
Plasma Membrane Mechanisms in a Preclinical Rat Model of 
Chronic Pain

Luiz F. Ferrari* and Jon D. Levine*

*Departments of Medicine and Oral Surgery, and Division of Neuroscience, University of 
California at San Francisco, 521 Parnassus Avenue, San Francisco, CA 94143, USA

Abstract

We have recently shown that the prolongation of prostaglandin E2 (PGE2) hyperalgesia in a 

preclinical model of chronic pain – hyperalgesic priming – is mediated by release of cAMP from 

IB4-positive nociceptors and its metabolism by ectonucleotidases to produce adenosine. The 

adenosine, in turn, acts in an autocrine mechanism at an A1 adenosine receptor whose downstream 

signaling mechanisms in the nociceptor are altered to produce nociceptor sensitization. We 

previously showed that antisense against an extracellular matrix (ECM) molecule, versican, which 

defines the population of nociceptors involved in hyperalgesic priming, eliminated the 

prolongation of PGE2 hyperalgesia. To further evaluate the mechanisms at the interface between 

the ECM and the nociceptor’s plasma membrane involved in hyperalgesia prolongation, we 

interrupted a plasma membrane molecule involved in versican signaling, integrin β1, with an 

antisense oligodeoxynucleotide. Integrin β1 antisense eliminated mechanical hyperalgesia induced 

by an adenosine A1 receptor agonist, cyclopentyladenosine (CPA), in the primed rat. We also 

disrupted a molecular complex of signaling molecules that contains integrin β1, lipid rafts, with 

methyl-β-cyclodextrin, which attenuated the prolongation without affecting the acute phase of 

PGE2 hyperalgesia, while having no effect on CPA hyperalgesia. Our findings help to define the 

plasma membrane mechanisms involved in a preclinical model of chronic pain.
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INTRODUCTION

In hyperalgesic priming, a model for the study of the transition from acute to chronic pain, 

following recovery from an acute inflammatory state 3, 21, 23 or in association with 
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peripheral neuropathy 8, 9, a neuroplastic change occurs in isolectin B4 (IB4)-positive 

nociceptors such that a subsequent exposure to a pronociceptive inflammatory mediator, 

prototypically prostaglandin E2 (PGE2) produces a marked prolongation of the mechanical 

hyperalgesia it induces 17. We have recently shown that the prolongation phase of PGE2 

hyperalgesia is mediated by an autocrine mechanism initiated by PGE2 acting at its cell 

surface receptor on the nociceptor to induce release of cAMP, as well as stimulating cAMP 

production. In the extracellular space cAMP is metabolized to adenosine by 

ectonucleotidases, a process dependent on an extracellular matrix (ECM) chondroitin sulfate 

proteoglycan, versican. Acting at the A1 adenosine receptor on nociceptors, adenosine, 

which is analgesic in control (non-primed) animals, now couples to protein kinase C epsilon 

(PKCε to produce prolonged hyperalgesia 15. In the present study we have pursued plasma 

membrane mechanisms involved in the prolongation of PGE2 hyperalgesia in the setting of 

hyperalgesic priming. Since versican’s interaction with cells is mediated, in part, by its 

binding to integrin β1 on the cell surface 33-36, we first evaluated the effect of attenuation of 

the level of nociceptor integrin β1 on the hyperalgesia induced by the adenosine A1 receptor 

agonist cyclopentyladenosine (CPA) in the setting of priming. And, since aspects of integrin 

β1 signaling are dependent on complexes in the cholesterol rich macromolecular complexes, 

lipid rafts 24, 30, 31, we examined whether disruption of these rafts eliminates the 

prolongation of PGE2 hyperalgesia in the setting of hyperalgesic priming. Disruption of 

lipid rafts in the primary afferent nociceptor did reversibly attenuate the prolongation of 

PGE2 hyperalgesia in the setting of priming.

METHODS

Experimental animals

Experiments were performed on adult male Sprague–Dawley rats (200–220 g; Charles 

River, Hollister, CA, USA). Animals were housed three per cage under a 12-h light–dark 

cycle in a temperature- and humidity-controlled environment. Food and water were 

available ad libitum. All nociceptive testing was done between 10:00 and 16:00 h. All 

experimental protocols were approved by the University of California, San Francisco 

Committee on Animal Research and conformed to National Institutes of Health Guidelines 

for the Care and Use of Laboratory Animals.

