incision was made above the right side 

lumbar spine and the right L6-transverse process was removed to expose the L5 

spinal nerve. One third of the L5 spinal nerve was ligated with 8-0 nylon suture 

(Ethicon, Cincinnati, OH, USA) under a dissecting microscope. To avoid 

paralysis, the L4 spinal nerve was left untouched.  The skin was closed with 5-0 

suture and treated with a topical antibiotic (neomycin, polymyxin and bacitracin, 

Johnson & Johnson, New Brunswick, NJ, USA). After surgery and emergence 

from anesthesia, animals were returned to paired housing. Animals were 

weighed regularly for 1 week following surgery. A 30-40g weight gain for males 

and 15-20g weight gain for females was considered normal, based on Animal 
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Resource Program guidelines.  Animals failing to gain weight normally were to be 

euthanized prior to study drug administration.  

Drug Administration: Drugs were administered over a period of 2 weeks, with 

injections separated by 2-3 days. Intrathecal injections were performed 

percutaneously between the L6-7 vertebrae of the spine using a 30-gauge 1-inch 

needle under brief (5-10 minutes in total) 2% isoflurane anesthesia as previously 

described.33 Successful entry into the intrathecal space was evidenced by a tail 

flick response upon the insertion of the needle. All drugs were delivered in a 

volume of 12 µL sterile saline solution. Drug solutions were injected with a sterile 

needle and syringe.  

Atosiban (Sigma-Aldrich, St. Louis, MO, USA) and was dissolved in sterile saline 

before use and stored at 4°C. The atosiban doses in this study were derived from 

previously determined effective doses in postpartum female rats (12 µg in 12 

µL)17  and a non-toxic higher dose, as determined in pilot studies (60 µg in 12 µL, 

data not shown). The selective OXY-R antagonist (desGly-NH2,d(CH2)5[D-Tyr2
, 

Thr4]OVT) and V1a-R antagonist (d(CH2)5[Tyr(Me)2, Dab5]AVP) were graciously 

provided by Dr. Maurice Manning for use in this study (Toledo, OH, USA).4, 10, 11, 

26, 28 The low dose OXY-R antagonist was 3.52 µg in 12 µL and the high dose 

was 11.74 µg in 12 µL. The low dose V1a-R antagonist was 4.1 µg in 12 µL and 

the high dose was 13.65 µg in 12 µg. Drugs were dissolved in sterile saline and 

stored at 4°C 

In the atosiban experiment, animals were assigned to receive three injections 

(saline, low dose atosiban and high dose atosiban) using a block randomization 
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with 3 blocks. In the selective antagonist experiment, cage-pairs of animals were 

assigned to receive five injections of saline, low and high dose OXY-R antagonist 

and low and high dose V1a-R antagonist using a block randomization with 5 

blocks. 

Behavioral Testing: 

General Testing: Animals were placed in plastic chambers atop a mesh surface 

and were acclimated to the behavioral test room for 30 minutes. PWT was 

determined by applying calibrated von Frey filament to the plantar hindpaw. 

Filaments (Touch Test sensory probes, Stoelting, Wood Dale, IL, USA) of 

increasing bending force (0.6, 1.0, 2.0, 4.0, 6.0, 8.0, 15.0 and 26.0 grams) were 

applied on the footpad until the filament bent. Paw withdrawal response was 

defined as a brisk withdrawal of the hindpaw within 5 seconds of the filament’s 

application at bending force.  If animals did not respond to the final 26 gram 

filament, they were assigned a PWT of 26 grams.  PWT was the force that 

resulted in a 50% probability of withdrawal as calculated using a previously 

described up-down method.7 PWTs were determined weekly for 9 weeks after 

surgery.  

Effect of Drug Injections on PWT: Following 30 minutes of acclimation to the 

testing environment, a baseline PWT was determined, drug was injected, 

animals were allowed to recover from anesthesia on a heating pad and PWT 

assessed 0.5, 1, 2, and 3 hours after injection.  
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Statistical Analysis: Data were not normally distributed and are presented as 

medians and quartiles in graphs.  For both the atosiban and the selective 

antagonist experiments we developed models that best fit our data to analyze 

nested variables. The primary analyses for the experiments were clustered, 

where models were constructed for normal females, pSNL females, normal 

males, and pSNL males for each side in the atosiban experiment (ipsilateral and 

contralateral), resulting in 8 clusters and for the ipsilateral side in the selective 

antagonist experiment, resulting in 4 clusters. In each cluster, we developed 

Generalized Estimating Equations to test the factors of drug, time, and injection 

number. Drug, time and injection number were nested variables for each animal. 

GEE models are most appropriate to accommodate the skewness of the data 

and allowed comparisons including nested measures from the same animals. 

The GEE analyses were best fit to the data when a log-link function was applied 

to the models. The residual series were examined to determine the fit of the 

models.  Bonferroni correction was applied for comparisons within study drug 

and condition groups for PWT at all times compared to the baseline for that 

group.  In the atosiban experiment the corrected P was 0.0042(0.05/12 test 

comparisons), and in the selective antagonist experiment the corrected P was 

0.0025 (0.05/20 test comparisons). Secondary, exploratory analyses were the 

effects of all factors on the hindpaw contralateral to injury in the atosiban 

experiment.  Analyses were performed with IBM SPSS Statistics for Windows, 

Version 22.0. Armonk, NY: IBM Corp.  
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Results 

Study inclusion and behavior over time for atosiban and selective 

antagonist experiments. 

Animals included in the analyses of the final groups are described in flow 

diagrams (Figure 1). Each group began with 14 animals assigned. In the 

atosiban experiment, 2 animals were excluded from the pSNL male group and 1 

animal from the normal female group for failure to meet study inclusion criterion 

(baseline PWT of >13 grams) at the outset of the experiment (Figure 1A). 

“Exclusion by drug” refers to exclusion after failure to recover to 13-gram PWT 

after injection of the listed drug.  In the selective antagonist experiment, 2 

animals were excluded from the normal male group and 1 animal was excluded 

from the pSNL female group for failure to meet study inclusion criterion (baseline 

PWT of >13 grams) at the outset of the experiment (Figure 1B). One animal was 

excluded from the pSNL female group due to transection of the L5 spinal nerve 

during surgery. Final group numbers for both experiments for each drug are 

described in the final flow diagram levels (Figure 1A&B). Animals were included 

in analysis regardless of the number of injections completed. 

Partially recovered pSNL animals were studied between 5-9 weeks (dotted 

window), once PWTs reached the 13-gram study inclusion threshold (Figure 2). 

This figure shows individual animal data in the pSNL group over time up to the 

last data point before they met the 13-gram study inclusion threshold. Two 

animals were excluded from the atosiban experiment for failure to reach the 13-

gram threshold within the 9-week time frame.  
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Figure 1. Animals included in atosiban and selective antagonist 
experiments. Flow diagram of animals included in atosiban (A) and selective 
OXY-R and V1a-R antagonist (B) studies. OXY-R A: Oxytocin receptor 
antagonist, V1a-R A: vasopressin 1a receptor antagonist, pSNL: partial spinal 
nerve ligation 
 

 

Figure 2. Paw withdrawal threshold (PWT) values over time in animals after 
partial spinal nerve (pSNL) and in normal controls.  Individual animal 
hindpaw PWTs ipsilateral to pSNL surgery over time of male and female animals 
in atosiban (Panels A and B) and selective antagonist (Panels C and D) 
experiments. The median PWT values with interquartile range of the normal 
groups in both experiments are shown in black. Animals were eligible for study 
inclusion if they had a 13 g baseline prior to the surgical day and maintained > 13 
g (dotted Y-axis line) PWT for 2 consecutive days between the 5-9 week window 
after pSNL (gray box) and animals ineligible for study inclusion by this criterion 
are labeled (red markers). The figure shows data up to the last time point before 
animals met the inclusion criterion.  
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Effects of atosiban on PWT ipsilateral and contralateral to pSNL injury in 

partially recovered male and female rats and normal controls. 

