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Abstract

Pain is more prevalent in women for reasons that remain unclear. We have identified a mechanism 

of injury-free nociceptor sensitization and opioid-induced hyperalgesia (OIH) promoted by 

prolactin (PRL) in females. PRL signals through mutually inhibitory long (PRLR-L) and short 

(PRLR-S) receptor isoforms, and PRLR-S activation induces neuronal excitability. PRL and PRLR 

expression were higher in females. CRISPR-mediated editing of PRLR-L promoted nociceptor 

sensitization and allodynia in naïve, uninjured female mice that depended on circulating PRL. 

Opioids, but not trauma-induced nerve injury, decreased PRLR-L promoting OIH through 

activation of PRLR-S in female mice. Deletion of both PRLR-L and PRLR-S (total PRLR) 

prevented, whereas PRLR-L overexpression rescued established OIH selectively in females. 

Inhibition of circulating PRL with cabergoline, a dopamine D2 agonist, up-regulated PRLR-L and 

prevented OIH only in females. The PRLR-L isoform therefore confers protection against PRL-

promoted pain in females. Limiting PRL/PRLR-S signaling pharmacologically or with gene 

therapies targeting the PRLR may be effective for reducing pain in a female-selective manner.

INTRODUCTION

Prolactin (PRL) is an endocrine polypeptide hormone that is released from the pituitary and 

extrapituitary sources and is now recognized to have many biological functions beyond its 

role in lactation and maternal behavior (1). The major physiological inhibitor of circulating 

PRL is dopamine, released from tuberoinfundibular dopamine (TIDA) neurons in the arcuate 

nucleus of the hypothalamus (2, 3). Dopamine is transported to the anterior pituitary where 

it inhibits PRL secretion from lactotrophs via dopaminergic D2 receptors (4). Patients with 

prolactinoma associated with hyperprolactinemia suffer from increased incidence of 

headache and are treated by lowering circulating PRL with dopamine agonists (5, 6). In 

rodents and humans, alternative splicing generates PRLR-L (long receptor) and PRLR-S 

(short receptor) isoforms of PRLR that have identical extracellular domains but differ in the 

length and sequence of their cytoplasmic domains (7). PRLR-S is thought to regulate 

excitability of female sensory neurons by modulation of colocalized ion channels, including 

the transient receptor potential vanilloid 1 (TRPV1) (8, 9). Studies in heterologous 

expression systems have suggested a mutual functional inhibition between PRLR-L and 

PRLR-S through intracellular mechanisms (8, 10–12), although this concept has never been 

tested in vivo. Women have higher circulating PRL than men and greater sensitivity to 

experimental pain (13). Nevertheless, women do not normally live in pain. We speculated 

Chen et al. Page 2

Sci Transl Med. Author manuscript; available in PMC 2020 September 29.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



that a possible shift in the balance of PRLR isoform expression during pathological pain 

conditions may affect nociceptor sensitization and pain in females.

Although opioids are used to treat pain, paradoxically, these drugs have also been associated 

with nociceptor sensitization and allodynia, commonly referred to as opioid-induced 

hyperalgesia (OIH) (14, 15). OIH has been reported after the use of opioids in both drug 

abusers and in patients with pain (16). An additional, well-known side effect of opioids is 

the disruption of hormonal function that includes transient hyperprolactinemia and 

galactorrhea, most often observed in females (17, 18). We therefore determined whether the 

PRL/PRLR system might be disrupted by opioid administration in the absence of injury. We 

used a model of trauma-induced neuropathic pain as a comparator. We found that expression 

of PRLR isoforms is sexually dimorphic. Expression of PRLR-L and PRLR-S were much 

greater in female than in male dorsal root ganglia (DRGs). In females, decreasing PRLR-L 

sensitized nociceptors and elicited allodynia. In addition, treatment with opioids, but not 

nerve injury, promoted nociceptor sensitization and allodynia through down-regulation of 

PRLR-L. Conversely, decreasing circulating PRL increased the expression of PRLR-L and 

provided protective effects against nociceptor sensitization and allodynia. Overexpression of 

PRLR-L reversed OIH selectively in females. Thus, our studies reveal a mechanism of 

nociceptor sensitization, pain, and OIH in females and suggest approaches for sex-based 

pain therapies.

RESULTS

Circulating prolactin concentrations and PRLR isoform expression are sexually dimorphic 
in mice

Consistent with previous reports (19, 20), we detected higher serum PRL in female mice 

compared with males (Fig. 1A). Using PRLR-LCre/− crossed with GFPflx/− mice to visualize 

PRLR-L–positive neurons, we observed that the average number of these cells was higher in 

female than in male mice (Fig. 1B). Using Western blot analysis, we found that both PRLR-

S and PRLR-L isoforms were observed in DRGs from naïve female mice. However, very 

low expression of PRLR-S and PRLR-L were detected in DRGs from males. Neither PRLR 

isoform was observed in the dorsal lumbar spinal cord in either females or males (Fig. 1C). 

The results show sexually dimorphic expression of PRL, as well as of PRLR isoforms, and 

provide a basis for investigating the role of the PRL/PRLR pathway in nociceptor 

sensitization and pain in females.

PRLR-L expression in DRGs protects against nociceptor sensitization and tactile allodynia 
promoted by high concentrations of circulating PRL in females

Studies using overexpression strategies in isolated trigeminal ganglion (TG) cells suggested 

mutually inhibitory actions of PRLR-L and PRLR-S isoforms (8). We therefore investigated 

whether the PRLR-L could have a physiological protective role in the presence of high 

concentrations of circulating PRL in females. We used a CRISPR-Cas9 approach with a 

guide RNA (gRNA) that targets the PRLR-L isoform by inducing indels on the exon 10 of 

the Prlr gene, specific to PRLR-L (Fig. 1D). We delivered a plasmid allowing for 

simultaneous expression of the PRLR-L gRNA and the nuclease Cas9 intrathecally (Fig. 1E) 
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to efficiently decrease protein expression of PRLR-L in L3–5 DRGs from naïve female mice 

(Fig. 1F). After intrathecal CRISPR–PRLR-L editing, we observed a time-dependent 

development of hindpaw allodynia in female mice (Fig. 1G). The lack of effect on von Frey 

responses in the periorbital region of the same female mice suggests that the behavioral 

consequences of intrathecal CRISPR–PRLR-L intervention were localized to the segmental 

level, providing an important internal control (Fig. 1H). In contrast, intrathecal CRISPR–

PRLR-L administration did not result in changes in tactile responses in naïve male mice 

(Fig. 1, I and J), confirming a lack of effect of low expression of PRLR-L in males. These 

observations show that decreased expression of PRLR-L in DRG neurons is sufficient for the 

induction of hindpaw allodynia only in female mice.

