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Adenylate cyclase inhibition attenuates neuropathic pain but lacks
pre-emptive effects in rats

L’inhibition de l’adénylcyclase atténue la douleur neuropathique
mais n’a pas d’effets préventifs chez le rat
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Abstract

Purpose There is evidence that cyclic adenosine mono-

phosphate (cAMP) transduction is involved in nociceptive

processing. We previously showed that intrathecal injection

of an adenylate cyclase inhibitor attenuated tactile

allodynia caused by partial sciatic nerve ligation (PSNL)

in rats. The present study investigates the pre-emptive

effects of spinal cAMP transduction on nociceptive pro-

cessing in a chronic neuropathic pain model.

Methods Intrathecal catheterization and PSNL were

performed in male Sprague-Dawley rats. Nociceptive

responses to mechanical and thermal stimuli were evalu-

ated at the hindpaw at 2 hr and at 3, 7, and 14 days after

PSNL. The pre-emptive effects of the intrathecal adenylate

cyclase inhibitor, SQ22536 (0.7 lmol � L-1, 30 min before

or after nerve ligation) were assessed. Also, the spatial and

temporal expression profiles and immunoreactivity in the

spinal cord of the cAMP response element binding protein

(CREB) and its phosphorylated proteins (CREB-IR and p-

CREB-IR) were analyzed.

Results Compared with the rats treated with the vehicle,

allodynia and hyperalgesia were significantly attenuated at

1–3 days by the intrathecal injection of SQ22536 per-

formed either before or after ligation. The expression of

CREB was significantly higher after ligation (P \ 0.05),

but differences were not observed between groups. Intra-

thecal injection of SQ22536, either before or after ligation,

partially reduced p-CREB-IR protein expression in com-

parison with the vehicle control, especially after the first

3 days (P \ 0.05).

Conclusion Our results show a possible association

between the increase in p-CREB and PSNL-induced neu-

ropathic pain. However, a pre-emptive effect of adenylate

cyclase inhibitor administered before surgery was not

observed.

Résumé

Objectif Des données soutiennent que la transduction de

l’adénosine monophosphate cyclique (AMPc) est impliquée

dans le traitement des signaux nociceptifs. Nous avons

précédemment montré que l’injection intrathécale d’un

inhibiteur de l’adénylcyclase atténuait l’allodynie tactile

causée par une ligature partielle du nerf sciatique (PSNL)

chez le rat. Cette étude explore les effets préventifs de la

transduction d’AMPc rachidienne sur le traitement des

signaux nociceptifs dans un modèle de douleur neuro-

pathique chronique.

Méthode Un cathétérisme intrathécal et une PSNL ont

été réalisés sur des rats mâles Sprague-Dawley. Les

réactions nociceptives aux stimuli mécaniques et thermi-

ques ont été évaluées à la patte arrière à 2 heures et à 3, 7

et 14 jours post-PSNL. Les effets préventifs de l’inhibiteur

intrathécal de l’adénylcyclase, le SQ22536, (0.7 lmol�L-1,

30 min avant ou après la ligature du nerf) ont été évalués.

De plus, les profils d’expression spatiale et temporelle et
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l’immunoréactivité dans la moelle épinière de la protéine

CREB (élément de réponse liant l’AMPc) et ses protéines

phosphorylées (CREB-IR et p-CREB-IR) ont été analysés.

Résultats Par rapport aux rats traités avec le véhicule,

l’allodynie et l’hyperalgésie ont été atténuées de façon

significative à 1 et 3 jours par l’injection intrathécale de

SQ22536 réalisée avant ou après la ligature. L’expression

de CREB était significativement plus élevée après la liga-

ture (P \ 0.05), mais aucune différence n’a été observée

entre les groupes. L’injection intrathécale de SQ22536,

réalisée avant ou après la ligature, a partiellement réduit

l’expression de la protéine p-CREB-IR par rapport à

l’injection témoin, particulièrement après les 3 premiers

jours (P \ 0.05).