Animals included in the analysis are described in Figure 1. A statistically 

significant interaction was found in GEE analyses for the main effect of 

Drug*Time*Injection in the contralateral and ipsilateral to injury sides in the 

overall GEE analysis for males and females that had partially recovered from 

hypersensitivity after pSNL injury and in normal female animals when compared 

to their baseline PWT (Table 1). No main effect of Drug*Time*Injection was found 

in normal male animals on the contralateral or ipsilateral side. These effects 

describe an overall analysis where all Drug*Time*Injections were compared 

within surgery, sex and side clusters. The main effects of the Drug*Time*Injection 

analyses were further analyzed to compare PWTs over time after administration 

of atosiban or saline (saline, low dose atosiban, high dose atosiban) compared to 

the baseline PWT for each drug.  

Females that had partially recovered from pSNL injury-induced hypersensitivity 

had decreased PWT in response to the low dose of atosiban on the contralateral 

to injury side 3 hours after drug administration (Figure 3A). On the ipsilateral to 

injury side, partially recovered females had decreased PWT in response to 

administration of both low and high doses of atosiban (Figure 3B).  

On the ipsilateral to injury side, partially recovered males had decreased PWT in 

response to administration of both low and high doses of atosiban (Figure 3D). 

No decreases in PWT were observed in normal male or female rats on the 

ipsilateral or contralateral to injury side (Figure 3). 
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Table 1. Main effects from GEEs in primary outcome comparison for atosiban 
and selective antagonist experiments.  

        Main Effect Source: Drug*Time*Injection 

Experiment Sex Surgery Side Wald Χ2 df Significance 

Atosiban Female Normal Contralateral 1.5 x 1011 11 <1 x 10-15* 

 Female Normal Ipsilateral 3.6 x 1013 11 <1 x 10-15* 

 Female pSNL Contralateral 1.6 x 103 9 <1 x 10-15* 

 Female pSNL Ipsilateral 2.2 x 1012 10 <1 x 10-15* 

 Male Normal Contralateral 1.6 x 101 10 0.096 

 Male Normal Ipsilateral 1.4 x 101 10 0.159 

 Male pSNL Contralateral 2.8 x 1013 11 <1 x 10-15* 

 Male pSNL Ipsilateral 3.4 x 1013 13 <1 x 10-15* 

Selective 
Antagonist 

Female Normal Ipsilateral 7.5 x 107 11 <1 x 10-15* 

Female pSNL Ipsilateral 1.1 x 1010 11 <1 x 10-15* 

 Male Normal Ipsilateral 2.0 x 1013 10 <1 x 10-15* 

 Male pSNL Ipsilateral 4.5 x 1012 13 <1 x 10-15* 
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Figure 3. Effects of saline and high and low doses of atosiban on paw 
withdrawal thresholds (PWTs) over time in partially-recovered male and 
female partial spinal nerve ligation (pSNL) rats and normal controls. Median 
and 25th percentile PWTs in grams of female (contralateral A, ipsilateral B) and 
male (contralateral C, ipsilateral D) animals over time after administration of 
saline (red), low dose atosiban (blue) or high dose atosiban (green). Dotted lines 
represent normal animals and solid lines represent pSNL animals. *: P<0.0042 vs 
baseline within drug group. See Figure 1A for group sizes.  

 

Effects of antagonists to OXY-R and V1a-R on the PWT in partially 

recovered males and female rats on the ipsilateral to pSNL injury side and 

in normal controls 

Animals included in the analysis are described in Figure 1. A statistically 

significant interaction was found in GEE analyses for the main effect of 

Drug*Time*Injection in the ipsilateral to injury sides in the overall GEE analysis 

for males and females that had partially recovered from hypersensitivity after 

pSNL injury and in normal males and females compared to their baseline PWT 

(Table 1). These effects describe an overall analysis where all 

Drug*Time*Injections were compared within surgery, sex and side clusters. The 

main effects of the Drug*Time*Injection analyses were further analyzed to 

compare PWTs over time after administration of selective antagonists or saline 

(saline, low dose OXY-R antagonist, high dose OXY-R antagonist, low dose V1a-

R antagonist and high dose V1a-R antagonist) compared to the baseline PWT for 

each drug.  

Effects in Normal Females and Males 

Antagonists affected PWT in normal animals only at a few isolated time points. 

Normal females had decreased PWT 3 hours after administration of the high 
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dose of V1a-R antagonist (Figure 4A), and decreased PWT 0.5 hours after 

administration of the high dose of OXY-R antagonist (Figure 4B). Normal males 

had decreased PWT at 2 hours after administration of the high dose of OXY-R 

antagonist (Figure 4D). 

Effects in Females and Males Partially Recovered from pSNL  

Female animals that had partially recovered from pSNL-induced hypersensitivity 

had increased PWT in response to saline at 1 hour and 3 hours after 

administration (Figure 4A&B). Partially-recovered females had decreased PWT 

after administration of both the low and the high dose of V1a-R antagonist 

(Figure 4A). Partially-recovered females had decreased PWT after administration 

of both the low and the high dose of OXY-R antagonist (Figure 4B)  

Male animals that had partially recovered from injury-induced hypersensitivity 

had transiently decreased PWT in response to saline at 1 hour (Figure 4C & D) 

after administration. Partially-recovered males had decreased PWT after 

administration of both the low and the high dose of V1a-R antagonist (Figure 4C). 

Partially-recovered males had decreased PWT after administration of both the 

low and the high dose of OXY-R antagonist (Figure 4D).  
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Figure 4. Effects of saline and high and low doses of oxytocin receptor 
(OXY-R) and vasopressin 1a receptor (V1a-R) antagonist alter paw 
withdrawal thresholds (PWTs) over time in male and female rats that had 
partially recovered from partial spinal nerve ligation (pSNL). Median and 25th 
percentile PWTs in grams grams of male and female animals over time after 
administration of saline (red), low  (blue) and high (green) doses of V1a-R 
(females A, males C) and OXY-R antagonist (females B, males D). Dotted lines 
represent normal animals and solid lines represent pSNL animals. *= P<0.0025 
vs baseline within drug group. See Figure 1B for group sizes. 

  



99 
 

Discussion 

We have shown that oxytocin signaling contributes to tonic antinociceptive 

processes in male and female rats outside the postpartum period. Previously, it 

was observed that women in the postpartum period recovered from either vaginal 

or Caesarean birth with an unexpectedly low incidence of chronic pain at 6 and 

12 months.14 This finding indicates that the postpartum period, a time of 

heightened oxytocin signaling, was protective against persistent post-traumatic 

pain. Consistent with this is the observation that postpartum female rats recover 

more rapidly from injury-induced hypersensitivity when peripheral nerve injury 

was performed within 24 hours of birth compared to non-pregnant control 

females.17 The partial recovery from mechanical hypersensitivity was transiently 

reversed upon the intrathecal injection of the nonselective OXY-R and V1a-R 

antagonist, atosiban. We found that this phenomenon is not limited to the 

postpartum period and that the apparent partial-recovery from hypersensitivity is, 

in part, dependent upon spinal oxytocin signaling. Both the nonselective 

antagonist atosiban and receptor-selective antagonists demonstrate a role for 

both OXY-R and V1a-R in mediating this tonic antinociceptive signaling. These 

findings provide insight into potential antinociceptive mechanisms that may 

contribute to the speed of human recovery from traumatic injury outside of the 

postpartum condition.  

We have demonstrated that spinal oxytocin signaling plays a role in the recovery 

from mechanical hypersensitivity after peripheral nerve injury. This evidence is 

consistent with findings that oxytocin release induced by PVN electrical 
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stimulation or by exogenous ligand injection provides acute attenuation of 

hypersensitivity in acute inflammation and in the context of sustained nerve 

injury.31, 42 The acute oxytocin-mediated antinociceptive activity was blocked by 

intrathecal administration of an OXY-R antagonist, suggesting that oxytocin acts 

at a spinal site. It has been demonstrated in the context of inflammatory pain that 

oxytocin content is immediately increased in the spinal cord after injury and that 

blockade of spinal OXY-R signaling increased mechanical and thermal 

hypersensitivity.20 Previous literature has demonstrated roles for both V1a-R and 

OXY-R signaling in oxytocin-induced antinociception in rodents after central or 

systemic activation.20, 21, 36 Here we have demonstrated that ongoing spinal 

oxytocin signaling at both spinal OXY-Rs or V1a-Rs contributes to the recovery 

from hypersensitivity after peripheral nerve injury in animals. It has recently been 

demonstrated that behavioral recovery from hypsersensitivity in animals is 

dependent on tonic antinociceptive signaling by endogenous opioidergic and 

noradrenergic receptors.12, 40 The findings of our paper support a role for oxytocin 

in reducing hypersensitivity after injury in rodents, but its significance in the 

clinical context of recovery from surgical injury is yet to be tested.  