Next, we evaluated whether the hindpaw allodynia induced by CRISPR–PRLR-L editing in 

female mice relies on PRL signaling at PRLR-S in DRGs. We could not design a specific 

gRNA to target the sequences of all variants of PRLR-S found in mice (21) without affecting 

PRLR-L. We therefore used a gRNA targeting exon 4, common to all isoforms of the Prlr 
gene (Fig. 2A), to delete all the PRLR isoforms (Fig. 2B), including PRLR-S, referred to 

here as CRISPR-Total-PRLR, and evaluated behavioral responses to von Frey filaments 

(Fig. 2C). This approach resulted in a reduction in protein expression of PRLR-S isoforms in 

DRGs from female mice that had previously received intrathecal CRISPR–PRLR-L vector 

(Fig. 2D). CRISPR-Total-PRLR reversed the hindpaw tactile allodynia induced by 

intrathecal CRISPR–PRLR-L in naïve female mice (Fig. 2, E and F). These results suggest 

that allodynia induced by the absence of PRLR-L was due to activation of the PRLR-S 

isoform by PRL. To test whether circulating PRL promoted allodynia induced by intrathecal 

CRISPR–PRLR-L, we treated mice with cabergoline, a U.S. Food and Drug Administration 

(FDA)–approved long-lasting dopamine D2 receptor agonist for hyperprolactinemia-related 

diseases (22). Systemic cabergoline treatment reduced the concentration of circulating PRL. 

Whereas cabergoline treatment had no effect for the first 24 hours, a reduction in allodynic 

responses induced by intrathecal CRISPR–PRLR-L was observed starting at 48 hours after 

injection and was sustained for 5 days after the second injection of cabergoline (Fig. 2G). 

Periorbital responses were unaffected by the cabergoline treatment (Fig. 2H). Together, these 

results reveal that the expression of PRLR-L protects against allodynia promoted by 

circulating PRL to PRLR-S signaling in female mice.

Allodynia after CRISPR-Cas9–induced loss of PRLR-L in naïve female mice is mediated by 
spinal glutamatergic signaling

To elucidate the mechanisms mediating tactile allodynia after intrathecal CRISPR–PRLR-L 

in naïve female mice, we assessed the contribution of the nociceptive neuropeptide 

calcitonin gene-related peptide (CGRP) and excitatory neurotransmitter glutamate (Fig. 3A). 

Previous studies had demonstrated that capsaicin-evoked CGRP release was enhanced from 

female, but not male, TG neurons in the presence of PRL (8, 23). Consistent with this 

observation, we found enhanced capsaicin-evoked CGRP release in the spinal cord tissues 

from naïve female mice with intrathecal PRLR-L editing, suggesting that PRLR-L 

disruption promoted sensitization of nociceptors detected at the central terminals in the 

spinal cord (Fig. 3B). However, in naïve female mice, a single acute intrathecal 

administration of BIBN 4096, a CGRP receptor antagonist, at doses sufficient to block the 
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allodynia produced by intrathecal CGRP (fig. S1, A and B), did not block hindpaw allodynia 

caused by PRLR-L editing (Fig. 3C) and did not affect periorbital responses (Fig. 3D). 

Glutamate is an important transmitter mediating nociceptive transmission from primary 

afferents to neurons in the spinal cord (24). Consequently, we tested whether glutamate/N-

methyl-D-aspartate (NMDA) receptor signaling participates in tactile allodynia induced by 

PRLR-L editing in naïve female mice. We found that intrathecal administration of the 

NMDA receptor antagonist MK-801 reversed the hindpaw allodynia (Fig. 3E) without 

affecting periorbital response (Fig. 3F). Our results demonstrate that decreased expression of 

PRLR-L in the DRG can induce allodynia in naïve females through glutamate/NMDA 

receptor signaling.

The peripheral PRL/PRLR system is not critical for trauma-induced neuropathic pain in 
female mice

Because decreased expression of PRLR-L was sufficient to induce hindpaw tactile allodynia 

in naïve female mice, we asked whether PRLR-L expression might be disrupted in female 

mice with trauma-induced chronic pain. Spared nerve injury (SNI) is a commonly used 

model of neuropathic pain that produces unilateral hindpaw allodynia in mice (25). We 

found that SNI did not alter protein expression of PRLR-L and PRLR-S (fig. S2A). In 

addition, intrathecal CRISPR-Total-PRLR editing failed to prevent or reverse hindpaw 

tactile allodynia in SNI animals (fig. S2, B and C). These results suggest that allodynia 

observed in this trauma-induced neuropathic pain model in female mice is not dependent on 

the PRL/PRLR system.

Opioids disrupt PRL/PRLR in DRGs, thereby promoting OIH in female mice

Opioids are known to transiently increase serum PRL concentrations (26–28). In addition, 

opioids elicit OIH (16), but whether OIH is related to PRL is not known. To determine 

whether disruption of PRL secretion or PRLR isoform expression may contribute to OIH, 

we treated adult female and male mice subcutaneously with a single control or morphine 

pellet; we confirmed results in some studies by repeated twice daily subcutaneous morphine 

injections. After implantation of the subcutaneous morphine pellet (fig. S3) or with repeated 

morphine injections (fig. S4, A and B), allodynia was observed in both male and female 

mice. Serum PRL concentration was increased at day 1 after morphine pellet implantation in 

female mice (control versus morphine: 6.16 ± 2.22 versus 19.50 ± 4.02 ng/ml). In males, 

PRL concentration was also higher in morphine-treated mice (control versus morphine: 1.06 

± 0.30 versus 3.06 ± 0.72 ng/ml) (Fig. 4A). Consistent with previous reports (26–28), 

increased PRL concentration after the morphine pellet treatment or repeated morphine 

injection was not maintained (Fig. 4A and fig. S4C), suggesting that sustained PRL increase 

is not required for OIH. We then tested whether protein expression of PRLR-L and PRLR-S 

isoforms in DRGs of female mice could be altered by sustained morphine exposure. We 

found that either morphine pellet treatment or daily injection of morphine suppressed the 

expression of PRLR-L protein but had no effect on PRLR-S expression in female DRGs. We 

found that the expression ratio of PRLR-L to PRLR-S in DRGs was reduced by 67.6 ± 

14.8% in morphine-pelleted female mice compared with control-pelleted mice (Fig. 4B), 

and by 66.1 ± 12.1% in morphine-injected mice compared with saline-injected mice (fig. 