Nociceptive threshold testing

The mechanical nociceptive withdrawal threshold on the dorsum of the rat’s hind paw was 

measured using an Ugo Basile Algesymeter, as previously described 12, 26, 28. Briefly, rats 

were placed in an acrylic cylindrical restrainer with triangular ports through which the hind 

legs were free to extend. Four measures of mechanical nociceptive threshold in each paw 

were taken at 5-min intervals, and the mean of the last three measures was defined as the 

nociceptive threshold. Hyperalgesia is expressed as percentage decrease in nociceptive paw-

withdrawal threshold compared with the control paw-withdrawal threshold obtained before 

intradermal drug administration.
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Hyperalgesic priming

Hyperalgesic priming, a model of chronic pain, was produced using a procedure we have 

used in previous studies 14, 15, 17, 21, 22; the selective protein kinase C epsilon (PKCε) 

activator, ψεRACK (1 μg/5 μL) 19, was injected intradermally on the dorsum of the hind 

paw. This induces mechanical hyperalgesia that resolves in 3–5 days, subsequent to which 

intradermal injection of PGE2 at the same site produces markedly prolonged, PKCε-

dependent, mechanical hyperalgesia 3, 21, 22.

Drugs

The drugs used in this study were: PGE2 (direct-acting hyperalgesic inflammatory 

mediator), ψεRACK (Receptor for Activated C Kinase; selective activator of PKCε), N6-

cyclopentyladenosine (CPA; A1 adenosine receptor agonist) (all from Sigma, St Louis, MO, 

USA).

The selection of the drug doses used was based on dose–response curves determined in 

previous studies 15, 18, 20, 21, 27, 29. The stock solution of PGE2 (1 μg/μL) was prepared in 

10% ethanol, and additional dilutions made with physiological saline (0.9% NaCl), yielding 

a final concentration of ethanol < 1%. All drugs were administered intradermally in a 

volume of 5 μL using a 30-gauge hypodermic needle adapted to a Hamilton (Reno, NV, 

USA) syringe. For the administration of ψεRACK, to increase its permeance through the 

plasma membrane, a hypotonic shock was induced by initial injection of distilled water (1 

μL), separated by a bubble in the same syringe 6, 7.

Paw withdrawal threshold was determined before and 30 min and 4 h after drug 

administration, as indicated in individual experiments. Each experiment was performed on 

different groups of rats.

Oligodeoxynucleotide (ODN) antisense (AS) and mismatch 25 for integrin β1 mRNA

ODN-AS and MM for integrin β1 mRNA, synthesized by Invitrogen (San Francisco, CA, 

USA), were prepared and administered intrathecally as previously described 1, 11, 13. The 

ODN-AS sequence 5′-CAA ATT CAT CTT TTC GCA GCG TCC-3′ was directed against a 

unique sequence of rat integrin β1 subunit. The corresponding GenBank accession number 

and ODN position within the cDNA sequence are U12309 and 30–53, respectively. The 

ODN-MM sequence 5′-CAA TTT GTT GAT TTG CCA GCG TCC-3′ corresponds to the 

integrin β1 AS sequence with seven bases mismatched (denoted in bold).

ODN administration

The integrin β1 ODN-AS and MM used in this study were reconstituted in nuclease-free 

0.9% NaCl to a concentration of 10 μg/μL and stored at −20°C until use. For each injection, 

rats were anesthetized with 2.5% isoflurane. A dose of 40 μg (injection volume 20 μL) of the 

ODN-AS or -MM was administered using an insulin syringe with a 29-gauge needle inserted 

intrathecally, on the midline between the 4th and 5th lumbar vertebrae, once daily for 3 

consecutive days.
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Statistics

In all experiments, the dependent variable was paw-withdrawal threshold, expressed as the 

percentage change from pre-intervention baseline. Average mechanical threshold 

immediately before the experiments was 118.1 ± 1.0 g (n = 36 paws); no statistical 

difference in the mechanical thresholds was observed before the injection of the priming 

stimulus (ψεRACK) and before injection of CPA (Fig. 1) or PGE2 (Fig. 2A, first test with 

PGE2)/CPA (Fig. 2 B): t35=0.05780; p=0.9542, paired Student’s t-test; For Fig. 2A, before 

the second test with PGE2 (1 week after the first test), t23=0.2575; p=0.7991, paired 

Student’s t-test. Importantly, the treatment with ODN-AS or MM to integrin β1 mRNA, or 

the lipid raft disruptor methyl-β-cyclodextrin, did not induce changes in the mechanical 

nociceptive threshold (data not shown). To compare the magnitude of the hyperalgesia 

produced by PGE2 or CPA in different experimental conditions, two-way repeated-measures 

analysis of variance (ANOVA), followed by Bonferroni’s post-test, were performed (as 

noted in the figure legends). GraphPad prism 5.0 (GraphPad Software, Inc., San Diego, CA, 

USA) was used to plot the graphics and to perform the statistical analysis; P < 0.05 was 

considered statistically significant. Data are presented as mean ± SEM.