We have demonstrated that the contribution of oxytocin signaling in mediating 

the recovery from hypersensitivity after injury does not differ between male and 

females. This finding is consistent with literature that suggests the distribution of 

OXY-R and V1a-R in the superficial dorsal horn is similar between males and 

females.38, 39  
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Several findings of this study were unexpected. We had initially not expected to 

observe antagonist-induced hypersensitivity in the contralateral-to-injury side in 

either males or females. However, in one case we found contralateral 

hypersensitivity in response to the low dose of atosiban in partially recovered 

females. This is not altogether unprecedented, as contralateral hypersensitivity 

was unmasked after nerve injury by intrathecal injection of idazoxan (an alpha-2-

adrenoceptor antagonist).19 Considering the late onset, observation of an effect 

at only the low dose and the instance of the appearance of atosiban-induced 

hypersensitivity at only one time point in partially recovered females, we also 

suggest that this could be a false positive observation. Interestingly, we found 

that high doses of OXY-R or V1a-R antagonist caused temporary hypersensitivity 

in normal female rats. This may reflect either tonic antinociception mediated by 

these receptors, but could also be attributed to neurotoxicity in females. We 

observed an unexpectedly significant effect of injections, suggesting that with 

increasing injections, that PWT decreased in both normal and partially recovered 

animals. We attempted to preempt any injection-order effect by randomizing the 

schedule of drug delivery. We had decreased sample sizes due to PWT lower 

than our >13-gram inclusion criterion at baseline testing in several instances. 

Dropping animals from the study was anticipated but may reflect neurotoxicity 

induced by the antagonists or injury from repeated intrathecal injections. Indeed, 

these instances were lower in the atosiban experiment where only 3 injections 

were administered compared to the selective antagonist experiment where 5 

injections were administered. 
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There are several strengths of this study. We chose a model that induces 

mechanical hypersensitivity with a clinically relevant time course of recovery 

within 10 weeks.16 We also were able to account for inter-individual variability in 

the speed of recovery by including animals once they reached a particular 

behavioral endpoint within a pre-defined window of time. Drug effects within 0.5-1 

hour of intrathecal drug administration point strongly to a spinal site of action. In 

regard to scientific rigor, animals were randomly allocated to drug schedule and 

surgical group, the experimenter was blinded to the study drug assignments, and 

the analysis plan was defined a priori to experimental procedures.  

There are caveats to our findings due to particular aspects of our experimental 

design that must be noted. We relied on mechanical hypersensitivity as our 

behavioral assay for “pain” behavior. While this is a validated method to confer 

allodynic responses and correlates with physiological sensitization after 

peripheral injury,8 we must note that the human experience of pain is not a 

simple, reflexive behavioral response. Therefore, the clinical relevance of our 

findings to ongoing pain after injury in humans is unclear. We also employed 

relatively large concentrations of antagonists in this study in order to guarantee 

availability at the superficial dorsal horn, with guidance from pilot dosing 

experiments. These high doses have not been validated for receptor selectivity, 

and though we employed highly selective antagonists as determined by 

bioassays of antagonist effects, it must be noted that some degree of selectivity 

may be lost at the doses we used.26 We are also unable to determine with 

accuracy the concentration of the drug at the receptor and concentration 
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dependent effects could not be calculated. Various mechanisms aside from 

antagonist blockade of oxytocin signaling may contribute to the hypersensitivity 

we observed after drug administration, including neuronal or glial toxicity, 

chemical irritation, and vascular effects that might occur with repeated intrathecal 

injections. Though we are limited in some aspects of our study design, as 

previously discussed, measures were taken to address potential weaknesses in 

the study and bolster our findings.  

In summary, we have demonstrated that spinal blockade of both OXY-R and 

V1a-R signaling temporarily cause hypersensitivity in male and female animals 

that had partially recovered from nerve injury for the duration of a 3-hour time 

course of behavior. We found that tonic antinociception that contributes to the 

recovery from hypersensitivity is not unique to the post-partum period, 

suggesting that oxytocin signaling is biologically relevant in pain recovery in a 

broader context. These findings may contribute to future clinical research on the 

role of oxytocin signaling in recovery from nerve injury in women and men.  
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CHAPTER FOUR 

DISCUSSION AND IMPLICATIONS 

We have found that components of oxytocin signaling in the spinal cord and 

dorsal root ganglion (DRG) are altered in anatomy and function after partial 

spinal nerve ligation injury (pSNL) in a manner that allows greater and more 

widespread oxytocin release into spinal regions of nociceptive processing, 

accompanied by increased expression of the mRNA for receptors upon which 

oxytocin acts (Figure 1). Oxytocin fiber density was increased in the lumbar 

spinal cord and receptor mRNA for the oxytocin receptor (OXY-R) and 

vasopressin 1a receptor (V1a-R) were increased in the L4 DRG after injury. 

These anatomical changes were accompanied by an increase in paraventricular 

nucleus (PVN) stimulation-evoked release of oxytocin in the spinal cord in pSNL 

animals. We also determined that antagonism of OXY-Rs and V1a-Rs during 

recovery from pSNL results in mechanical hypersensitivity. We can conclude that 

recovery from mechanical hypersensitivity is accompanied by spinal oxytocin 

signaling in male and female virgin rats. In sum, we have characterized plasticity 

in components of oxytocin signaling and demonstrated a role for this signaling in 

the recovery from peripheral nerve injury.  

Major innovations in this work include measuring oxytocin release in the 

superficial spinal cord at basal and evoked conditions and the application of a 

model of nerve-injury induced hypersensitivity with time course similar to 

recovery from pain after surgery in humans to probe the role of spinal oxytocin 

signaling during recovery. This work may be generally interpreted as an 

indication that oxytocin signaling is active during recovery from mechanical 
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hypersensitivity after peripheral nerve injury and is a potential target for 

therapeutic interventions in this setting. 

 

 

Figure 1. Partial spinal nerve ligation (pSNL) is associated with alterations 
in components of oxytocin signaling.   

 

Anatomical Plasticity in Components of Oxytocin Signaling after Peripheral 

Nerve Injury 

Oxytocin fibers that project from the PVN terminate in the superficial and deep 

laminae of the dorsal horn of the spinal cord; areas involved in nociceptive 

processing. We investigated the density of oxytocin fibers in the superficial and 

deeper laminae of the dorsal horn in the spinal cord at cervical, thoracic, and 

lumbar regions in animals with and without peripheral nerve injury. We found that 

pSNL was associated with an ipsilateral increase in the density of oxytocin 

immunoreactive fibers in both the superficial and deep laminae in the lumbar 
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dorsal horn ipsilateral to injury at both 2 and 10 weeks postoperatively. We found 

that injury was also associated with a decrease of oxytocin fiber immunoreactivity 

on the contralateral side in the cervical spinal cord. These results suggest that 

oxytocin fiber density is increased in the region and laminae of the spinal cord 

associated with sensory processing near the site of injury input. These results 

suggest an apparent increase in the capacity for oxytocin release should these 

fibers be activated. Previous studies in transgenic rats expressing a fluorescent 

protein in oxytocin neurons have indicated that adjuvant-induced arthritis causes 

increased oxytocin fiber density in the spinal cord.45 There is also an increased 

lumbar spinal cord content of oxytocin after 24 hours after complete Freund’s 

adjuvant induced inflammation and after peripheral nerve injury.29, 42 Our findings 

and those of others suggest that subacute or chronic models of peripheral injury 

increase the apparent capacity for oxytocin signaling. 

The apparent increase in oxytocin fiber density may be due to several underlying 

mechanisms. The increase in immunoreactivity of oxytocin fibers could reflect 

increased neurotransmitter content due to increased protein synthesis, increased 

antigenicity oxytocin to the antibody after injury, increased trafficking of oxytocin 

to the spinal region associated with injury, or actual oxytocin fiber sprouting. It is 

possible that peripheral injury causes increased expression of factors or proteins 

associated with increased axonal sprouting in the local microenvironment of the 

spinal cord. These proteins or factors likely assist in the regeneration of damaged 

primary afferents. Indeed, protein expression of extracellular matrix proteins and 

structural proteins was increased in L4 primary afferents after L5 spinal nerve 
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ligation.32 However, the specific proteins currently known to be associated with 

oxytocin fiber sprouting were not investigated after L5 spinal nerve ligation. 