S4D). Because we used two antibodies with different affinities for the PRLR-L or PRLR-S 
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isoforms (see Materials and Methods), we were unable to determine the absolute expression 

ratio of PRLR-L/PRLR-S.

To test whether morphine-induced PRLR-L down-regulation might be responsible for 

allodynia in females, we attempted to increase PRLR-L expression in DRGs by intrathecal 

delivery of a plasmid coding for PRLR-L fused to GFP (Fig. 4C) in female mice with 

confirmed OIH. One day after the plasmid injection, we observed reversal of hindpaw 

allodynia (Fig. 4D), demonstrating the restoration of the protective function of the PRLR-L 

in females. Periorbital allodynia induced by morphine, measured in the same mice, was still 

present (Fig. 4E), again providing an internal control confirming the contribution of PRL/

PRLR signaling to hindpaw OIH from systemic morphine treatment. In contrast, 

overexpression of PRLR-L did not affect allodynic responses in male mice (Fig. 4, F and G). 

These data suggest a PRLR-dependent mechanism mediating OIH selectively in females.

Suppression of PRL/PRLR-S inhibits nociceptor activity and OIH in a female-specific 
manner

We next investigated whether down-regulation of PRLR-L induced by opioids would result 

in amplified consequences of PRL at PRLR-S. Because PRLR-S activation in sensory 

neurons has been linked to increased neuronal activity (8), we used a microelectrode array 

(MEA) to test whether exogenous PRL could increase the spontaneous firing of cultured 

DRG sensory neurons from opioid-treated female mice. Firing of DRG neurons from control 

pellet implanted mice was not observed. In contrast, DRG neurons from female mice with 

confirmed OIH fired spontaneously at a rate that approximately doubled after PRL 

application (Fig. 5, A and B). To test whether amplified signaling at PRLR-S might promote 

OIH in females, we edited the Prlr gene with a gRNA directed against exon 4 (CRISPR-

Total-PRLR) before morphine treatment. Ablation of Prlr by intrathecal CRISPR-Total-

PRLR (Fig. 5C) prevented the development of hindpaw, but not periorbital, allodynia in 

female mice (Fig. 5, D and E). The same treatment had no effect on either hindpaw or 

periorbital allodynia in males (Fig. 5, F and G).

To further interrogate the role of circulating PRL signaling at PRLR-S in female mice with 

OIH and evaluate the possible translational value of pharmacological suppression of 

circulating PRL, we assessed the efficacy of cabergoline in OIH. Cabergoline treatment 

markedly lowered circulating PRL in female and male mice implanted with either control or 

morphine pellets (Fig. 6A). Repeated cabergoline treatment up-regulated PRLR-L 

expression in DRGs of female mice with control as well as morphine pellets (Fig. 6B). This 

suggests that nociceptor PRLR-L expression is negatively regulated by circulating PRL in 

female mice and that treatment with cabergoline can prevent the down-regulation of PRLR-

L that may occur in pathological states. Using MEA, we evaluated the spontaneous firing of 

DRG sensory neurons from morphine-pelleted female mice with repeated injection of 

cabergoline or vehicle. Increased firing of DRG neurons from female or male mice was 

observed after morphine pellet and vehicle. Addition of PRL resulted in a further increase in 

firing of DRG neurons from female mice; no effect of PRL was observed in DRG neurons 

from male mice. This further supports a lack of sensitivity of male mice to PRL. In contrast, 

we saw reduced firing of DRG neurons in response to PRL in female mice receiving 
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morphine pellet and cabergoline (Fig. 6C). Next, we assessed whether suppressing 

circulating PRL/PRLR-S signaling with cabergoline could impair the development of OIH. 

We observed an attenuation of both hindpaw and periorbital allodynia in female mice 

receiving morphine and cabergoline, but not vehicle. Note that unlike intrathecal 

manipulation of PRLR isoform expression, decreasing circulating concentration of PRL 

reversed OIH in both the hindpaw and periorbital regions, reflecting the consequences of 

systemic treatment (Fig. 6, D and E). In contrast, cabergoline had no effect on the 

development of OIH in male mice (Fig. 6, F and G). These data suggest that treatment with 

cabergoline can prevent the pathological opioid-induced down-regulation of PRLR-L, 

opioid-induced nociceptor sensitization, and OIH. These findings identify the opioid-

induced down-regulation of PRLR-L and subsequent shift toward circulating PRL/PRLR-S 

signaling as an additional mechanism mediating OIH in females.

Mu-opioid receptor is required for opioid-induced down-regulation of PRLR-L in DRGs 
from female mice

We asked whether the morphine-induced down-regulation of PRLR-L in females with OIH 

relies on activation of the Mu-opioid receptor (MOR). To determine whether the PRLR-L is 

colocalized with the MOR in the DRG, we used PRLR-LCre/−/GFPflx/−/MOR-mCherry+/− 

mice to label PRLR-LCre–positive and MOR-positive cells in same animals. We determined 

that ~80% of PRLR-LCre/−/GFPflx/−–positive neurons also expressed MOR in DRGs from 

both males and females (Fig. 7, A and B). This suggests potential interactions between MOR 

and PRLR-L in female DRG neurons that could elicit OIH and PRLR-L down-regulation. 

(−)-Oxymorphone is an agonist that binds to the MOR with nanomolar affinity, whereas (+)-

oxymorphone exhibits negligible MOR binding at a concentration of 10 μM (table S1). 

Sustained administration of (−)-oxymorphone resulted in hindpaw and periorbital tactile 

allodynia, whereas (+)-oxymorphone had no effect (Fig. 7, C and D). Consistent with OIH, 

we found that (−)-oxymorphone, but not (+)-oxymorphone, induced a decrease of PRLR-L 

expression in female mice (Fig. 7E).

