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Abstract

It has been hypothesized that spinal morphine tolerance results from protein kinase C (PKC) mediated phosphorylation. Chronic lumbar

intrathecal (i.t.) infusion of morphine (20 nmol/ml/h) was shown to produce antinociception on day 1 (d1) that disappeared by d5 (tolerance).

On d6, a bolus i.t. probe dose of morphine (60 nmol) produced a more profound antinociception in saline-infused rats than in morphine-

infused rats. Coinfusion of morphine with a PKC inhibitor, chelerythrine, prevented tolerance to the probe morphine dose. Bolus i.t.

chelerythrine or GF109203X (GF), another PKC inhibitor, on d5, but not the inactive homologue of GF Bisindolymaleimide V, also blocked

development of tolerance after 24 h. I.t. morphine infusion, but not saline, produced a 2-fold increase in dorsal horn PKC phosphorylating

activity and in the expression of PKCa /g . Bolus chelerythrine on d5 after spinal morphine infusion blocked upon an increase in PKC

activity, con®rming that at the behaviorally active dose the drug had the intended biochemical effect upon spinal PKC activity. PKC activity

and protein expression did not change when assessed 1 h after bolus i.t. morphine in naive rats. Thus, tolerance produced by morphine

infusion is dependent upon an increase in local phosphorylating activity by PKC. Blocking the PKC activity prevents expression of the

morphine tolerance. q 2000 International Association for the Study of Pain. Published by Elsevier Science B.V. All rights reserved.
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1. Introduction

Continuous intrathecal (i.t.) infusion of m opioids in

humans yields a potent dose-dependent analgesia in chronic

pain patients. Although controversial, it is clear that over

time, the magnitude of the effect produced by a given dose

will diminish, suggesting the development of tolerance

(Yaksh and Onofrio, 1987). Systematic studies have

shown similar phenomena in rat models. Thus, in rats

with chronic intrathecal catheters, continuous infusion of

morphine over a period of days will display a dose-depen-

dent antinociception that declines over the infusion interval.

At the end of this infusion, bolus dose-response curves for

the m agonist display a right shift and a reduced maximum

effect (Dunbar and Yaksh, 1996). These characteristics

de®ne the phenomenon of opiate tolerance. The mechanism

of this tolerance is uncertain. Concurrent blockade of the

NMDA receptor diminishes the loss of effect with repeated

(Mao et al., 1994) or continuous (Dunbar and Yaksh, 1996)

exposure of the rat to spinal morphine. Our observation that

there is only a modest increase in spinal glutamate release

during chronic spinal morphine infusion (Jhamandas et al.,

1996) suggests that the ongoing role of spinal NMDA recep-

tors may re¯ect an enhanced sensitivity of the existing

receptors. Other work has shown that opiates can lead to a

facilitation of NMDA ionophore function through activation

of protein kinase C (Mayer et al., 1995). Using [3H]phorbol-

12,13-dibutyrate (PdBu) binding, Mayer et al. (1995)

showed that daily spinal injection of morphine leads to an

increase in membrane-bound PKC, particularly in spinal

laminae I and II, indirectly suggesting an increase in phos-

phorylating activity in dorsal horn neurons during the devel-

opment of tolerance.

In the present work we sought to characterize the role of

spinal PKC in continuous spinal opiate infusion. This model

has several virtues. (i) It shows a direct effect upon spinal

receptors and obviates concerns of changes in spinal and

supraspinal linkages (Roerig and Fujimoto, 1989). (ii)
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Continuous infusion minimizes the stress typically asso-

ciated with handling and injecting, a factor that may be

implicated in associative learning and tolerance (Collin-

gridge and Bliss, 1995). (iii) This model has been widely

used and has shown that the reduction in drug effects is not

the result of either altered drug levels or multiple testing

paradigms (Yaksh, 1993). (iv) Finally, continuous infusion

provides a constant drug level and therefore a stable recep-

tor occupancy. This last variable is critical, as we believe

that time variant exposure to the toleragen (e.g., the peaks

and valleys in drug levels that occur with bolus injection or

pellets) represents a crucial variable in tolerance (Ibuki et

al., 1997; Dunbar and Pulai, 1998).