RESULTS

Role of integrin β1

To test the hypothesis that integrin β1 is important for the expression of hyperalgesic 

priming we evaluated if its knockdown would attenuate the hyperalgesia induced by the 

adenosine A1 receptor agonist CPA. It was not possible to use PGE2 as we have previously 

shown in control animals that integrin β1 antisense eliminates PGE2 hyperalgesia 10. Rats 

received an injection of the PKCε activator ψεRACK, which we have previously shown to 

induce priming 22, on the dorsum of the hind paw. Treatment with ODN against integrin β1 

was started 11 days later, at which time ψεRACK-induced mechanical hyperalgesia had 

resolved (Fig. 1A) and, then, after 3 consecutive daily injections, testing for priming was 

performed by intradermal injection of the A1 adenosine receptor agonist CPA 15. Of note, 

we have previously shown that, although intradermal injection of CPA does not induce 

changes in the mechanical threshold in non-primed animals, following priming it produces 

prolonged PKCε-dependent mechanical hyperalgesia 15. We observed that, when rats 

previously primed with ψεRACK, 2 weeks before, and treated with ODN-AS or MM for 

integrin β1 mRNA for 3 days, received injection of CPA on the dorsum of the hind paw, 

hyperalgesia developed only in the group treated with MM, showing that the expression of 

priming (i.e., the CPA-induced hyperalgesia) is integrin β1 dependent (Fig. 1B).

Role of lipid rafts

The results from the experiments using integrin β1 antisense demonstrated that the 

expression of hyperalgesic priming (i.e., development of a hyperalgesic effect of the A1 

adenosine receptor agonist CPA) is integrin β1 dependent, presumably by organizing second 

messenger signaling downstream of the activated A1 receptor, in the primed nociceptor. To 

test the hypothesis that signaling molecules involved in hyperalgesic priming are organized 

in a distinct compartment in the cell membrane, we tested the effect of the lipid raft 

disruptor methyl-β-cyclodextrin on the prolongation of PGE2-induced hyperalgesia and the 
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hyperalgesia induced by CPA in primed rats. Priming was induced by injection of ψεRACK 

on the dorsum of the hind paw and, 2 weeks later, methyl-β-cyclodextrin or vehicle was 

injected at the same site; 30 min later, PGE2 (Fig. 2A) or CPA (Fig. 2B) was administered 

and the mechanical nociceptive threshold evaluated. We found that the lipid raft disruptor 

methyl-β-cyclodextrin attenuated the prolongation of the hyperalgesia induced by PGE2 

while leaving the acute phase of PGE2 hyperalgesia unattenuated (Fig. 2A, panel on the 

right), but had no effect on the hyperalgesia induced by CPA (Fig. 2B). These results 

suggest that the prolongation of the PGE2-induced hyperalgesia is dependent on the 

organization of molecular components at a site in the plasma membrane (lipid raft), as 

previously shown 15, whereas the hyperalgesic effect of CPA is not, rather depending on 

changes in the intracellular signaling pathway triggered by A1 receptor activation in the 

setting of the neuroplastic change in the nociceptor responsible for hyperalgesic priming.

A summary of the proposed plasma membrane mechanism involved in the expression of 

hyperalgesic priming is illustrated, schematically, in Fig. 3.

DISCUSSION

The role of extracellular mechanisms in pain is a relatively new area of research. We have 

studied the role of the extracellular matrix (ECM) in nociceptor function, in a model of the 

transition from acute to chronic pain, hyperalgesic priming 15, which has been shown to 

occur selectively in the IB4-positive subset of nociceptors. The binding of IB4 to this class 

of nociceptors is related to this plant lectin binding to versican, a large chondroitin sulfate 

proteoglycan extracellular matrix molecule, which we have shown impacts the function of 

the IB4-positive nociceptor 5. We have previously shown that an ODN-AS to versican 

mRNA, covering all its molecular isoforms, reversibly prevents hyperalgesic priming and 

can reverse the prolongation of PGE2 hyperalgesia in the setting of priming 15. To begin to 