To further test whether MOR activation is required for a decrease in PRLR-L expression and 

OIH, we designed a gRNA to edit the gene coding MOR, Oprm1. We used MOR-mCherry
+/+ mice where mCherry is fused with MOR (29) to determine the efficiency of CRISPR-

MOR (Fig. 7F). In female mice with OIH, intrathecal MOR editing prevented the decrease 

in PRLR-L expression (Fig. 7G) as well as hindpaw allodynia (Fig. 7H). Intrathecal MOR 

gene editing did not reduce the periorbital allodynia resulting from morphine pellet 

treatment (Fig. 7I), providing an internal control for the effects of intrathecal editing of the 

MOR. Similarly, intrathecal MOR editing in male mice also prevented the development of 

hindpaw, but not periorbital, allodynia (Fig. 7, J and K). Our data suggest that MOR 

activation drives OIH development in both male and female mice but that, in addition, a 

specific peripheral PRL/PRLR-S signaling mechanism is unlocked in females to promote 

OIH.

The peripheral PRL/PRLR system promotes migraine-like pain in female mice

Our data showed that the PRL/PRLR system is important for nociceptor sensitization that 

occurs in the absence of injury. For this reason, we evaluated the possible contribution of the 
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PRL/PRLR mechanism in a second injury-free pain condition. High concentrations of PRL 

are associated with increased migraine (30). Female mice that had been implanted with 

subcutaneous control pellets received a direct injection of PRL on the dura mater via the 

lambdoid suture, resulting in migraine-like pain (Fig. 8, A and B). Opioids are commonly 

used as acute headache treatments despite its association with increased risk for 

development of chronic migraine (31). Female mice were implanted with a morphine pellet 

and, after resolution of allodynia, demonstrated an increase in sensitivity to dural PRL (Fig. 

8, A to D). After morphine pretreatment, lower and previously ineffective doses of PRL 

were able to produce allodynia (Fig. 8, E and F). These results suggest that the PRL/PRLR 

system may also play a role in other injury-free pain conditions with female prevalence, 

including migraine.

DISCUSSION

Sex-dependent pain mechanisms have been linked to gonadal hormones including estrogen 

and testosterone (13, 32). More recently, it has become clear that PRL, an estrogen-regulated 

neurohormone, may also be associated with pain in women (8, 23, 33). PRL has been shown 

to produce sensitization of TRPV1-positive sensory neurons from females through a 

hypothesized PRL/PRLR-S signaling mechanism; sensitization of sensory neurons from 

males can be achieved by PRL at much higher doses than required in females (8, 23). 

Estrogen promotes, whereas testosterone suppresses, the synthesis and secretion of 

circulating PRL (34) as well as expression of the PRLR (35–37). Considering the mutual 

inhibition of nociceptor excitability of the PRLR isoforms observed in cultured neurons (8), 

we hypothesized that endogenous pain-protective mechanisms may result from the 

expression of PRLR-L that might be disrupted in pathological states. We determined 

whether PRLR isoform expression is modulated in a sex-dependent manner using 

experimental mouse models of OIH and whether circulating PRL/PRLR-S signaling can 

promote nociceptor sensitization and pain in females. We also assessed the role of PRL/

PRLR-S signaling in models of neuropathic pain and migraine.

We found that the number of PRLR-LCre–positive neurons and expression of PRLR-L 

protein were greater in DRGs of female, compared with male, mice. Although PRLR-LCre–

positive neurons were observed in male DRGs, Western blot analysis showed only low 

expression of protein. In contrast, both PRLR-L and PRLR-S protein expression was 

observed in females. The predominant presence of PRLR-L protein in females raised the 

possibility that this isoform is a key factor in preventing nociceptor sensitization that could 

result from relatively high concentrations of circulating PRL. Consistent with previous 

reports, PRL concentrations were higher in females than in males. When we treated male or 

female mice with cabergoline, a dopamine D2 agonist, concentrations of PRL were 

decreased. However, we found that cabergoline increased the expression of PRLR-L but did 

not alter PRLR-S expression in female mice. This finding suggests that circulating PRL 

tonically suppresses PRLR-L expression in DRG cells of female mice. We determined the 

consequences of PRLR-L expression on pain behaviors using CRISPR-Cas9 technology and 

found that disruption of PRLR-L expression in DRGs was sufficient to produce allodynic 

responses in naïve female, but not male, mice without injury. Furthermore, after reduction in 

PRLR-L, the allodynia in female mice was blocked by cabergoline, confirming the essential 
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role of circulating PRL and suggesting that pain was promoted by PRL signaling through 

PRLR-S. To further test this possibility, we first established allodynia in naïve female mice 

with intrathecal administration of CRISPR–PRLR-L and then administered a second 

intrathecal CRISPR vector to edit total PRLR, an indirect strategy to delete PRLR-S. Using 

this approach, we demonstrated reversal of allodynia induced by intrathecal CRISPR–

PRLR-L. These studies reveal that PRLR-L expression protects against pain promoted by 

circulating PRL signaling at PRLR-S in females. Note that in rodents, cabergoline has been 

reported to effectively lower serum PRL concentration within 2 hours (38), and this effect 

persists for about 72 hours (39). Our studies similarly showed that cabergoline lowered 

serum PRL, but reversal of allodynia was not observed until 2 days after treatment. This 

observation suggests that after cabergoline, PRL concentration was not sufficiently low to 

prevent signaling at PRLR-S in females. Rather, reversal of allodynia may depend on 

subsequent time-related up-regulation of PRLR-L promoted by decreased circulating PRL.

We then explored possible mechanisms by which CRISPR–PRLR-L gene editing might 

promote pain in the absence of injury in naïve female mice. Because the PRLR has been 

reported to be expressed primarily in TRPV1- (9, 33) and CGRP-positive neurons (40, 41), 

we used capsaicin to demonstrate enhanced evoked release of CGRP in spinal cord tissues 

from female mice that had undergone CRISPR-Cas9–mediated editing of the PRLR-L gene. 

Although increased evoked release of CGRP was observed, the allodynia induced by editing 

of the PRLR-L gene was not blocked by a single, intrathecal administration of a CGRP 

receptor antagonist, BIBN 4096; this dose of BIBN 4096 was effective, however, in blocking 

intrathecal CGRP-induced allodynia in naïve mice. In contrast, intrathecal administration of 

MK-801, an NMDA antagonist, effectively blocked the allodynia induced by PRLR-L gene 

editing. These findings suggest that normally innocuous stimuli applied to the hindpaw of 

CRISPR–PRLR-L–treated female mice result in an increase in glutamatergic transmission 

that may contribute to subsequent adaptations that promote spinal sensitization and allodynia 

(42–44).