Given the above, we undertook to investigate (i) if

chronic spinal morphine alters spinal phosphorylating activ-

ity, and (ii) whether the blockade of spinal PKC activity

attenuates the morphine tolerance.

2. Materials and methods

2.1. Animals

Approval for this study was obtained from the University

of California San Diego Animal Care Committee. Male

Holtzman Sprague±Dawley rats (350±400 g) were

implanted with catheters (details see below), and thereafter

housed in individual standard cages at room temperature on

a 12:12 h light/dark cycle (lights on at 07:00 h). Testing was

performed during the light cycle at 12:00 h. Animals had

free access to food and water. Each rat was implanted as

described below with a subarachnoid catheter attached to a

subcutaneous osmotic pump ®lled with saline or drug(s) and

randomly assigned to treatment groups.

The preparation of the intrathecal infusion catheter has

been described (Sosnowski and Yaksh, 1990). In brief, a 16-

cm length of PE-10 tubing was connected by heat fusing

with a hot air jet to a 2-cm length of PE-60 tubing. A 0.5-cm

piece of Silastic tubing (Tuzik, Norwell, MA), previously

soaked in chloroform, was then passed over both ends of the

PE-10 tubing to form a loop of 3 cm from the end of the PE-

10 tubing fused to the PE-60. The long end of the catheter

was stretched to reduce the diameter, soaked in alcohol

(70%) overnight, and cut to a length of 9 cm. Alzet osmotic

mini-pumps (model 2001, 1 ml/h; Alzet, Palo Alto, CA)

were ®lled with drug(s) or saline and attached to the

saline-¯ushed catheter. This pump delivered an infusion

for 5 days after an initial activation period in the animal

of 4 h. The catheter (Yaksh and Rudy, 1976) and pump

were implanted between the hours of 09:00 and 12:00 h,

with the additional modi®cation of the subcutaneous osmo-

tic pump. In brief, rats were anesthetized with halothane

(2%), placed in a stereotaxic head holder, and the atlantooc-

cipital membrane exposed. The membrane was pierced and

the PE-10 end of the catheter was passed intrathecally to the

level of the thoracolumbar junction (8.5 cm). The pump was

then attached to the end of the PE-60 catheter and implanted

subcutaneously in a pouch to lie just behind one of the

shoulders. A 19-gauge needle was used to make a small

hole in the forehead. The loop end of the catheter is passed

through this hole. This PE-10 loop can then be cut and used

to administer external doses of drugs at the end of the 5 day

infusion period. The wound was sutured, including a loose

ligature at the base of the loop to prevent it from moving.

Animals displayed full motor recovery within 15±30 min

after implantation. Control rats typically displayed normal

thermal escape thresholds within 1±2 h post-operatively.

Rats that showed any signs of motor impairment were

euthanized with an overdose of barbiturate.

2.2. Drugs and injection

The following drugs were used for continuous spinal

infusion: morphine sulfate (Merck, Sharp and Dohme,

West Point, PA), and chelerythrine chloride, bisindolylma-

leimide I (GF-109203X), and bisindolylmaleimide V (BM-

V, the inactive homologue of GF-109203X) (all from

Calbiochem, San Diego, CA). The drugs were dissolved

in DMSO (10%), except chelerythrine, which was dissolved

in saline. Drug doses, calculated as the free base, were

expressed as nanomoles per ml per hour (nmol/ml/h) for

the infusion concentrations, or nmol per rat for the bolus

injection. Morphine infusion was 20 nmol/ml/h in all

animals.

2.3. Experimental paradigms

The study was divided into three phases. Phase 1 was

directed at de®ning the change in response over time during

chronic morphine infusion and its modi®cation by the coad-

ministration of chelerythrine, a PKC inhibitor. Phase 2 was

designed to assess the effect of a single bolus injection of the

PKC inhibitor on morphine tolerance. Phase 3 was designed

to evaluate possible changes in PKC phosphorylating activ-

ity, and the expression of PKCa and PKCg and their role on

tolerance. Each rat was used only once.