We preliminarily investigated whether altered protein expression in the local 

microenvironment of the lumbar dorsal horn increases to cause oxytocin fiber-

sprouting after nerve injury. Both insulin growth factor-1 (IGF-1) and ciliary 

neurotrophic factor (CNTF) have been associated with oxytocin fiber sprouting 

and release after injury in the PVN.65, 66, 75 We investigated whether or not injury 

was associated with an upregulation in IGF-1 peptide by Western blotting but 

were unable to detect basal or post-injury levels in spinal cord homogenates 

(data not shown). This suggests that IGF-1 exists in low quantities in both normal 

and post-injury states and/or that our assay was not sensitive enough to detect 

this peptide. A more sensitive technique such as mass spectrometry might allow 

for better assessment of these growth factors. It has been previously 

demonstrated that brain derived neurotrophic factor (BDNF) is necessary for the 

fiber sprouting of noradrenergic fibers in the dorsal horn after peripheral nerve 

injury.23 BDNF has not been associated with oxytocinergic fiber growth, but as 

this is a relatively essential growth factor for neurogenic processes and it is 

conceivable that it also regulates the oxytocin fiber density increases we 

observed. It is possible that increased trafficking of oxytocin-containing large 

dense core vesicles may occur after injury. Peripheral injury, but not spinal cord 

injury, causes global upregulation of central nervous system axonal transport.40 

Considering the time frame of observed increases of lumbar oxytocin fiber 

density, it is possible that increased slow axonal transport of these vesicles is 
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responsible for the observed increase in oxytocin fiber immunoreactivity after 

peripheral injury. However, increased fiber density in the noradrenergic system 

was observed within 3 days of peripheral nerve injury, suggesting that increased 

transport may not be responsible for the observed fiber sprouting in this case.23 

In the future, observing a time course at early stages after the injury may allow us 

to develop greater insights into the mechanism of the apparent increase in 

oxytocin fiber density. We suggest that fiber sprouting due to increased spinal 

expression of growth factors or increased peptidergic trafficking after injury are 

likely mechanisms worthy of further investigation to explain the apparent increase 

in oxytocin fiber density that was observed after peripheral nerve injury.  

OXY-R and V1a-R mRNA expression was also increased in the ipsilateral L4 

DRG after pSNL. We anticipated that mRNA expression for these receptors 

would be increased after pSNL injury as it was previously observed that OXY-R 

mRNA was found to be increased in the DRG corresponding to sensitized 

primary afferents in a model of chronic visceral hypersensitivity. This increased 

expression of L4 DRG mRNA for OXY-R and V1a-R may be due to increased L4 

DRG expression of proteins related to transcription and translation that are 

increased after L5 spinal nerve ligation.32 The increase in receptor expression 

was not observed in the ipsilateral spinal cord where these L4 DRG neuron 

central terminals reside, consistent with a lack of transport of mRNA to terminals. 

High threshold nociceptors have been demonstrated to be hyperexcitable four 

weeks after pSNL in in vitro conditions in uninjured L4 DRG neurons.4 Our 

observation of changes in mRNA expression at the L4 DRG suggests increased 
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oxytocin signaling capacity at primary afferents could theoretically either mask or 

drive their hyperexcitability. In the case of the increased expression of OXY-R 

mRNA in DRG of primary colonic sensory afferents, receptor activation reduced 

DRG neuron activation.10 This suggests that oxytocin may act at these receptors 

after nerve injury to decrease nociception. The increase of mRNA for OXY-R and 

V1a-R in the DRG  is interesting considering that oxytocin signaling is classically 

stimulatory via Gq protein coupling mediated signaling.18, 59 Indeed, systemic 

oxytocin has been demonstrated to produce analgesia and reduce nociception 

via the V1a-R and the OXY-R and thus peripheral oxytocin may act on these 

primary nociceptive afferents.26, 30, 51, 55  If oxytocin acts to depolarize primary 

afferents, this could cause inhibition depending on the localization of OXY-Rs 

and V1a-Rs. Oxytocin could act upon primary afferents to cause a “gating” type 

mechanism to inhibit nociception by exciting large-diameter A-beta 

mechanosensory primary afferents that would reduce relative nociceptive input 

from damaged nociceptive afferents. 

OXY-R was found to be expressed primarily on small diameter C type 

nociceptors in an immunohistochemical study (this observation must be 

interpreted with caution as most antibodies for OXY-R are not selective).48 If this 

is the case, oxytocin mediated antinociception might rely on primary afferent 

depolarization or alternative pathways to the classically described Gq-mediated 

signaling pathway to inhibit firing of primary nociceptive afferents and reduce 

nociception. Oxytocin may reduce nociception by mildly depolarizing central 

nociceptor terminals to render them less responsive to incoming action potentials 
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from the periphery, similarly to how GABA mediates inhibition in primary 

afferents.12, 37, 68 Indeed, though GABA is classically thought of as an inhibitory 

neurotransmitter, it depolarizes primary afferent terminals which reduces 

neurotransmitter release in response to activation in response to noxious stimuli 

at the periphery. Another potential mechanism of oxytocin-mediated 

antinociception in primary nociceptive afferents is inhibition mediated by action 

on voltage-gated calcium channels that inhibit membrane depolarization and thus 

decrease neurotransmitter release.26 Also, oxytocin has been demonstrated to 

reduce activity of pro-nociceptive acid sensing ion channels expressed in the 

DRG via actions at the V1a-R, though this was found in C-type polymodal 

nociceptors and has not been described in the mechanical nociceptors 

responsible for hypersensitivity.51 The observation of OXY-R and V1a-R mRNA 

increases associated with peripheral injury in the L4 DRG suggests increased 

capacity for this signaling, but does not necessarily demonstrate actual function 

of this anatomical observation.  Upregulation of these receptor mRNAs could 

simply be a byproduct of the increased retrograde axonal transport of mRNAs 

that occurs after peripheral nerve injury.1 It’s unclear whether this might also 

occur in the uninjured L4 DRG neurons after pSNL surgery. Given our results in 

the antagonist reinstatement studies, however, we suggest there may be 

functional implications for the observed increase in receptor mRNA expression in 

the DRG.  
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Functional Implications of Anatomical Plasticity in Components of 

Oxytocin Signaling on Oxytocin Release 

We performed additional experiments to explore the functional significance of 

these anatomical observations that imply increased capacity for oxytocin 

signaling and antinociception after injury. We first investigated if the apparent 

increase in oxytocin fiber density was accompanied by any change in function of 

these neurons. We investigated several conditions of oxytocin release in the 

spinal cord: basal release, capsaicin-evoked release, and PVN electrical 

stimulation centrally-evoked release. The rationale for investigating basal release 

was to observe if there was an ongoing increase in tonic oxytocin release that 

might result functionally in continuous ligand-mediated oxytocin signaling to 

tonically inhibit spinal nociception. We also hypothesized that if oxytocin was 

active during recovery from evoked hypersensitivity behavior, then peripheral 

noxious stimuli input at this time might more effectively engage oxytocin release. 

Indeed, paradigms of conditioned pain modulation have been demonstrated to 

reflect nociceptive input activating descending inhibitory systems (such as the 

noradrenergic system). In this paradigm, a heterotopic stimulus to the non-injured 

area (the conditioning stimulus) is tonically administered to engage descending 

inhibitory input and results in an attenuated response to a noxious test stimulus 

elsewhere in the body. We hypothesized that if oxytocin was involved in 

descending pain modulation, and release capacity was apparently enhanced 

after injury, that forepaw capsaicin administration would evoke greater spinal 

oxytocin release in pSNL animals than in normal animals. Neither basal nor 



117 
 

peripheral capsaicin-evoked oxytocin release were increased in pSNL animals 

compared to normal animals under the conditions of our experiment. This 

suggests that increased basal release of oxytocin is not responsible for any 

potential sustained oxytocin mediated antinociception and that acute noxious 

stimulus evoked release of oxytocin is not affected by injury. Given our findings 

of increased mRNA expression of OXY-R and V1a-R in L4 DRG, though oxytocin 

release did not change, it is feasible that the same amount of oxytocin release 

could activate more receptors to cause tonic antinociception after injury. 