Our previous work has shown that pain and stress can engage overlapping circuits in the 

brain (45, 46). Stress can increase concentration of circulating PRL (1), and the local release 

of PRL has been shown to contribute to hypersensitivity after incisional injury (47). We 

therefore determined whether PRLR isoform expression was disrupted in a mouse model of 

trauma-induced neuropathic pain elicited by injury to peripheral nerves. SNI did not result in 

changes in PRLR isoform expression in the DRG of female mice. In addition, we found no 

effect of total PRLR gene editing either before or after induction of chronic neuropathic pain 

in female mice. Opioids are known to produce hyperalgesia and nociceptor sensitization (14, 

15) to transiently increase PRL blood concentration (26–28), and patients on methadone 

maintenance have been reported to experience hyperprolactinemic galactorrhea (17, 18). We 

therefore investigated whether PRL/PRLR signaling may influence the injury-free 

hypersensitivity produced by opioids. Our studies showed that about 80% of DRG cells 

expressing PRLR-LCre/−/GFPflx/− were also MOR positive, suggesting a potential cellular 

mechanism by which opioids might modulate PRLR-L function. After administration of 

morphine from a subcutaneously implanted pellet or with repeated intraperitoneal injections, 

increased sensitivity to probing with von Frey filaments was observed in the periorbital 

region and in the hindpaws of both female and male mice, demonstrating the presence of 
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OIH. The morphine pellet also increased the concentration of circulating PRL in both female 

and male mice, but this effect was not sustained. However, expression of PRLR-L in DRGs 

from females was decreased after the morphine pellet treatment or with repeated 

intraperitoneal morphine injections. To determine whether OIH in females was the result of 

disruption of PRLR-L expression by opioids, we overexpressed PRLR-L through an 

intrathecal vector injection after the development of OIH and demonstrated rescue of 

hindpaw, but not periorbital, allodynia in females with OIH. In addition, we delivered a 

gRNA to disrupt the total PRLR expression at the lumbar spinal level and demonstrated that 

hindpaw, but not periorbital, OIH was blocked.

To evaluate the translational value of this approach, we repeatedly treated mice with 

cabergoline and found decreased concentration of circulating PRL in both female and male 

mice, but periorbital and hindpaw OIH were only blocked in females. Note that unlike 

selective modulation of PRLR isoforms in the DRG with intrathecal vector manipulations, 

systemic administration of cabergoline resulted in global blockade of allodynic responses. 

To confirm that the behavioral effects were due to increased sensitivity to PRL after opioid 

treatment, we measured excitability of DRG cells taken from female animals treated with 

control or morphine pellets. We found spontaneous firing only in cells from morphine-

treated female mice. Addition of PRL further increased spontaneous firing of cells from 

morphine-but not control-treated females. The potentiating effect of PRL was not observed 

in cells from morphine-pelleted females receiving cabergoline. PRL had no effect in cells 

from morphine-treated male mice regardless of vehicle or cabergoline cotreatment.

Consistent with previous studies (14, 48), morphine produced OIH in both female and male 

mice. However, we found that mechanisms of OIH are sex dependent. We discovered down-

regulation of PRLR-L, PRL-dependent nociceptor sensitization, and OIH selectively in 

female mice. OIH has been suggested to result from MOR-mediated sensitization of primary 

afferent nociceptors in female and male mice (14), but nonopioid receptor mechanisms have 

also been reported (49). We therefore determined whether MOR was necessary for PRLR-L 

down-regulation in females. We found that only the active enantiomer of oxymorphone, an 

agonist that shows affinity to the MOR, produced down-regulation of PRLR-L and OIH. In 

addition, intrathecal CRISPR-Cas9–mediated editing of the MOR gene prevented morphine-

induced down-regulation of PRLR-L in lumbar DRGs and blocked hindpaw, but not 

periorbital, OIH. Because opioids produce only a transient increase in circulating PRL, OIH 

likely results from the already high concentration of PRL in females after down-regulation 

of PRLR-L by MOR agonists. PRL signaling at PRLR-S likely leads to the subsequent 

postsynaptic adaptations contributing to OIH that have previously been reported after opioid 

administration (42–44). Our results are therefore in agreement with previous conclusions of 

requirement of peripheral MORs for the establishment of OIH in male mice (14), but now 

demonstrate an additional female-selective mechanism.

There is a lack of information on whether women are more prone to OIH than men. This is a 

complex clinical question that likely depends on many factors including menopausal status, 

pain conditions, as well as opioid use and/or abuse. Note that women are more likely to have 

chronic pain, which could contribute to the high rates of opioid prescriptions among women 

of reproductive age (50). In addition, women may be more likely to misuse prescription 
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opioids to cope with pain and other problems such as anxiety or tension (51), even when 

men and women report similar degrees of pain (52). Thus, women might more likely 

develop opioid-induced side effects. However, to date, most OIH research has not 

emphasized possible sex differences. An additional limitation is that although the transcript 

for PRLR has been identified in human DRG, it remains unclear whether there is sexually 

dimorphic expression of the PRLR and whether the expression of PRLR is linked to 

circulating PRL. Future studies are also needed to determine how opioids may regulate the 

expression of the PRLR-L in DRG neurons. In this regard, we note that PRLR-L is highly 

colocalized with MOR in DRGs of female mice, and MOR gene editing prevented the 

opioid-induced decrease in PRLR-L, suggesting that an interaction between MOR and 

PRLR-L could occur in the same DRG neuron. We cannot exclude, however, extracellular 

mechanisms involving opioid-induced release of nonopioid mediators from other neurons, 

satellite glia, or immune cells that may result in PRLR-L degradation and/or decreased 

translation of PRLR-L mRNA. In vitro cancer research shows that PRLR-L down-regulation 

requires activation of Janus kinase 2 (JAK2) (53). After chronic morphine treatment, JAK2 

expression in DRGs is increased (54), possibly reflecting a mechanism that could lead to the 

reduction in PRLR-L expression by opioids. We found that inhibition of circulating PRL 

with cabergoline increased the expression of PRLR-L, suggesting that high concentrations of 

circulating PRL as found in PRL-secreting tumors might decrease the expression of PRLR-L 

and promote pain. Stress is also known to increase circulating PRL (1) and may decrease 