2.3.1. Phase 1

In Phase 1, animals were prepared with intrathecal cathe-

ters and preloaded osmotic infusion pumps. The subsequent

measurements of the thermal escape latencies were carried

out on day 0, 1, 3 and 5 between the hours of 10:00 and

12:00 h, from day 0, the day of implantation, to day 5, the

end of the 5-day infusion. Rats were randomly assigned to

receive morphine infusion alone (20 nmol/ml/h) or

morphine infusion with one of the doses of chelerythrine

(0.3 or 3 nmol/ml/h). In a preliminary dose ranging study,

we observed that chelerythrine doses exceeding 10 nmol/ml/

h resulted in weight loss and motor weakness. A dose of 3

nmol/ml/h of chelerythrine was found to be without con¯ict-

ing behavioral effects. On day 6, 24 h after termination of

the infusion, a single probe dose of intrathecal morphine (60

nmol/rat) was administered to all animals. This dose had

V. Granados-Soto et al. / Pain 85 (2000) 395±404396

D
ow

nloaded from
 http://journals.lw

w
.com

/pain by B
hD

M
f5eP

H
K

av1zE
oum

1tQ
fN

4a+
kJLhE

Z
gbsIH

o4X
M

i0hC
yw

C
X

1A
W

nY
Q

p/IlQ
rH

D
3i3D

0O
dR

yi7T
vS

F
l4C

f3V
C

4/O
A

V
pD

D
a8K

K
G

K
V

0Y
m

y+
78=

 on 05/22/2024



been previously shown to be maximally effective in

morphine naive rats. In the probe dose testing, thermal

latencies were measured at 0, 30, 60, and 120 min.

2.3.2. Phase 2

This phase was directed to determine whether acute

intrathecal PKC inhibitors would restore morphine sensitiv-

ity in morphine-tolerant rats. Groups infused with either

saline or morphine sulfate alone were entered into the

following study. On day 5, the external loop was cut, and

the intrathecal part of the catheter was ¯ushed with 10 ml

sterile saline. After 3 h, the rats received an intrathecal bolus

dose of vehicle or PKC inhibitor, and the thermal latency

was then assessed at 0, 15, 30, 60, and 120 min. On day 6, 24

h after termination of the infusion, a single probe dose of

intrathecal morphine (60 nmol/rat) was administered to all

animals. Thermal latencies were then measured at 0, 30, 60,

and 120 min.

2.3.3. Phase 3

To determine if chronic morphine infusion led to changes

in spinal PKC isozyme expression and PKC phosphorylat-

ing activity, rats were assigned to one of the following

intrathecal drug infusion groups: (i) naive (no surgery or

treatment); (ii) i.t. saline (1 ml/h, 5 days); (iii) i.t. morphine

(20 nmol/ml/h, 5 days); (iv) i.t. morphine (20 nmol/ml/h, 5

days) 1 i.t. chelerythrine (3 nmol) delivered as a bolus on

day 5; (v) i.t. chelerythrine (3 nmol) delivered as a bolus;

and (vi) i.t. morphine (60 nmol) delivered as a bolus. In the

continuous infusion groups, the rats were sacri®ced on day 6

and the spinal cord harvested. Lumbar dorsal and lumbar

ventral horns were separated and assayed for PKCa and

PKCg using Western blots as well as for PKC phosphory-

lating activity (see below).

2.4. Antinociceptive testing

To assess thermal nociceptive responses, a paw thermal

stimulator similar to that conceived by Hargreaves

(Hargreaves et al., 1988) was employed (Dirig et al.,

1997). The device consisted of a glass surface upon which

the rats were placed individually in Plexiglas cubicles

(9 £ 22 £ 25 cm). The glass surface temperature was main-

tained at 30 ^ 0.18C by a feedback-controlled, under-glass,

forced-air heating system. The heating system was driven

by a thermocouple attached to the bottom surface of the

glass plate. The thermal nociceptive stimulus originated

from a focused projection bulb mounted in a stimulus

tower that was manually manipulated in a two-dimensional

axis on ball bearing slides to permit the stimulus to be

delivered separately to both hind paws of each test subject.