understand how versican contributes to the marked prolongation of PGE2-induced 

hyperalgesia in the primed IB4-positive nociceptor, we used ODN-AS to attenuate an 

integrin subunit, integrin β1, in the plasma membrane, through which versican has been 

shown to affect cell function 33-36. We found that transient attenuation of the integrin β1 

subunit in the primary afferent nociceptor reversed adenosine A1 receptor agonist (CPA)-

induced hyperalgesia, possibly reflecting transient reversal of the switch that changes the 

coupling of the A1 adenosine receptor to signaling through PKCε to induce hyperalgesia, 

back to a state observed in control animals where it has no effect on pain threshold. While 

the details of how versican regulates nociceptor function in an integrin β1-dependent manner 

is not well understood, studies in non-neuronal cells indicate that versican binds to integrin 

β1, which we have shown to play a role in nociceptor function 1, 11, through its C-terminal 

G3 domain 34. Importantly, while our data indicate a dependence on integrin β1 we still do 

not know how A1 adenosine receptor signaling alters from Gi-protein-mediated inhibition of 

cAMP production and anti-hyperalgesia to coupling to the enhancement of PKCε signaling, 

to induce hyperalgesia.

Given that both integrin β1 and versican signaling have demonstrated dependence on lipid 

raft domains for their function 4, 16, 31, 32, we also evaluated the effect of disrupting lipid 

rafts on the hyperalgesia induced by PGE2 and CPA in the primed rat. The lipid raft 
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disruptor methyl-β-cyclodextrin reversibly attenuated PGE2-, but not CPA-induced 

mechanical hyperalgesia in primed rats. The effect of lipid raft disruption could be related to 

disruption of signaling through the receptor at which PGE2 acts to produce hyperalgesia or 

the mechanisms downstream from this receptor leading to activation of the A1 adenosine 

receptor 15. However, given that the acute effect of PGE2 (i.e., hyperalgesia at 30 minutes) is 

not attenuated by disrupting lipid rafts, we favor the interpretation that the disruption of the 

lipid raft affects the extracellular signaling pathway between activation of the prostaglandin 

receptor and the production of an A1 adenosine receptor agonist in the extracellular space, 

which then produced mechanical hyperalgesia by acting at the A1 adenosine receptor on the 

primed nociceptor.

In conclusion, we have shown a role of the lipid rafts and integrin β1 function in the 

increased response to PGE2 observed in our model of hyperalgesic priming. The current 

results indirectly confirm previous observations 15 that the prolongation of PGE2-induced 

hyperalgesia depends on the activation of A1 adenosine receptors, and define the lipid rafts 

as the site where the machinery for the autocrine mechanism is located. Moreover, our 

experiments also suggest the signaling from A1 adenosine receptor to integrin β1 as the final 

step of the autocrine mechanism involved in the expression of priming.
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Perspectives

The present study contributes to a further understanding of mechanisms involved in the 

organization of messengers at the plasma membrane that participate in the transition from 

acute to chronic pain.
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Highlights

• Integrin β1 transduces signals from extracellular matrix in a model of chronic 

pain;

• Membrane lipid rafts also contribute to mechanisms of in the model of chronic 

pain;

• Our findings help define plasma membrane mechanisms in a preclinical model 

of chronic pain.
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Figure 1. Role of integrin β1 in expression of hyperalgesic priming
The schematic on the top of the figure represents the protocol used in the experiment, with 

the arrowheads indicating the time points when the rat hind paw mechanical threshold was 

evaluated. (A) The PKCε activator, ψεRACK (1 μg), was injected intradermally on the 

dorsum of the hind paw and, the mechanical nociceptive threshold, evaluated 30 min, 4 h 

and 10 days later. Significant mechanical hyperalgesia was observed at 30 min and 4 h, and 

by the 10th day after injection, the mechanical thresholds were not significantly different 

from pre-ψεRACK values; (B) Rats were then treated intrathecally, from days 11 to 13 post-

ψεRACK, with ODN-AS (black bars) or -MM (white bars) for integrin β1 mRNA. On day 

14, CPA (1 μg) was injected at the same site where ψεRACK had previously been 

administered and, the mechanical nociceptive threshold, evaluated 30 min and 4 h later. No 

hyperalgesia was observed in the group treated with ODN-AS, as opposed to the MM group 