Conclusion Nos résultats montrent une association pos-

sible entre l’augmentation des p-CREB et la douleur

neuropathique induite par PSNL. Toutefois, nous n’avons

pas observé d’effet préventif de l’inhibiteur de l’ad-

énylcyclase administré avant la chirurgie.

Compared with physiologic pain, transmission of pathologic

pain signals evoked by extensive and intense tissue injury

leads to sensitization of the peripheral and central pain

pathways.1–3 Pre-emptive or preventive analgesia is a

treatment that is initiated before the injury to reduce this sen-

sitization.4,5 Recent studies have shown that pre-treatment,

not post-treatment, with a tumour necrosis factor-a or

a phospho-p38 antagonist attenuates mechanical allodynia

induced by spinal nerve ligation.6,7 Attempts to produce pre-

emptive analgesia have been made with opioids, non-ste-

roidal anti-inflammatory drugs (NSAIDs), local anesthetics,

and N-methyl-D-aspartic acid receptor antagonists.8–10

Other potentially beneficial agents are under investigation.

In previous reports, the role of the cyclic adenosine

monophosphate (cAMP) transduction cascade nociceptive

processing has been recognized. Gene transcription was

induced through the activation of protein kinase A (PKA)

with the subsequent phosphorylation of the transcription

factor, cAMP response element-binding protein (CREB).11

The role of CREB is to mediate the effects of the activation

of the cAMP pathway in the transcriptional regulation of a

large number of proteins and peptides. The phosphorylation

of CREB contributes to the gene transcription by allowing

CREB to bind the CRE promoter, which is found in a number

of pain-related genes, including c-fos, c-jun, somatostatin,

and neurokinin 1 receptors.11 In addition, several lines of

evidence showed an increase in CREB phosphorylation in

the superficial dorsal horn of neurons following partial sciatic

nerve ligation (PSNL).12 Recent evidence also supported

the notion that intrathecal injection of CREB antisense oli-

gonucleotide attenuated PSNL-induced tactile allodynia.13

According to our previous study, allodynia and hyperalgesia

in the hindpaw, as well as CREB phosphorylation that was

induced by PSNL, were only partially attenuated after post-

operative injection of an adenylate cyclase inhibitor.14

Therefore, we addressed the hypothesis that preventing

activation of the cAMP-CREB pathway before the pain

stimulus rather than inhibiting its activity after injury

would better prevent progression to chronic pain. This

study was designed to assess the pre-emptive efficacy of

the adenylate cyclase inhibitor, SQ22536, when adminis-

tered before surgical incision in a chronic neuropathic pain

model in rats.

Methods

The protocol for the study was approved by the Committee of

Institutional Animal Care and Use. One hundred twenty-

eight adult male Sprague-Dawley rats from the National

Animal Centre (weighing 250–300 g) were used and housed

in pairs. All animals were placed in a prone position and

anesthetized with 1.5–2% isoflurane that was dispensed via a

nose cone. After local sterilization, a small incision was

made and a polyethylene catheter (PE-5, Becton, Dickinson

and Company, Sparks, MD, USA) was inserted from the

atlanto-occipital membrane for an approximate length of

8.5 cm. The external portion of the catheter was fixed at the

back of the neck, and the wound was closed with sutures. The

animals were allowed to recover in their cages. Before sciatic

nerve ligation, animals with any signs of neurological defi-

cits were excluded from the study. The function of the

catheter was confirmed by an intrathecal injection of 2%

lidocaine 10 lL, and the catheter was judged to be appro-

priately placed if loss of motor power in the lower

extremities was observed.