This stimulus was positioned under each footpad with the

aid of an angled mirror mounted on the stimulus source that

permitted an exact visual targeting of the stimulation site

prior to stimulus initiation. A timer was automatically actu-

ated with the light source, and the response latency was

de®ned as the time required for the paw to show an abrupt

withdrawal. Paw withdrawal was detected by an array of

photodiode motion sensors mounted on the stimulus tower

that stops the timer and terminates the stimulus. Stimulus

current from a regulated source was monitored continuously

to determine the amperage delivered to the light source and

the magnitude of the radiant stimulus to which the paw is

subjected. In all cases, a cut-off of 20 s was employed to

avoid tissue injury. Rats were acclimated to the test chamber

for 20±30 min prior to testing. At each test exposure, the left

and right paws were tested 1 min apart in random order. The

response latency of a rat for a given test was represented by

the of the latency of paw withdrawal for the left and right

paw.

Thermal escape latency data were expressed either as

mean latencies (in seconds) for each group or as a maximum

percent effect (%MPE). Maximum percent effect was calcu-

lated as follows: % MPE� (Post-drug latency 2 baseline) £
100/(Cutoff 2 baseline), where post-drug latency was the

response measured at the particular time after initiation of

infusion or after intrathecal dose of probe drug. Baseline

was the pre-infusion or pre-probe latency, and the cut-off

time was 20 s. Area under the %MPE against time curve was

calculated by the trapezoidal method (Rowland and Tozer,

1995).

2.5. Preparation of PKC extracts

All steps were carried out at 48C. Centrifugation was

performed in a Beckman Optima TLX ultracentrifuge.

Dissected frozen tissue samples were homogenized 1:8

(w/v) in ice-cold buffer A: 250 mM sucrose, 50 mM Tris±

HCl, pH 7.5, 1 mM DTT, 2 mM EDTA, 2 mM EGTA, 40

mg/ml leupeptin, 2 mM benzamidine, 0.1 mM microcystin,

1 mM phenylmethylsulfonyl ¯uoride. After centrifugation

at 100 000 £ g for 30 min, the supernatant containing a

cytosolic fraction of PKC was mixed with an equal volume

of glycerol and stored at 2208C. The protein concentration

was determined by the method of Bradford (1976).

2.6. PKC activity assay

PKC activity assays were performed as described by

Kikkawa et al. (1982). All reactions were run in triplicate.

The standard reaction mixture (80 ml) contained: 20 mM

HEPES (pH 7.4), 1 mM DTT, 5 mM MgCl2, 100 mM ATP, 1

mCi of g -[32P]ATP, 140 mM phosphatidylserine/3.8 mM

diacylglycerol membranes (PS/DAG), 0.5 mM CaCl2, 100

mg/ml peptide substrate Ac-FKKSFKL-NH2, corresponding

to the PKC-speci®c phosphorylation domain in the

MARCKS protein (Graff et al., 1989) and 0.25±0.5 mg of

protein extracts from the spinal cords. Protein amounts used

in the assays were within the linear range of the standard

curve for 32P-incorporation with respect to time of incuba-

tion and the amount of protein assayed.

Control reactions containing 0.5 mM EGTA instead of

CaCl2 and 20 mM HEPES instead of PS/DAG were
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performed as well in order to determine the non-PKC activ-

ity present in the extracts. After incubation at 308C for 7

min, the reactions were terminated by adding 25 ml of 0.1 M

ATP/0.1 M EDTA (pH 8). Then, 85 ml of each sample were

transferred onto P81 Whatman ®lter paper (6 cm2). The

papers were washed four times in 0.4% phosphoric acid

for 10 min each, followed by one wash with 95% C2H5OH

for 5 min. The radioactivity retained on the ®lters was deter-

mined by liquid scintillation counting. PKC activity was

de®ned as pmol of incorporated phosphate per mg protein

per minute after subtracting the radioactivity due to non-

PKC activity in the corresponding sample.