PRLR-L expression, providing a mechanism by which many injury-free, “functional,” 

female-prevalent pain disorders such as migraine could be triggered (55, 56). Consistent 

with this possibility, administration of PRL to the dura mater of female mice promoted 

migraine-like pain that was amplified by pretreatment with morphine. This observation 

raises the possibility that the PRL/PRLR mechanism may have more general relevance to 

injury-free pain conditions with female prevalence. In contrast, we found that PRLR-L 

down-regulation and PRL/PRLR signaling were not involved in trauma-related neuropathic 

pain. We conclude that in females, decreased expression of PRLR-L is sufficient, but not 

necessary, to elicit nociceptor sensitization and to promote enhanced evoked excitatory 

glutamatergic, but not CGRP-mediated, inputs to the spinal cord. We did not evaluate the 

estrous stage of the mice in these experiments. Nevertheless, our results were highly 

reproducible, suggesting a robust impact of this mechanism regardless of estrous stage.

We reveal a sex-dependent mechanism promoting pain at the level of the nociceptor, the 

fundamental building block of pain. These observations provide avenues for therapy in 

women, including the use of dopamine agonists such as cabergoline or bromocriptine, drugs 

that have shown effectiveness in multiple medical conditions caused by hyperprolactinemia 

(57). Clinical trials of prolactinoma-related headache have shown therapeutic benefit of 

dopamine agonists (5). We note that dopaminergic agonists could have off-target actions at 

other receptors (58) and that when used for Parkinson’s disease, have been implicated in 

heart complications (59); it has consistently been shown that long-term use of cabergoline 

for hyperprolactinemia does not increase the risk of cardiovascular reactivity (60, 61), likely 

due to the differences in doses used in the treatments of these conditions. Note that 

cabergoline, like all drugs, may have off-target effects at other receptors. Thus, cabergoline-

like dopamine agonists could be useful for long-term treatment of OIH and other PRL-
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promoted pain conditions in women (fig. S5). Treatment with dopamine agonists may target 

the PRLR system and nociceptor sensitization in two ways: by lowering circulating PRL and 

also up-regulating PRLR-L. These actions would provide benefit in preventing the 

development of OIH in women without impairing the therapeutic actions of opioids and 

likely also in treatment of other sensitized states including, for example, stress-related pain 

conditions. A second therapeutic approach might include antibodies targeting PRL or the 

PRLR such as BAY 1158061, which do not require central nervous system penetration (62). 

In vivo gene therapies are increasingly common in medicine and could be used to edit the 

total PRLR or to increase the expression of PRLR-L (63–65). Our studies reveal actionable 

mechanisms for therapies, allowing improved treatment of pain in women. The prevention of 

OIH would also be valuable in diminishing the negative outcomes of opioids that have 

resulted in the current opioid epidemic in the United States.

MATERIALS AND METHODS

Study design

Our study goal was to identify the mechanisms mediating sexual dimorphism in pain 

transmission and processing at the level of nociceptors and to provide potential therapeutic 

strategies for pain control in women. We hypothesized that PRLR-L in DRGs protects 

against pain promoted by PRLR-S signaling in women, whereas down-regulation of PRLR-

L mediates OIH and other injury-free pain conditions including migraine but not trauma-

induced neuropathic pain in a female-selective manner. Therefore, overexpression of PRLR-

L, deletion of total PRLR in DRGs, or lowering of circulating PRL concentrations by FDA-

approved dopamine D2 agonist might provide benefit in preventing OIH, migraine, and 

maybe other PRLR-S–mediated pain conditions in women. The research objects were 

C57BL/6 and transgenic mice as well as cultured DRG cells from mice. Calculation of 

sample size was determined on the basis of previous experiments using g-power statistics, 

indicating that 6 to 10 animals per group are required for α < 0.05. The exact n numbers 

used in each study are indicated in the respective figure legends. For behavioral experiments, 

data from animals that died or had severe health problems in the middle of the experiments 

were excluded (<5%). Experiments were completed in multiple time periods in both male 

and female mice, ensuring that replication was observed. Western blotting, MEA, and 

immunohistochemical imaging data were reproduced in multiple mice. Animals were 

assigned randomly to experimental and control groups. The experimenters were blinded for 

animal allocation and behavioral testing until all data collection was complete. In the case of 

experiments with repeated drug administration, tissue collection, performance of Western 

blotting and MEA experiments, and data analysis, the experimenter was not blinded.

Statistical analysis

Data are expressed as means ± SEM. Each data point represents an individual score. 

Statistical analyses were performed using GraphPad Prism 8 (GraphPad, La Jolla, CA). 

Differences between mean values of two groups were evaluated by two-tailed Mann-

Whitney test, two-tailed Student’s t test, two-tailed Wilcoxon test, and two-tailed paired t 
test. Mean differences of more than two groups were analyzed using one-way analysis of 

variance (ANOVA) with Tukey’s multiple comparisons post hoc test. Differences in time-
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course experiments were assessed by two-way ANOVA with Sidak’s multiple comparison 

post hoc test. Differences were considered to be statistically significant when P < 0.05. 

Exact P values and sample sizes are indicated in the respective figure legends.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. PRLR-L expression in DRGs protects female mice from nociceptor sensitization and 
tactile allodynia.
(A) Serum concentration of PRL in naïve female and male mice (female, n = 5; male, n = 6; 

P = 0.0043). (B) Representative images (left) and quantification (right) of PRLR-LCre/−/

GFPflx/− in L3–5 DRGs from female and male mice (female, n = 5; male, n = 3). Scale bars, 

100 μm (left panels). DAPI, 4′,6-diamidino-2-phenylindole. (C) Representative Western blot 

images of PRLR isoform protein expression in L3–5 DRGs and spinal cord dorsal horn 

tissues from naïve female and male mice (n = 6 per group per sex). (D) Schematic of Cas9/

gRNA-targeting at exon 10 of mouse Prlr gene coding for PRLR-L. Protospacer adjacent 

motif (PAM) sequence is highlighted by a blue line. Exon 10 is indicated by a red box. The 

gRNA sequence is underlined in red pairs with its DNA target followed by an NGG 

sequence. (E) Schematic of the intrathecal (i.t.) administration of CRISPR vectors followed 

by periorbital and hindpaw tactile allodynia testing with von Frey filaments in mice. (F) 