One week after intrathecal catheterization, all rats were

tested for baseline nociceptive responses to von Frey fila-

ments as well as for radiant heat stimulation at the proximal

part of the hindpaw, according to the method in our previous

report.14 To minimize bias, one of the investigators (FCL)

who was blinded to the group assignment performed all

nociceptive tests in an isolated room. Withdrawal responses

to mechanical stimulation were determined using a cali-

brated Electronic von Frey Anesthesiometer (Model

2290CE, IITC Life Science, Inc., Woodland Hills, CA, USA)

that was applied to the distal portion of the plantar aspect of

the hindpaw. Stimulation began at 0 g and continued until a

withdrawal response was observed or a cut-off value (70 g)

was reached. This procedure was repeated three times with at

least a 5-min test-free period between trials. The average of

the force was considered the withdrawal threshold and the

conventional flexible von Frey filaments above and below it

were tested to verify the withdrawal threshold. For heat
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stimulation, rats were placed individually on an elevated

plastic mesh floor and were assessed using a focused radiant

heat source (Model-33 Tail Flick Analgesia Meter, IITC Life

Science Inc., CA, USA). The heat stimulus, a 50-W projector

lamp with an aperture diameter of 6 mm, was applied from

beneath a heat-tempered glass floor on the distal plantar

portion of the hindpaw. The cut-off time was 15 sec to avoid

tissue damage. Paw withdrawal latencies were measured to

the nearest 0.1 sec. Three trials, 5–10 min apart, were used

to obtain the average paw withdrawal latency.

All rats were re-anesthetized with isoflurane and then

were randomly assigned into four different study groups

(pre-ligation or post-ligation treatment with vehicle or

SQ22536; n = 10 per group) and 4 different control groups

(sham surgery with pre-ligation or post-ligation treatment

with vehicle or SQ22536; n = 10 per group). An adenylate

cyclase inhibitor, SQ22536, 0.7 lmol � L-1 dissolved and

diluted with distilled water (Biomol International, LP,

Plymouth Meeting, PA, USA) or the same volume of dis-

tilled water (vehicle) was administered intrathecally

30 min before or after nerve ligation. According to our

previous study and other published research, the dosage of

0.7 lmol � L-1 was chosen for these experiments.14,15 The

right sciatic nerve was exposed at a high level of the thigh,

and half of the nerve was tightly ligated with 6-0 polydi-

oxanone suture, as previously described by Seltzer et al.16

Similar surgery was performed in the sham group exposing

the sciatic nerve but without ligation. After a 2-hr recovery

time, responses to the mechanical stimulus and radiant heat

were retested. The responses to these stimuli were deter-

mined for the next 3, 7, and 14 days in all groups.

Different groups of animals (n = 4–5 per group) were

sacrificed for immunohistochemical analysis at 2 hr and at

3, 7, and 14 days after nerve ligation. The rats were deeply

anesthetized with intraperitoneal pentobarbital 100 mg �
kg-1 and were perfused with cold saline followed by 4%

intracardiac paraformaldehyde in phosphate buffer saline

(PBS) 0.1 M, pH 7.4. The spinal cord segments were

removed and fixed in the same fixative for 3–6 hr. The tis-

sues were cryoprotected by transferring to 30% sucrose in

PBS 0.1 M at 4�C for 24 hr. Subsequently, the spinal cord

segments (L4–L5) were cut on a cryostat to a 20 lm

thickness, and the free-floating sections were blocked with

3% normal goat serum (NGS) (Vector Laboratories,

Burlingame, CA, USA) in 0.3% Triton X-100 and 0.3%

hydrogen peroxide (H2O2) for 1 hr at room temperature.

Sections were incubated for 36 hr at 4�C in a rabbit poly-

clonal anti-CREB antibody and anti-p-CREB antibody

(1:1000) (New England Biolabs, Beverly, MA, USA) and

were processed in biotinylated goat antirabbit IgG (1:200)

using the Vectastain� Elite ABC kit (Vector Laboratories,

Burlingame, CA, USA). Finally, the immunoprecipitates

were developed with 0.05% diaminobenzidine in PBS for

5 min. Six to 8 of the L4–L5 spinal cord sections were

randomly selected from each rat. Images of both ipsilateral

and contralateral dorsal horns were captured at 2509

magnification using a digital camera, Nikon� DXM 1200,

with the Nikon� Eclipse E800 microscope (Nikon� Cor-

poration, Tokyo, Japan). Anatomical landmarks in grey

matter and standard anatomical drawings were used to

identify the laminar borders. The numbers of digitized

pixels overlaid onto the CREB-immunoreactive (CREB-IR)

and p-CREB-IR cells in the superficial laminae of the dorsal

horn were measured automatically using image analysis

software, Image-Pro Plus� (Media Cybernetics�, Inc.,

Silver Spring, MD, USA).