We then confirmed that our method was adequately sensitivity to measure 

oxytocin release by using PVN excitation. We observed an increase in oxytocin 

release only in pSNL animals compared to normal animals (though 

nonsignificant, there was a similar effect size of this stimulation observed in 

normal animals). This was unexpected, as it had been previously demonstrated 

that PVN stimulation causes increases in lumbar oxytocin content in both normal 

and injured animals.42 There are several factors that could account for the 

discrepancy between oxytocin release observed in by microdialysis compared to 

the increased lumbar content observed by enzyme linked immunosorbent assay 

(ELISA), as previous studies have used. Microdialysis is able to provide some 

advantages over ELISA in temporal and spatial determination of oxytocin 

release. Tissue analysis of oxytocin content gives a static image of oxytocin 

content and does not necessarily reflect release dynamics in the spinal cord. 

Tissue homogenates include plasma containing oxytocin derived from 

magnocellular PVN neuron-mediated oxytocin release rather than the spinal 
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release produced by parvocellular PVN neurons. It also does not capture release 

dynamics in an intact animal. Microdialysis afforded us the ability to directly 

assess oxytocin release in the superficial dorsal horn of the ipsilateral spinal cord 

with temporal resolution of 30 minute periods and in an intact animal. Thus, this 

particular approach may more accurately reflect the effect of PVN stimulation on 

spinal oxytocin release. The observation that increased oxytocin release after 

this stimulation occurred only in pSNL animals supports our anatomical 

observation that injury is associated with increased capacity for oxytocin release 

in the lumbar dorsal horn, although with the small sample size of this experiment 

we cannot definitively state that oxytocin release is greater in pSNL animals 

compared to normal animals. We further investigated what role tonic oxytocin 

signaling at OXY-R and V1a-R has in the resolution from mechanical 

hypersensitivity after injury given that release dynamics of oxytocin did not 

change and that L4 DRG mRNA expression for these receptors was increased. 

Role of Tonic Oxytocin Signaling during Resolution of Mechanical 

Hypersensitivity 

Given anatomical evidence supporting increased capacity for oxytocin release 

and L4 DRG receptor mRNA expression increases after injury, we explored if 

tonic signaling at OXY-R or V1a-R contributed to recovery from mechanical 

hypersensitivity induced by peripheral nerve injury. We found that spinal 

blockade of OXY-R or V1a-R was associated with decreased mechanical 

thresholds (implying hypersensitivity) in male and female animals after pSNL 

compared to normal animals. This experiment was an extension of a previous 
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observation from our laboratory that partial recovery from spinal nerve ligation is 

reversed upon administration of an OXY-R antagonist in postpartum female 

animals. This particular experiment was a small part of a larger study 

demonstrating the protective role of oxytocin in recovery from nerve injury in 

pregnancy, parturition and lactation.20 The process of childbirth and lactation 

involve major changes in oxytocin release and receptor expression that may 

account for the observation that chronic pain from Cesarean or vaginal delivery is 

rare compared to chronic pain after similarly invasive and traumatic injury outside 

of the postpartum condition.15, 18, 35 We investigated whether oxytocin had a role 

in recovery from peripheral injury in virgin female and male rats, in part to 

determine whether or not the conditions of pregnancy and parturition were 

uniquely responsible for this role of oxytocin. We hypothesized that, given 

observations of oxytocin-mediated analgesia in naïve males from other studies, 

oxytocin-mediated antinociception was not necessarily unique to postpartum 

animals after peripheral injury.  

We first investigated whether the nonselective, but commonly used, OXY-R and 

V1a-R antagonist atosiban reinstated hypersensitivity in partially recovered 

animals. This study was performed first before devoting additional animals and 

resources to studying the selective antagonists. The previously published study 

in postpartum females did not have non-injured animal controls and the 

experimenter was not blinded to study drugs during behavioral assessment. We 

sought to improve upon this previous study design, adding non-injured control 

animals, a cross-over design and experimental blinding procedures. We 
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observed that intrathecal atosiban administration was associated with decreased 

PWTs in males and females at both low and high doses.  We chose the low dose 

of 12 µg as it was the effective dose in the postpartum female studies.20 Pilot 

data suggested that this dose may not be effective in virgin female animals, and 

so we also used a high dose of 60 µg. These doses were pre-screened for 

toxicity in normal animals, and no obvious toxicity in motor or sensory function or 

behavior was observed. We found that both doses produced similar, near 

maximal, levels of hypersensitivity in partially recovered males and females, 

suggesting that the doses chosen were above the steep portion of the dose 

response relationship.  

Though atosiban has been widely used to blockade oxytocin signaling, it is not 

highly selective for the OXY-R. Its affinity for the rat OXY-R is Ki= 215 nM, only 

five-fold less than its affinity to the V1a-R (Ki= 1059 nM).39 Relative binding 

affinity of atosiban to human receptors differs from the rat, with highest affinity for 

the V1a-R (Ki= 5.1 nM), followed by to the OXY-R (Ki= 76.4 nM) and then to the 

vasopressin 1b receptor (Ki= 256 nM). Using atosiban as an antagonist is also 

complicated by some evidence from bioassays that it has partial agonist actions 

at the V1a-R in vivo.46 For these reasons, atosiban is not the ideal tool to study 

relative contributions of OXY-R and V1a-R to oxytocin signaling. Using atosiban 

allowed us to more broadly determine whether oxytocin signaling at these 

receptors was necessary for maintenance of partial recovery from 

hypersensitivity after injury.  
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Given a positive outcome in the nonselective antagonist atosiban study, we 

proceeded with experiments utilizing more selective antagonists to determine 

specific contributions of each receptor. We chose antagonists that had previously 

been characterized for selectivity for binding or functional antagonism to their 

respective receptor. Although we could control relative selectivity of these drugs, 

we could not control differences that might exist between them in their ability to 

penetrate the spinal cord or their metabolism in this tissue.  The antagonists we 

used were specifically recommended for use by Dr. Maurice Manning, a pioneer 

in the development in selective antagonists for OXY-R and vasopressin receptors 

(1a, 1b and 2) in in vivo behavioral studies to investigate receptor-selective 

phenomena.39  We chose the most selective peptide OXY-R antagonist available, 

desGly-NH2-d(CH2)5[D-Tyr2, Thr4]OVT.38 This compound has a high affinity for 

the human OXY-R (Ki= 0.9 nM), more than 100 fold greater than its affinity at the 

V1a-R (Ki=100 nM), with minimal binding to the vasopressin 1b receptor. This 

antagonist has a much higher (around 85x) affinity for the human OXY-R than 

the more commonly used atosiban, and has a similar binding affinity to oxytocin 

for the human OXY-R, but has not been previously characterized for binding 

affinity to rat receptors.39 The V1a-R antagonist we chose to use was not 

characterized for its binding affinity at human or rat receptors, but was evaluated 

in bioassays of anti-myometrial contraction action in vitro and in vivo (assay for 

OXY-R antagonism), anti-diuretic action in vivo (assay for vasopressin 2 receptor 

antagonism) and anti-vasopressor action in vivo (assay for V1a-R antagonism). 

This V1a-R antagonist affected blood pressure in a rat bioassay (at the highest 
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tested dose) but did not prevent myometrial contraction, suggesting in vivo 

selectivity of this antagonist to V1a-R.39 Though we may consider these the most 

selective antagonists available for research use, we are still unsure of the OXY-R 

and V1a-R antagonists relative binding affinities to rat OXY-R and V1a-R.  It is 

important to note that developing selective antagonists to these receptors is 

hindered by homology of binding profiles across these receptors and species 

differences in binding and function. These particular issues are limitations 

encountered by all those seeking to delineate the contributions of these receptors 

to the biological phenomenon elicited by oxytocin, but we chose the most 

appropriate tools currently available. Alternatives to these pharmacological 

approaches are subsequently discussed. 