Verification of intrathecal CRISPR–PRLR-L editing efficiency in DRGs of naïve female 

mice from (G) and (H) (left: representative Western blot images; right: quantification) (n = 6 

per group; PRLR-L, P = 0.0043; PRLR-S, P = 0.5887). (G to J) Effect of intrathecal 

CRISPR–PRLR-L on hindpaw and periorbital allodynia in naïve female (G and H) and male 

(I and J) mice (n = 9 per group per sex; female: hindpaw P < 0.0001, periorbital P = 0.2822; 

male: hindpaw P = 0.7116, periorbital P = 0.1099). Two-tailed Mann-Whitney test (A, B, 

and F). Two-way repeated-measures ANOVA with Sidak’s multiple comparisons test (G to 

J). *P < 0.05. Group data are expressed as means ± SEM. Each data point represents an 

individual animal.
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Fig. 2. Allodynia induced by deletion of PRLR-L in female DRGs is mediated by circulating PRL 
to PRLR-S signaling.
(A) Schematic of the Cas9/gRNA targeting at the exon 4 of mouse Prlr gene coding for both 

PRLR-L and PRLR-S. Protospacer adjacent motif (PAM) sequence is highlighted by a blue 

line. Exon 4 is indicated by a red box. The gRNA sequence is underlined in red pairs with its 

DNA target followed by an NGG sequence. (B) Verification of intrathecal CRISPR-Total-

PRLR editing efficiency in L3–−5 DRGs from naïve female mice (left: representative 

Western blot images; right: quantification) (n = 7 per group; PRLR-L, P = 0.0012; PRLR-S, 

P = 0.0006). (C) Experiment design of (D) to (F). (D) Verification of intrathecal CRISPR–

PRLR-L editing followed by CRISPR-Total-PRLR editing in DRGs of naïve female mice 

from (E) and (F) (CRISPR-control, n = 8; CRISPR-Total-PRLR, n = 9; P < 0.0001). (E and 

F) Hindpaw and periorbital allodynia in naïve female mice with intrathecal CRISPR–PRLR-

L followed by CRISPR-Total-PRLR (n = 9 per group; hindpaw, P = 0.0058; periorbital, P = 

0.2765). (G and H) Effect of cabergoline on hindpaw and periorbital allodynia in naïve 

female mice that had undergone intrathecal CRISPR–PRLR-L. Drug administrations are 

indicated by red arrows. (vehicle, n = 7; cabergoline, n = 8; hindpaw, P < 0.0001; periorbital, 

P = 0.4072). Two-tailed Mann-Whitney test (B and D). Two-way repeated-measures 

ANOVA with Sidak’s multiple comparisons test (E) to (H). *P < 0.05. Group data are 

expressed as means ± SEM. Each data point represents an individual animal.
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Fig. 3. Allodynia induced by decreased expression of PRLR-L in female DRGs is mediated by 
spinal glutamatergic signaling.
(A) Schematic of experimental investigation of spinal mechanisms underlying allodynia 

induced by CRISPR-mediated disruption of PRLR-L expression in female DRGs. (B) 

Concentration of capsaicin (CAP)–evoked CGRP release from the lumbar region of spinal 

cords isolated from naïve female mice after intrathecal PRLR-L gene editing (n = 6 per 

group; P = 0.0059). (C to F) Effect of intrathecal administration of BIBN 4096 [(C) and (D), 

vehicle, n = 8; BIBN 4096, n = 7; hindpaw, P = 0.2272; periorbital, P = 0.6830] or MK-801 

[(E) and (F), n = 7 per group; hindpaw, P < 0.0001; periorbital, P = 0.9503] on hindpaw and 

periorbital allodynia induced by intrathecal CRISPR–PRLR-L in female mice. Two-way 

repeated-measures ANOVA with Sidak’s multiple comparisons test (B to F). *P < 0.05. 

Group data are expressed as means ± SEM. Each data point represents an individual animal.

Chen et al. Page 20

Sci Transl Med. Author manuscript; available in PMC 2020 September 29.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 4. Down-regulation of PRLR-L in DRGs is sufficient for the development of female OIH.
(A) Serum concentration of PRL at days 1 and 11 after morphine or control pellet 

implantation in mice (day 1: n = 6 per group per sex; female, P = 0.0260; male, P = 0.0260; 

day 11: female: control n = 6, morphine n = 5, P = 0.6623; male: n = 5 per group, P = 

0.8413). (B) Representative images (left) and quantification (right) of PRLR isoform 

expression in DRGs from control or morphine pelleted female mice (n = 6 per group; PRLR-

L, P = 0.0411; PRLR-S, P = 0.8182). (C) Representative Western blot images of PRLR-L–

GFP expression in DRGs and spinal cord dorsal horns from naïve female mice with 

intrathecal delivery of PRLR-L–GFP plasmid (n = 3 per group). (D to G) Effect of 

intrathecal delivery of PRLR-L–GFP plasmid on hindpaw and periorbital allodynia in 

control or morphine pelleted female (D and E) and morphine pelleted male (F and G) mice 

(female: control + GFP, n = 6; control + PRLR-L–GFP, n = 7; morphine + GFP, n = 8; 

morphine + PRLR-L–GFP, n = 7; hindpaw P < 0.0001, periorbital P = 0.0003; male: n = 9 

per group; hindpaw P = 0.8989, periorbital P = 0.3352). Two-tailed Mann-Whitney test (A 

and B). Two-way repeated-measures ANOVA with Sidak’s multiple comparisons test (D to 

G). *P < 0.05. All data are expressed as means ± SEM. Each data point represents an 

individual animal.
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Fig. 5. Opioid-induced nociceptor activity and OIH in females is mediated by PRLR-S.
(A and B) Representative MEA recording images (A) and mean action potential firing rates 

(B) of cultured DRG sensory neurons from control or morphine pelleted female mice before 

and after exogenous PRL application (n = 12 electrodes per group; P = 0.0005). (C) 

Schematic of experiment design for (D) to (G). s.c., subcutaneous. Naïve mice were 

intrathecally injected with CRISPR vectors, followed by subcutaneous pellet implantation 

and tactile allodynia testing. (D to G) Hindpaw and periorbital allodynia in female (D and E) 

and male (F and G) mice with intrathecal CRISPR-Total-PRLR treatment before morphine 

pellet implantation. (n = 9 per group per sex; female: hindpaw P < 0.0001, periorbital P = 

0.2822; male: hindpaw P = 0.7116, periorbital P = 0.1099). Two-tailed Wilcoxon test (B). 