Before the study, the sample size was determined using

measures of variance from previous reports.12,14 Ten rats in

each group would be adequate to provide an 80% power to

detect a conservative alteration in nociceptive responses

when the criterion for significance level (alpha) was set at

0.05. The results were averaged for each group and values

were expressed as mean ± SD. Repeated-measures analy-

sis of variance (ANOVA) tests were performed with group

as a between-subjects factor and time after nerve ligation as

a within-subjects factor. The Bonferroni test was examined

post hoc for multiple comparisons at individual time points

between groups. Statistical evaluation was performed with

Prism� statistical software version 5.0 (GraphPad Software,

Inc., San Diego, CA, USA). For all tests P \ 0.05 was

considered statistically significant.

Results

All animals were tested for baseline nociceptive response

to von Frey filaments as well as for radiant heat stimulation

before nerve ligation. Baseline values were not different

between the groups. The response times to nociceptive

stimuli of the ipsilateral hindpaws at the nerve lesion site

were observed and compared with baseline values col-

lected before nerve ligation (Fig. 1a, b). Compared with

baseline, approximately 94% of the rats developed tactile

allodynia and thermal hyperalgesia in the ipsilateral hind-

paw for at least 14 days after PSNL.

The response times of the ipsilateral hindpaws at the

nerve lesion site to nociceptive stimuli were compared

between groups, and the pre-emptive effects of intrathecal

SQ22536 were assessed. Compared with the vehicle, the

allodynia and hyperalgesia in the ipsilateral hindpaw were

significantly attenuated at 1–3 days, whether the intrathecal

injection of SQ22536 occurred before or after treatment

(Fig. 1a, b). However, differences were not observed

between the groups that received the intrathecal injection

before and after PSNL.
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As shown in Fig. 2a1–a4, immunoreactivity to the anti-

CREB antibody was detected in the spinal cords of the

animals receiving PSNL. The expression of CREB-IR in

the spinal cords of normal and sham surgery animals was

very weak, yet detectable. Increases in the CREB-IR cell

expression profiles were found in the dorsal horn of the

L4–L5 spinal cord, predominantly in the superficial layers

after PSNL (Fig. 2a2). The mean pixel number of CREB-

IR cells in all groups was significantly higher than that of

the baseline before injury, whether the intrathecal injection

contained vehicle or SQ22536 before or after ligation

(P \ 0.05, Fig. 3), but differences were not observed

between groups.

The expression patterns of p-CREB-IR were also ana-

lyzed by immunohistochemistry. As shown in Figs. 2b1–b4

and 4, immunoreactivity to anti-p-CREB-IR was detected in

the spinal cords of animals receiving PSNL, and lower levels

of p-CREB-IR were observed in the control group. There-

fore, animals that received PSNL demonstrated some

upregulation of p-CREB-IR expression in the corresponding

spinal cord segment. Both pre- and post-treatment intrathecal

injection of SQ22536 partially reduced p-CREB-IR protein

expression profiles, but this attenuation was not observed

after injection of the vehicle in the ipsilateral dorsal horn

(Fig. 4). Quantitatively, the mean pixel number after intra-

thecal injection of SQ22536 was significantly decreased in

comparison with the vehicle control, especially after the first

3 days (P \ 0.05, Fig. 4).