Beyond the noted issues in choosing selective antagonists, no studies have 

previously explored potential sex differences in effects of the OXY-R and V1a-R 

antagonists in sensory processing. We investigated the contribution of both 

receptors in males and females because of the different binding profiles in the 

spinal cord for oxytocin and V1a-R in the L5 and L6 regions of the spinal cord.63 

Female rats had significantly fewer binding sites for V1a-R in the dorsomedial 

and ventral nuclei than males. Both males and females had similar vasopressin 

1a and OXY-R binding sites in the spinal cord other than the differences in the 

dorsomedial and ventral nuclei (likely due to vasopressin’s role in sexual arousal 

in males). Vasopressin receptor binding sites are more diffusely distributed 

throughout the gray matter of the spinal cord, whereas OXY-R binding sites are 

primarily in the superficial laminae of the dorsal horn.  Evidence suggests that 
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oxytocin acts in the spinal cord on OXY-Rs to reduce nociception in part by 

activating a glutamatergic interneuron population that excites an inhibitory 

subpopulation of GABAergic interneurons, whereas it has been suggested that 

V1a-Rs inhibit nociception through action at primary afferents.7, 8, 55 Though there 

are differences in binding sites in the spinal cord between the sexes, the 

particular differences occurred in areas not classically associated with sensory 

processing or oxytocin-mediated antinociception, so we hypothesized that there 

would not be significant sexual dimorphism in hypersensitivity behavior after 

antagonist administration. 

 We observed an adverse event where one normal female developed paralysis 

within 10 minutes of administration of the high dose of V1a-R antagonist. We 

excluded this animal from the study after observing a 3-hour time course of the 

paralysis, suggesting permanent neurotoxicity. It is feasible that V1a-Rs are 

essential to motor function of the hind limbs as they are expressed throughout 

the ventral motor horn of the spinal cord,63 and it is possible that at a high dose 

there was long lasting motor dysfunction not related to toxicity. A limitation of 

PWT assays for detecting pain is that it requires motor function in order to 

observe the withdrawal response. If we had caused an inhibition of this spinal 

reflex behavior by antagonizing V1a-Rs at the high dose in females, we would 

not be able to estimate their withdrawal threshold and therefore would not 

observe a reinstatement of hypersensitivity at the high dose.  However, we did 

not observe visible paralysis of the hind limbs in animals, with the exception of 

the previously described adverse event, and thus cannot conclude whether or not 
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inhibition of the paw withdrawal reflex at the doses we used had an impact on 

this study. Overall, we can conclude that tonic oxytocin signaling at both OXY-R 

and V1a-R contributes to the maintenance of the apparent recovery from 

hypersensitivity after nerve ligation injury similarly in males and females.  

Perspectives on Oxytocin Signaling and Tonic Antinociception in Chronic 

Pain 

Currently, our work suggests that the capacity for spinal oxytocin signaling is 

increased after injury and that this signaling tonically decreases evoked 

nociception after injury in males and females. Clinical trials are assessing the 

benefit of intrathecal oxytocin in chronic pain and in normal subjects to determine 

the benefit of activating spinal oxytocin signaling in reducing the human 

perception of pain.13, 14 Our preclinical findings suggest that these clinical studies 

will demonstrate therapeutic benefit of oxytocin in reducing neuropathic pain in 

both men and women. Our findings suggest increased signaling capacity at 

primary afferents by increased expression of OXY-R and V1a-R mRNA in the L4 

DRG, which suggests that these central innervations of primary afferents are a 

target for future therapies. This suggests that intrathecal administration of 

oxytocin could be investigated for therapeutic benefit and that it is possible that 

oxytocin therapies will be more or possibly only effective in chronic pain 

conditions, rather than for the treatment of acute pain.   

Oxytocin signaling that reduces nociception after injury is part of a larger system 

of descending regulation of nociception. The existence of redundant systems that 

mediate a counterbalancing inhibitory tone after injury, including spinal oxytocin 
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signaling, is biologically advantageous. These systems, including opioidergic, 

noradrenergic and oxytocinergic pathways, may work in concert to attenuate 

nociception and decrease pain after injury. Whether these systems interact 

additively or synergistically is not known. It is also biologically advantageous to 

have multiple systems of descending pain control, as environmental factors such 

as post-traumatic stress, trauma, or parental isolation have been demonstrated 

to affect the function of these systems.11, 17, 25 Thus, redundancy in systems may 

reduce the effect of a dysfunction in one system. 

The oxytocin system’s contribution to recovery after injury is especially 

fascinating given oxytocin’s known role in parturition, pro-social behavior, and 

maternal behaviors. The previous observation of spinal oxytocin-signaling 

mediated analgesia after parturition in postpartum rats and decreased incidence 

of chronic pain in postpartum women suggests that oxytocin serves to speed 

recovery from pain after the physical trauma of childbirth. This may be 

advantageous for reproductive fitness as it renders women less likely to 

associate birth with pain and trauma and could also decrease the latency to 

subsequent births. The work in this dissertation advances these observations in 

an important way, showing that oxytocin mediated antinociception in recovery 

from peripheral injury is not unique to the perinatal time period and suggesting a 

broader role for this system. Given new research that suggests that oxytocin 

release in central compartments is coordinated with systemic release, it is likely 

that biological events that trigger oxytocin release systemically could cause 

release in the spinal cord.16 It would be biologically advantageous if the 
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behaviors demonstrated to rely on or cause systemic oxytocin release (orgasm, 

trust, pair-bond formation) also reduced pain after injury.3, 28, 34, 50, 60, 62, 73 

Reduction of pain by oxytocin signaling could reinforce these pro-social 

behaviors, which is evolutionarily beneficial.  

Both V1a-R antagonist and OXY-R antagonist produced similar levels of 

hypersensitivity upon intrathecal administration. We theorize that these receptors 

are likely to be expressed at differential sites to mediate their tonic suppression 

of hypersensitivity. V1a-R has been described to act at primary afferents to 

mediate antinociception, possibly through acid sensing ion channel activity.51, 55 

OXY-R has been described to mediate antinociception via central sites though 

action at glutamatergic interneurons that excite GABAergic interneurons to 

reduce projection neuron firing.8 We hypothesize that in tandem with our 

evidence that both selective antagonists were able to abolish apparent 

behavioral recovery, that in the context of chronic pain, V1a-R mediates 

antinociception at primary afferents and OXY-R mediates antinociception at 

interneuronal sites (Figure 2).  

In the future, we may be able to test the proposed mechanisms using 

pharmacological experiments of OXY-R and V1a-R mediated tonic 

antinociception in the recovery from pSNL. If OXY-R acts via the previously 

described spinal dorsal horn mechanisms, co-administration via intrathecal 

delivery of a selective OXY-R agonist would fail to produce hypersensitivity after 

partial recovery from pSNL as previously described in Chapter 3.  If 

administration of the selective V1a-R antagonist is still able to produce 
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hypersensitivity in partially recovered pSNL animals after intrathecal 

administration of selective OXY-R agonist, we could conclude that V1a-Rs 

mediate tonic antinociception by a different site than OXY-Rs.   

 

Figure 2. Proposed mechanisms of tonic OXY-R and V1a-R mediated 
antinociception after pSNL.   

 

Limitations 

Limitations to this work are largely due to the methodology selected to assess the 

components of spinal oxytocin signaling. We are therefore limited in our 

interpretations of our results in several major ways. In the anatomical study, our 

assessment of oxytocin fiber density left us incapable of determining if oxytocin 

fibers actually sprout after injury. In the functional study, we were unable to 

assess oxytocin release in the awake animal and were limited in our spatial and 

temporal resolution. Our method of stimulating oxytocin release with capsaicin 

was also a source of limitation. It may have been more appropriate to test 
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mechanical stimulation in the peripheral stimulus-evoked release of oxytocin in 

the microdialysis study, given that stimulus modality may cause different 

physiological reactions (activation of mechano-nociceptors vs. polymodal 

nociceptors) and could potentially differentially engage oxytocin release. For the 

antagonist studies, we were limited to assessing 2 doses of either receptor 

antagonist and administered multiple antagonists to each animal which 

introduced complications due to repeated injections. In this section we discuss 

how the limitations of our methodology impact specific interpretations of each 

study.  