2.7. Detection of PKCa and PKCg by immunoblotting

Proteins from the tissue extracts of the lumbar spinal cord

were electrophoretically separated on 10% SDS±polyacry-

lamide gels and transferred to PVDF membranes (Immobi-

lon-P, Millipore, 0.45 mM pore size). After the transfer was

accomplished, the membranes were incubated overnight at

48C in 10% non-fat dry milk in phosphate-buffered saline

containing 0.1% (v/v) Tween-20 (PBS-T) to block the

nonspeci®c binding of the primary and secondary antibo-

dies. Blots were washed 2 £ 10 min each in PBS-T and

incubated for 1 h at room temperature with anti-PKC anti-

body in 2% (w/v) BSA in PBS-T. Anti-PKCa antibody

(1:1000 dilution, Transduction Laboratories, San Diego,

CA) and anti-PKCg antibody (1:5000 dilution, Transduc-

tion Laboratories) were consecutively used for each

membrane. The membranes were washed extensively in

PBS-T buffer and the PKC antibody complexes were visua-

lized using horseradish peroxidase-conjugated secondary

antibody and ECL detection system (SuperSignal Substrate,

Pierce). After exposing the membranes to X-ray ®lm, the

bands were quanti®ed by densitometry using the NIH 1.61

software package. The densitometry readings were normal-

ized against the amount of protein loaded. To ensure consis-

tency, two gels with different amounts of protein loaded on

each were run for every experimental group. Glyceralde-

hyde-3-phosphate dehydrogenase (GAPDH) was used as

an internal control.

2.8. Data analysis and statistics

Data analysis and statistics were done with computer soft-

ware programs (SigmaStat, Jandel Scienti®c). Where

applicable, data from testing (i.e. absolute latencies, calcu-

lated %MPE or AUC) were analyzed using one-way analy-

sis of variance (ANOVA) to detect differences between

groups. When differences were found, these ®ndings were

subjected to the Bonferroni test (signi®cant at 95%). Unless

stated, single points of comparison were made using a stan-

dard paired or unpaired t-test. Differences yielding critical

values corresponding to P , 0:05 were considered statisti-

cally signi®cant.

3. Results

3.1. Phase 1. Continuous intrathecal infusion of morphine

and PKC inhibitor

There was no signi®cant difference between thermal

latencies on days 1 to 5 in saline- infused rats (P . 0:05)

(Fig. 1, top left, clear symbols). All rats that received

morphine infusion (20 nmol/ml/h) showed a signi®cant

increase (P , 0:05) of thermal latency on days 1 and 3

compared to the baseline on day 0, returning to near baseline

on day 5 (Fig. 1, top left). There was no signi®cant differ-

ence between latencies of saline- and morphine-infused rats

on day 5 (P . 0:1).

On day 6, 24 h after stopping the infusion, spinal admin-

istration of the probe dose of 60 nmol of morphine to

morphine- and saline-infused rats produced a signi®cant

increase in the thermal latency in both groups. The increase

in thermal latency was signi®cantly higher (P , 0:05) in

saline-infused rats compared to that observed in

morphine-infused rats (Fig. 1, bottom), indicating tolerance.

The coinfusion of saline and the PKC inhibitor cheler-

ythrine (3 nmol/ml/h) did not modify the thermal latencies

observed with saline alone. However, the thermal latency

observed in the morphine-chelerythrine coinfusion group

(Fig. 1, top right) was signi®cantly higher (P , 0:05) than

the group that received the infusion of morphine only (Fig.

1, top left). Thus, coinfusion of chelerythrine at 3 nmol/ml/h

with morphine resulted in maintenance of elevated latencies

during infusion, which returned to baseline after cessation

of infusion. On day 6, 24 h after stopping the coinfusion, the

thermal latencies observed in the morphine-chelerythrine

group were no different from those observed in the saline-

chelerythrine group (P , 0:05), indicating that chelerythr-

ine is able to reduce the development of morphine tolerance

(Fig. 1, bottom right).