Discussion

This study failed to demonstrate a pre-emptive effect on

neuropathic pain with adenylate cyclase inhibitor adminis-

tered before surgery. According to previous reports,

activation of the cAMP pathway in the spinal cord is

implicated in the mediation of nociceptive processing.17,18

Several immediate-early genes, such as c-fos and c-jun, and

some late effector genes, including dynorphin and substance

P receptor, were subsequently induced through the phos-

phorylation of the transcription factor, CREB.11,19,20 Our

previous study demonstrated that allodynia and hyperalge-

sia in the hindpaw, as well as CREB phosphorylation after

PSNL, were only partially attenuated after postoperative

injection of adenylate cyclase inhibitor.14 According to the

concept of pre-emptive analgesia, we expected that inhib-

iting cAMP-CREB pathway activation before pain stimulus

would prevent progression to chronic pain more effectively

than inhibiting its activity after injury. Our results showed

that CREB is inducibly expressed in the spinal cord, and the

increase in the immunopositive signal for p-CREB observed

after PSNL indicated that spinal CREB is phosphorylated as

a result of peripheral stimulation. Whether adenylate

cyclase inhibitor was administered before or after injury,

CREB activation after PSNL showed a gradual reduction in

strength resulting in an attenuation of pain behaviour in the

first 3 days. However, the onset of pathologic pain was

simply delayed, and adenylate cyclase inhibitor failed to

produce a significant pre-emptive effect.

The definitions of pre-emptive analgesia are far from

uniform. According to recent definitions,21,22 our results

represent a pre-emptive effect only in a narrow sense,

because intervention began before surgery and covered a

relatively short period. This is not adequate to fit a broader

interpretation of pre-emptive analgesia in which peripheral

and central sensitization caused by nerve injury with inci-

sional and inflammatory stimuli is prevented from being

established. Several possibilities may explain the lack of

significant preventive effect of adenylate cyclase inhibitor

on chronic neuropathic pain in our study. First, we speculate

that a single dose of intrathecal adenylate cyclase inhibitor

lacks the analgesic effect needed to cover all of the com-

ponents of persistent postoperative noxious inputs generated

by tissue injury and inflammation. Pain can be divided by

Fig. 1 Behavioural changes to thermal (a) and mechanical (b)

stimulations following partial sciatic nerve ligation in rats, with

intrathecal injection of cAMP inhibitor (SQ22536) given 30 min

before ligation, 30 min after ligation, or vehicle. * P \ 0.05 with

respect to baseline. # P \ 0.05 compared with vehicle group.

Mean ± SD, n = 10 in each group
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mechanism into nociceptive, inflammatory, and neurogenic

pain.5 In addition to the incisional damage to the skin and

various other tissues, the nociceptive barrage during surgery

is followed by a protracted inflammatory state in the post-

operative period, both of which may contribute to central

sensitization. Surprisingly, the information regarding the

effect of adenylate cyclase inhibition on the inflammatory

response was scanty. Previous studies reported that the

expression of phosphorylated CREB was involved in the

temporal effects of hyperalgesia in inflammatory pain.23 For

instance, an increase in the expression of p-CREB occurred

in the hindpaw of rats after subcutaneous injection of car-

rageenan, formalin, or complete Freund’s adjuvant.19,23,24

Those rats who suffered from neuropathic pain demonstrated

a similar phenomenon.12,25 In contrast, Miletic et al. repor-

ted that there were no differences in CREB content between

control and study animals.25 In fact, the effect of adenylate

cyclase inhibitor on inflammatory response remains a topic

for investigation.

Second, the route of administration of the drug in our

study may have been suboptimal. It is widely believed that

spinally mediated hyperalgesia is a frequent component of

the pain experience after tissue injury. This spinal sensiti-

zation reflects a cascade of events that is initiated in part by

persistent sensory input generated by tissue injury and

inflammation.1,26 However, the causes of neuropathic pain

as a consequence of peripheral nerve injury are very com-

plex, and many mechanisms involving both the peripheral

and the central nervous systems are implicated.2,27–29 Cen-

tral activation in the spinal cord as well as peripheral

inflammation in neuropathic rats have been reported.30

Many studies report on postoperative noxious inputs,

including those arising from the ectopic neural activity and

inflammatory response.28,31,32 Previous studies have dem-

onstrated that the analgesic effects of NSAIDs have been

Fig. 2 Immunohistochemistry staining pattern of total cAMP

response element-binding protein-immunoreactivity (CREB-IR)

(a1–a4), and phosphorylated CREB-immunoreactivity (p-CREB-IR)