In the anatomical assessment of oxytocin fibers, we chose to examine fiber 

density using immunohistochemical staining of spinal cord sections. The use of 

this particular method afforded us the ability to localize oxytocin fibers in the 

superficial and deeper laminae of the dorsal horn and to determine the density of 

immunoreactivity in each area. Using this method, we were able to determine 

that there is an increase in oxytocin immunoreactivity in the lumbar dorsal horn in 

both superficial and deep laminae on the side ipsilateral to injury. However, we 

are unable to conclude if this plasticity is due to actual fiber sprouting, increased 

oxytocin content in existing fibers, or increased antigen presentation of oxytocin 

to antibody in processed tissue after injury. We must also note that there is some 

degree of subjectivity in the assessment of immunoreactivity, as the investigator 

defined the regions of interest and threshold for staining deemed “positive” for 

oxytocin. We sought to restrict the bias inherent to this methodology by blinding 

the investigator to surgical state and age, using a uniform threshold and 
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determining the average immunoreactivity from 3 tissue sections per animal and 

spinal region examined. However, the investigator was aware of side and spinal 

region of each section when quantifying given that spinal cord slices were 

marked with a razor nick on the contralateral side to assist with tissue processing 

and orientation.   

Using mRNA expression assays to confer information about receptor expression 

is a widely used method, but it significantly limits our conclusions. The increase 

in receptor mRNA for OXY-R and V1a-R in the L4 DRG and increase in V1a-R in 

the contralateral spinal cord can be interpreted as an increased capacity for 

expression of these receptors. Though increase in mRNA synthesis is widely 

interpreted as an inference of increased protein translation and expression, it is 

possible that the apparent increased mRNA actually represents a decrease in 

translation of the mRNA into protein, and thus an observed accumulation of 

untranslated mRNA. Aggregation of mRNA due to reduced translation has been 

demonstrated to occur in situ in cells under stress, where ATF4 is upregulated 

(similar to conditions that occur after nerve injury).22 However, we would likely 

have seen increased receptor mRNA expression in injured L5 cell bodies if this 

were the case. Also, in using mRNA expression methods, we were unable to 

determine the populations of cells containing these neurons and where they are 

specifically located in the dorsal root ganglion or spinal cord. To collect enough 

tissue for analysis, we included the entire upper quadrant of the ipsilateral and 

contralateral spinal cords, limiting our spatial resolution. Currently, there is a lack 

of well-characterized reliably selective antibodies for OXY-R or V1a-R. Using 
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immunohistochemical methods could have provided us more information about 

the types of cells that express these receptors and afforded us better information 

about receptor localization. It also may be possible to use genetic knock-in 

models to visualize receptors by co-expressing fluorescent markers upon 

receptor expression.70 Laser capture microdissection analysis of mRNA is a 

method that doesn’t address the protein synthesis/expression concern, but would 

address our cell population question. This method could be used in the future to 

characterize the cell populations that express particular receptors for oxytocin. 

These particular limitations provide important caveats to the interpretation of our 

finding that injury was associated with plasticity in receptor mRNA expression in 

the spinal cord and dorsal root ganglion.  

Measuring oxytocin release in spinal cord microdialysis has not been previously 

reported. This method is a vast improvement over previous research that 

assessed tissue content of oxytocin using ELISA. Using microdialysis in tandem 

with RIA to assess oxytocin content allowed us to observe changes in oxytocin 

concentrations in the spinal dorsal horn within a 30-minute time frame in the 

intact animal that could not be assessed with static analysis of tissue content in 

ex vivo tissue preparations. Though this technique is likely to be the best 

possible available method to assess regional changes in oxytocin release, we 

are still limited in our interpretations. The primary limitation of this method is that 

it must be performed in anesthetized animals rather than freely moving animals. 

Therefore, we were unable to precisely determine the release dynamics of 

oxytocin in the most physiologically relevant condition of consciousness. 
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Inhibition of normal neural circuit function by general anesthesia is therefore one 

explanation for our failure to observe increased oxytocin release after capsaicin 

injection. Though increases in noradrenaline were demonstrated after 

administration of peripheral capsaicin in the same volume and concentration as 

used in this study (laboratory data not shown), we did not observe capsaicin-

evoked oxytocin release. It could be that peripheral capsaicin was not a potent 

enough stimulus to engage descending oxytocin release in the anesthetized 

animal. Beyond the limitation of using anesthetized animals in these 

experiments, we were also limited in the peripheral noxious stimulus we were 

able to use. Initially, we had proposed to assess the release of oxytocin in 

response to mechanical stimuli but did not perform this experiment for several 

reasons. It was not possible to deliver sustained and uniform noxious mechanical 

stimulation in the microdialysis preparation given the physical parameters of the 

microdialysis apparatus we used. Additionally, we had not previously 

characterized this stimulus for its ability to engage descending inhibition as we 

had previously characterized the effect of capsaicin on spinal noradrenaline 

release. Thus, we were limited to using peripheral capsaicin, which failed to 

evoke spinal oxytocin release as we previously hypothesized. Another limitation 

in these experiments is the necessity of the 30-minute time frame to collect 

sufficient dialysate for analysis by RIA.  In this time frame, many biological events 

could be initiated and concluded with minimal effect on oxytocin concentrate in 

the dialysate over the entire 30 minute sampling interval.  However, we were able 

to measure baseline concentrations above detection limit in all animals and to 
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observe changes in oxytocin release in pSNL animals after PVN electrical 

stimulation, so it is unlikely that basal or capsaicin-evoked release were changed 

after injury. Though there are limitations in using this method, it was the most 

appropriate and effective for examining oxytocin release in the dorsal horn.  

Limitations in the atosiban and selective antagonist experiments are due to the 

nature of our experimental design, pain behavioral assays, and the specific drugs 

used. As previously discussed, the drugs we chose for this particular study have 

not been characterized for intrathecal dosage. This necessitated extensive pilot 

data collection to determine toxic doses and identify potentially effective doses. 

We determined that a 1 mM delivered concentration (our high doses) of either 

antagonist would reduce paw withdrawal thresholds in pilot animals. As we were 

limited in the number of injections and wanted to have a cross-over design, we 

could only test two doses of either drug and aimed to cover the steep portion of 

the dose-response curve based on limited pilot data. The cross over design 

afforded us the ability to determine responses to the same drug within each 

animal and be efficient in the number of animals used. In studying pain, we are 

conscious about the number of animals used and always seek strategies that 

reduce harm and minimize sample sizes. Thus, the crossover design yields 

within animal controls and reduced sample sizes, but also introduces possible 

effects of repeated injections. We attempted to minimize this issue by 

randomizing drug schedule, but baselines in some animals decreased to below 

the threshold for study inclusion over the course of the experiment (regardless of 

the previous drug administered), necessitating the exclusion of several animals 



133 
 

from the study. This suggests that future studies either require fewer repeated 

injections, or spread the injections out further in order to reduce the impact of 

repeated injections. This was especially true of the pSNL female group in the 

selective antagonist study. Reducing our animal sizes due to hypersensitivity 

after the first or second injection in a planned series of five injections caused us 

to have sample sizes beneath the number that would provide us the amount of 

statistical power we planned to observe smaller effect sizes.  

We also recognize the limitations of using PWT behavior as an estimation of pain 

in animals. This particular method introduces potentially noxious stimuli to elicit 

an evoked behavioral response of the paw withdrawal, and is limited in that it 

measures what could be considered a spinal reflex. However, mechanical 

hypersensitivity responses after peripheral nerve injury are dependent upon the 

maintenance of ascending pathways and are therefore regulated by descending 

inhibitory and facilitory mechanisms.61  Paw withdrawal thresholds must not be 

interpreted as an assessment of overall pain state or spontaneous pain sensation 

by the animal. Methods that more accurately reflect the level of spontaneous pain 

might be more appropriate to evaluate the animals’ overall pain experience, but 

have not been currently validated in our laboratory to the point where they could 

be implemented within this particular body of work. It is also important to note 

that intrathecal injections reach multiple potential sites of action in the spinal 

cord, at primary afferent terminals in the dorsal horn, at spinal interneurons and 

glia or at ascending projection neurons. This prohibits us from speculation of 

which particular signaling pathway maintains the OXY-R and/or V1a-R mediated 



134 
 

tonic inhibitory tone. We recognize this particular limitation of intrathecal 

injections, though it is a more precise administration method for assessing the 

contribution of spinal signaling than other central injection methods. Though 

these limitations do introduce caveats to our interpretations, we have chosen 

experimental design strategies that reduce the influence of these limitations on 

our interpretations and conclusions. 