(F1,10=70.74; ***p<0.0001 when comparing both groups; two-way repeated measures 

ANOVA followed by Bonferroni post-test, n = 6 paws per group), suggesting that the 
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expression of priming (i.e., induction of mechanical hyperalgesia by CPA) may be 

dependent on the presence of integrin β1 at the peripheral terminal of the nociceptor.
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Figure 2. Role of lipid rafts in the expression of hyperalgesic priming
The time lines on the top of the graphs show the protocols used in the respective 

experiments. Panel A: Rats previously (2 weeks) primed with intradermal injection of the 

PKCε activator ψεRACK (1 μg; not shown) on the dorsum of the right hind paw received an 

injection, at the same site, of vehicle (white bars) or the lipid raft disruptor methyl-β-

cyclodextrin (MβC, 1 μg, black bars). 15 min later, PGE2 was injected and, the mechanical 

hyperalgesia, evaluated 30 min and 4 h later. We found that, while the PGE2-induced 

hyperalgesia was still significant at the 4th h in the vehicle-treated paws (white bars, 

t5=7.897, p=0.0005, when the mechanical nociceptive threshold at 4 h is compared to 

baseline; paired Student’s t-test), in the paws pretreated with MβC it was significantly 
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attenuated by the 4th h after injection (black bars, second bar on the left: t5=1.136, p=0.3075, 

when the mechanical nociceptive threshold at 4 h is compared to baseline; paired Student’s 

t-test). To evaluate if the effect caused by lipid raft disruption on the expression of 

hyperalgesic priming was permanent, we tested again with PGE2 one week later, a period of 

time that allowed the recovery from the effect of MβC and return of the mechanical 

thresholds to baseline values (white bars: t5=0.1832; p=0.8018; black bars: t5=0.2225; 

p=0.8327, when comparing the mechanical thresholds before the first test with PGE2 and 1 

week later; paired Student’s t-test). We observed, in both groups, that the mechanical 

hyperalgesia induced by PGE2 was still significant 4 h after injection, indicating that the 

attenuation of hyperalgesic priming by disruption of the lipid raft by MβC is reversible 

(white bars: t5=18.23; p<0.0001; black bars: t5=42.60; p<0.0001, when comparing the 

mechanical nociceptive threshold before and 4 h after PGE2 injection, respectively; paired 

Student’s t-test); Panel B: Rats that received intradermal injection of ψεRACK (1 μg; not 

shown) on the dorsum of the hind paw 2 weeks previously were treated, at the same site, 

with vehicle (white bars) or MβC (1 μg, black bars). 15 min later, CPA (1 μg) was injected 

and, the mechanical hyperalgesia, evaluated 30 min and 4 h later. Differently from what was 

observed in Panel A, where the disruption of lipid rafts significantly attenuated the 

expression of hyperalgesic priming (i.e., prolongation of PGE2-induced hyperalgesia), MβC 

did not affect the hyperalgesia induced by CPA in the primed paws (F1,10=0.13; p=0.4848, 

when comparing with the vehicle-treated group, two-way repeated measures ANOVA 

followed by Bonferroni post-test, n = 6 paws per group). This suggests that the hyperalgesic 

effect of CPA in the primed paw is not dependent on plasma membrane lipid rafts.
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Figure 3. Schematic summary of the proposed mechanism in the plasma membrane involved in 
the prolongation of the PGE2-induced hyperalgesia in the primed nociceptor
In the normal, non-primed nociceptor (LEFT SIDE), the function of EP receptors is 

dependent on integrin β1 10, 11. Activation of the receptor by intradermal injection PGE2 

stimulates adenyl cyclase and cAMP production, which will, in turn, activate protein kinase 

A (PKA), and induce a short-lasting mechanical hyperalgesia, no longer present by the 4th h 

after injection 2. In the non-primed nociceptor, activation of the A1 receptor by adenosine 

does not affect the mechanical nociceptive threshold. On the other hand, in the primed 

nociceptor (RIGHT SIDE), in addition to the initial hyperalgesia induced by the activation 

of the PGE2 receptor-AC-PKA signaling pathway, a delayed component responsible for the 

prolongation of the PGE2 hyperalgesia, is observed. This late component is produced by the 

activation of an autocrine mechanism in which there is transport of cAMP to the 

extracellular space and further conversion to adenosine 15, followed by activation of the Gi-

coupled A1 adenosine receptor (A1), which activates PKCε, prolonging the hyperalgesia 

produced by PGE2 in the primed nociceptor. This change in the profile of PGE2 

hyperalgesia observed in hyperalgesic priming is dependent on the integrin β1 and lipid raft, 

the compartment in the plasma membrane where the components of the autocrine 

mechanism responsible for the conversion of cAMP to adenosine are located.
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