(b1–b4) cells in the dorsal horn of L4–L5 spinal cord of rats. Vehicle:

treatment with vehicle before nerve ligation (a2, b2); pre-SQ22536:

treatment with intrathecal SQ22536 before nerve ligation (a3, b3);

post-SQ22536: treatment with intrathecal SQ22536 after nerve ligated

(a4, b4). Scale bar = 50 lm

Fig. 3 Mean pixel number of total cAMP response element-binding

protein-immunoreactivity (CREB-IR) cells in the dorsal horn with

SQ22536 before (pre-SQ22536) or after (post-SQ22536) nerve

ligation, or vehicle. * P \ 0.05 compared with baseline. No signif-

icant difference in the total CREB-IR cell count was observed

between SQ22536- and vehicle-treated rats. Mean ± SD, n = 8 in

each group

Fig. 4 Mean pixel number of total phosphorylated CREB-immuno-

reactivity (p-CREB-IR) cells in the dorsal horn with SQ22536 before

(pre-SQ22536) or after (post-SQ22536) nerve ligation, or vehicle.

* P \ 0.05 compared with baseline. # P \ 0.05 compared with

vehicle. Mean ± SD, n = 8 in each group
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attributed to their peripheral anti-inflammatory actions, but

the spinal effects of NSAIDs are not as well docu-

mented.10,33 Thus, compared with central neuroinflam-

mation, peripheral immune responses to nerve injury may

play a partial role in nerve-induced pain hypersensitivity.

Crucial research on the adenylate cyclase inhibitor still

needs to be conducted, including acquisition of dose–

response data, minimum effective dose, pharmacokinetics,

bioavailability, and its ability to penetrate the blood–brain

barrier. In the present study, the analgesic effects of aden-

ylate cyclase inhibitor are limited to their central actions

because it was administered intrathecally.

A third possible explanation for the lack of pre-emptive

effect of adenylate cyclase inhibitor in our study may be

the existence of other signal transduction pathways aside

from the cAMP pathway. In addition to the classical

cAMP-PKA pathway, there are several intracellular mes-

sengers, such as calmodulin-dependent protein kinase

(CaMK), nerve growth factor (NGF)-mediated Ras/Raf

mitogen-activated protein kinase kinase-1/2 (MEK-1/2)

and extracellular regulated kinase (ERK), c-Jun N-terminal

kinase (JNK) and p38 MAPK, and other kinases that are

activated through different upstream transduction chains

and may contribute to the regulation of CREB phosphor-

ylation.11,34 It has been shown that the ERK isoforms

(ERK1/2) are phosphorylated in the spinal cord after

peripheral inflammation and after PSNL.35,36 Inhibitory

effects on formalin-induced flinching, comparable with

those observed in a study using p38 MAPK inhibitors, were

seen when an ERK inhibitor was given intrathecally.35

From this discussion, it is clear that neither the inhibition of

ERK nor p38 MAPK completely abolished formalin-

induced flinching, which may reflect a contribution of both

the ERK and p38 MAPK pathways to pain behaviour.6,36

This means that the sole blockade of c-AMP activation in

the spinal cord could not completely prevent CREB

phosphorylation. Consequently, some persistent nocicep-

tive input reaches the spinal cord, which may induce spinal

activation.

In conclusion, this study failed to demonstrate a pre-

emptive effect on neuropathic pain with adenylate cyclase

inhibitor administered before injury. Our observation

indicates that the relevant actions of cAMP in this model

are partial and transient. Once the downstream targets are

phosphorylated, the cascade of events leading to hyperal-

gesia is not reversed by spinal cAMP inhibition. However,

the central and peripheral neural mechanisms leading to

hyperalgesia are complex and not yet fully understood.

Therefore, further studies are necessary to ascertain whe-

ther a combination of inhibitors of different pathways will

completely prevent CREB phosphorylation as well as the

most effective dosage, time frame, and route of adminis-

tration, and whether blockade of c-AMP activation at the

injured site would have additional efficacy in the preven-

tion of neuropathic pain.
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