Two-way repeated-measures ANOVA with Sidak’s multiple comparisons test (D to G). *P < 

0.05. All data are expressed as means ± SEM. Each data point represents an individual 

electrode or animal.
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Fig. 6. Repeated administration of cabergoline reduces nociceptor excitability and OIH 
selectively in female mice.
(A) Serum PRL concentration in mice receiving control/morphine pellet and vehicle/

cabergoline from (K) to (L) (female: n = 7, 6, 9, and 10, respectively; P < 0.0001; male: n = 

6, 6, 9, and 7, respectively; P = 0.0002). (B) Representative Western blot images (left) and 

quantification (right) of PRLR isoform expression in DRGs from female mice receiving 

control/morphine pellet and vehicle/cabergoline (n = 9/group; PRLR-L P < 0.000, PRLR-S 

P = 0.5345). (C) Mean action potential firing rates before and after PRL application in 

cultured DRG sensory neurons from mice receiving control/morphine pellet and vehicle/

cabergoline (female: n = 24 electrodes in the vehicle group, P < 0.0001; n = 22 electrodes in 

the cabergoline group, P = 0.0645; male: n = 26 electrodes in the vehicle group, P = 0.8380; 

n = 23 electrodes in the cabergoline group, P = 0.9471). (D to G) Effect of repeated 

administration of cabergoline on development of opioid-induced hindpaw and periorbital 

allodynia in female (D and E) and male (F and G) mice from (A) (female: hindpaw P < 

0.0001, periorbital P < 0.0001; male: hindpaw P = 0.1684, periorbital P = 0.6690). Two-

tailed paired t test (C). One-way ANOVA with Tukey’s multiple comparison test (A and B). 

Two-way repeated-measures ANOVA with Sidak’s multiple comparisons test (D to G). *P < 

0.05. All data are expressed as means ± SEM. Each data point represents an individual 

electrode or animal.
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Fig. 7. MOR is required for opioid-induced PRLR-L down-regulation and OIH development in 
female mice.
(A) Representative images showing colocalization of MOR-mCherry+/− (red) and PRLR-

LCre/− (green) in DRGs from PRLR-LCre/−/GFPflx/−/MOR-mCherry+/− male and female 

mice. Scale bars, 100 μm (left two panels) and 20 μm (right panel). (B) Quantification of the 

percentage of PRLR-LCre/MOR-mCherry coexpressing neurons among total PRLR-LCre–

expressing neurons in L3–5 DRGs from PRLR-LCre/GFPflx/−/MOR-mCherry+/− mice (male, 

n = 3; female, n = 5). (C and D) Effect of sustained administration of (+)- or (−)-

oxymorphone on hindpaw and periorbital allodynia in female mice [vehicle, n = 6; (+)/(−)-

oxymorphone, n = 7; hindpaw P < 0.0001, periorbital P = 0.0001]. (E) Representative 

Western blot images (left) and quantification (right) of PRLR isoform expression in DRGs 

of female mice with (+)/(−)-oxymorphone treatment from (C) and (D) (PRLR-L, P = 

0.0012; PRLR-S, P = 0.7104). (F) Verification of intrathecal CRISPR-MOR editing 

efficiency in DRGs and spinal cord dorsal horn tissues from naive MOR-mCherry+/+ female 

mice [n = 3 per group; DRG, P = 0.0363; SCDH (spinal cord dorsal horn), P = 0.0041]. (G) 

Representative Western blot images (left) and quantification (right) of PRLR isoform 

expression in DRGs from control or morphine pelleted female mice from (H) and (I) with 

intrathecal CRISPR-MOR or CRISPR-control (control + CRISPR-control, n = 5; placebo + 

CRISPR-MOR, n = 6; n = 12 per morphine group; PRLR-L, P < 0.0001; PRLR-S, P = 

0.1628). (H to K) Effect of intrathecal CRISPR-MOR before pellet implantation on hindpaw 

and periorbital allodynia in female (H and I) and male (J and K) mice (female: control + 

CRISPR-control, n = 5; control + CRISPR-MOR, n = 6; morphine + CRISPR-control, n = 

14; morphine + CRISPR-MOR; n = 16; hindpaw P < 0.0001, periorbital P < 0.0001; male: n 
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= 9 per group; hindpaw P = 0.0324, periorbital P = 0.7675). Two-tailed Mann-Whitney test 

(B and E). Two-tailed t test (F). One-way ANOVA with Tukey’s multiple comparison test 

(G). Two-way repeated-measures ANOVA with Sidak’s multiple comparisons test (C, D, 

and H to K). *P < 0.05. All data are expressed as means ± SEM. Each data point represents 

an individual animal.
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Fig. 8. Activation of PRLR in the dural matter induces migraine-like pain responses in female 
mice.
(A and B) Effect of dural injection of 0.05 μg of PRL on periorbital and hindpaw allodynia 

in control- or morphine-pelleted female mice (control + vehicle, n = 8; control + 0.05 μg 

PRL, n = 8; morphine + vehicle, n = 6; morphine + 0.05 μg PRL, n = 12; periorbital, P = 

0.0002; hindpaw, P < 0.0001). (C and D) Effect of dural injection of 0.5 μg of PRL on 

periorbital and hindpaw allodynia in control- or morphine-pelleted female mice (control + 

vehicle, n = 7; morphine + 0.5 μg PRL, n = 7; morphine + vehicle, n = 6; morphine + 0.5 μg 

PRL, n = 10; periorbital, P < 0.0001; hindpaw, P = 0.0003). (E and F) Dose-response curve 

for periorbital (E) and hindpaw (F) allodynia produced by dural injection of PRL in female 

mice from (A) to (D) (periorbital, P = 0.00024; hindpaw, P = 0.0005). Two-way repeated-

measures ANOVA with Sidak’s multiple comparisons test (A to F). *P < 0.05. All data are 

expressed as means ± SEM. Each data point represents an individual animal.
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