As with any statistical approach, it is important to note ways in which our 

statistical methods have limited our interpretations of each experiment. Using 

general estimating equation (GEE) analyses afforded us the ability to examine 

complex, non-normally distributed data sets with categorical responses, multiple 

factors and clusters.  However, it also necessitates a correction of our threshold 

to significance by adjusting our p-value to conservatively examine effects and to 

account for the many comparisons made. While this allows us to only observe 

effects with a high significance, it limits the amount of comparisons we can make 

and so we were only adequately powered to examine the primary outcome 

measures. For this reason, we first defined primary outcomes that addressed our 

main hypothesis. However, we can only conclude with statistical certainty upon 

these primary outcomes. GEE analyses have advantages over repeated 

measures ANOVA analysis in that we can observe non-normally distributed data 

sets and we are able to include subjects with partial data sets. Both GEE 

analysis and a mixed model approach yield similar results in our atosiban and 

selective antagonist experiments, and we chose a GEE approach since we were 

analyzing population effects within clusters rather than effects of the clusters 
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themselves. The mixed models approach was not used in this case because it 

estimates parameters of the distribution, assumptions that do not address our 

primary outcome.27 Though we chose the most logical and statistically sound 

method of analyzing our data sets, it is important to note that the GEE analyses 

we performed do have limitations.  

Future Directions and Clinical Perspectives 

Plasticity in spinal oxytocin signaling components involved in pain resolution 

could be further characterized upon the development of better preclinical tools 

and models. For example, siRNA knockdown selective to the V1a-R or the OXY-

R are currently under development in our lab. These siRNAs would allow us to 

selectively knockdown either receptor at the site of viral delivery. This tool would 

allow us to effectively abolish oxytocinergic signaling prior to the pSNL surgery. 

By eliminating OXY-R and V1a-R activation before surgery, we could investigate 

if signaling at either receptor is essential to the normal recovery process. Another 

preclinical tool that is essential for progress in oxytocin research is selective 

antibodies or other proteomic methods for quantifying OXY-R and V1a-R 

expression. The reliance on autoradiography has significantly hindered progress 

as it is imprecise and many antibodies developed for either receptor have later 

been determined to be non-selective for V1a-R or OXY-R (due to their high 

degree of homology). This hinders research as we are unable to determine the 

cell types expressing OXY-R, which would greatly inform us about possible 

mechanisms underlying the effects observed in this work.72 The lab of Dr. Moses 

Chao at Rockefeller University has produced a candidate antibody for the OXY-
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R, but they have currently only demonstrated selectivity in peptide-preabsorption 

experiments, OXY-R hyperexpression cell lines, and mouse OXY-R knockout 

models.16, 41, 47 This is insufficient evidence for receptor selectivity, as they have 

not specifically addressed the issue of potential V1a-R binding. By validating 

future antibodies in a battery of tests that exclude binding at V1a-R, we can more 

confidently employ them as research tools in examining expression of the OXY-

R. Another preclinical tool garnering attention in oxytocin research is the use of 

viral-vector driven expression of optogenetic or chemogenetic proteins selectively 

in oxytocin neurons.16, 31 These tools are promising for their potential to 

demonstrate the effect of selectively engaging oxytocin signaling at particular 

sites of afferent terminals in in vivo applications. It is important to note that we 

were unable to selectively express optogenetic channels in oxytocin neurons (a 

high degree of expression in vasopressin neurons) using these exact constructs, 

and thus were unable to replicate their observations.56 Many tools are currently 

being developed to study oxytocin in preclinical studies for future insight into the 

role of oxytocin in chronic and acute pain, but they must be extensively and 

satisfactorily validated before they can be used with confidence.  

As previously mentioned, our particular assay for pain behavior is not the ideal 

method to study the pain experience in animals. Human patients with chronic 

peripheral nerve pain report spontaneous pain that resembles prickling or 

burning sensations in the presence or absence of mechanical stimuli and has 

both a sensory and affective component.2, 33, 52, 57 Effectively, we are only able to 

estimate the role of oxytocin signaling in maintaining one aspect of the pain 
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experience; hypersensitivity in the presence of mechanical stimuli. Future 

behavioral paradigms could be employed to investigate the role of oxytocin 

signaling in various other components of the pain experience, for example the 

affective component of pain or the spontaneous presence of pain without 

external stimulation. Place preference and avoidance studies could be used to 

determine if animals prefer conditions they associate with analgesic treatments, 

or avoid places they associate with antagonist administration that causes 

reinstatement of pain.19, 21, 49, 74 Another method of identifying tactile responsivity 

is a noxious floor assay, where animals in neuropathic pain conditions would 

avoid areas of textured flooring that non-hypersensitive animals freely explore. 

This method is advantageous in that it directly correlates with physiological 

responses of different primary sensory afferents in the L4 DRG after pSNL and 

does not utilize any stimuli that may be damaging to tissue.5 Methods that 

address spontaneous pain behavior include assessments of pain-like 

vocalizations and facial grimace scales.6, 44, 53, 54, 58, 64, 67 These methods are 

potentially useful in identifying affective components of the chronic pain 

experience. Several issues preclude their use in the studies described in this 

work, including a need to further validate these assays, issues of drug-availability 

over the duration of the assay, and the potential for bias in subjective behavioral 

scoring (i.e. facial grimace scoring). . Given that our findings are relatively novel, 

in the future non-evoked behavioral methods should be used to characterize how 

blocking spinal oxytocin signaling affects other perceptual aspects of pain after 

partial recovery from hypersensitivity.     
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Several key questions have emerged as a result of these findings that must be 

addressed before therapeutic strategies that target oxytocin signaling may be 

developed.  For example, determining the cause of the increased oxytocinergic 

tone observed in partial recovery from nerve injury would be interesting for 

preclinical studies. Understanding how this mechanism of counterbalancing 

latent sensitization with enhanced inhibitory tone occurs would allow researchers 

to identify targets for future therapeutics. As we observed that increased OXY-R 

and V1a-R mRNA increase after injury, it may be therapeutically beneficial (and 

has been determined to be safe in humans) to administer intrathecal oxytocin to 

patients with chronic peripheral neuropathy.55, 71  As the mechanism of the tonic 

antinociceptive effects of spinal oxytocin signaling in recovery from nerve injury 

have not been determined in vivo, it would be advantageous to explore these 

mechanisms to guide the development of future therapies.  

Another clinical approach to address the issues identified in this work would be to 

attempt to decrease latent sensitization processes or to engage the downstream 

signaling pathways unique to spinal inhibitory pathways. Studies are currently 

underway to address the specific signaling pathways that are responsible for 

maintaining latent sensitization processes. These include N-methyl-D-aspartate 

receptor (NMDA) receptor-mediated mechanisms that resemble long term 

potentiation and act similarly to facilitate enduring sensitization of primary 

afferents.9, 43, 69 Unfortunately, a potential issue is that BDNF and growth factor 

release after injury seems to underlie processes that are responsible for both 

latent sensitization and tonic inhibitory processes.9, 23, 24, 36 It would be worthwhile 
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to investigate whether or not tonic oxytocin inhibition after peripheral injury 

occurs independently of the release of growth factors that promote prolonged 

sensitization, as we could subsequently explore this as a putative therapeutic 

target. Future studies must address this issue in order to selectively promote 

tonic inhibition while decreasing latent sensitization.  

Conclusions 

We are able to conclude that anatomical and functional components of oxytocin 

signaling undergo plasticity to develop a tonic level of oxytocin-mediated 

antinociception after peripheral nerve injury. We found that L5 pSNL injury was 

associated with increased oxytocin fiber density in the spinal dorsal horn, 

increased receptor mRNA expression, and increased PVN stimulation-evoked 

spinal oxytocin release. We also determined that the recovery from 

hypersensitivity after injury is disrupted by spinal blockade of receptors for 

oxytocin. These observations suggest that oxytocin plays a critical role in the 

recovery from peripheral nerve injury and is a potential candidate for future 

preclinical studies and the development of clinical analgesic therapies.   
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