Fig. 2 shows the antinociceptive effects produced by the

intrathecal administration on day 6 of a probe dose of

morphine (60 nmol) in rats infused chronically with saline,

chelerythrine (3 nmol/ml/h), morphine (20 nmol/ml/h) or the

combination of morphine (20 nmol/ml/h) and different doses

of chelerythrine (0.3 and 3 nmol/ml/lh). The effect observed

in the morphine group was signi®cantly lower than that

observed in the saline or chelerythrine groups (ANOVA,

P , 0:001). The effect observed in the morphine±cheler-

ythrine groups was dose-dependent and signi®cantly higher

than that observed with the morphine alone group

(ANOVA, P , 0:05).

3.2. Phase 2. Continuous intrathecal infusion of morphine

and bolus injection of PKC inhibitor

Intrathecal administration of a probe dose of morphine

(60 nmol) on day 6 in rats infused chronically for 5 days

with morphine (20 nmol/ml/h) produced a signi®cant

increase in the antinociceptive effect (P , 0:05) in the
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D
ow

nloaded from
 http://journals.lw

w
.com

/pain by B
hD

M
f5eP

H
K

av1zE
oum

1tQ
fN

4a+
kJLhE

Z
gbsIH

o4X
M

i0hC
yw

C
X

1A
W

nY
Q

p/IlQ
rH

D
3i3D

0O
dR

yi7T
vS

F
l4C

f3V
C

4/O
A

V
pD

D
a8K

K
G

K
V

0Y
m

y+
78=

 on 05/22/2024



group of rats that received an intrathecal bolus injection of

chelerythrine on day 5 compared to the group that received

saline on day 5 (Fig. 3, top). On the other hand, the intrathe-

cal administration of the morphine probe dose on day 6 in

rats infused chronically for 5 days with saline produced a

similar antinociceptive effect in the groups that either

received an intrathecal bolus injection of chelerythrine or

saline on day 5 (Fig. 3, bottom). The antinociceptive effect

observed in the morphine-infused rats that received cheler-

ythrine (3 nmol) on day 5 was similar to that observed in the

saline-infused rats regardless of the treatment received on

day 5.

The PKC inhibitors chelerythrine (assured bars, 0.03, 0.3

and 3 nmol), GF-109203X (0.24, 2.4 and 12 nmol) or Bisin-

dolymaleimide V (BM-V: an inactive homologue of GF-

109203X, 12 nmol), injected i.t. after 5 days of intrathecal

infusion of morphine (20 nmol/ml/h), failed to show a

signi®cant increase in the antinociceptive effect, thus

demonstrating a lack of acute effect of the intrathecal

PKC inhibitors in restoring sensitivity to morphine (Fig.

4). However, 24 h after the PKC inhibitors were given to

tolerant rats, both served to reverse the morphine tolerance

in a dose-dependent manner (Figs. 5 and 6). The effect of

PKC inhibitors was time-dependent, as the effect produced

by the morphine probe dose on day 6 was signi®cantly

higher (ANOVA, P , 0:05) in rats that received chelerythr-

ine (3 nmol) 24 h before, as compared to the group that

received the PKC inhibitor 16 h before (Fig. 7).

3.3. Phase 3. Spinal PKC activity and PKCa /g expression

3.3.1. PKC activity

In vitro phosphorylation assays revealed that the PKC

activity in the lumbar dorsal horn was approximately 2-

V. Granados-Soto et al. / Pain 85 (2000) 395±404 399

Fig. 1. (Top) time course of the antinociceptive effect expressed as latency observed with chronic infusion for 5 days of intrathecal saline, morphine alone or

coinfused with chelerythrine. (Bottom) time course observed in rats that received chronic infusion for 5 days of saline, morphine or the combination with

chelerythrine and that received an intrathecal probe dose of morphine (60 nmol) on day 6. As indicated, PKC inhibition diminished the onset of morphine

tolerance and prevented the loss of response to the effects of bolus i.t. morphine given on day 6. Each line represents the mean ^ SEM of more than 5 rats tested

at 0, 1, 3, and 5 days and at 0, 15, 30, 60, and 120 min on day 6. Doses used in chronic infusion are expressed in nmol/m/h. Doses used as bolus injection on day

5 and day 6 are expressed as nmol/10 ml. Open symbols: *P , 0:05, as compared with the saline group (top); *P , 0:05, as compared with the morphine group

(bottom). Closed symbols: *Signi®cantly different (P , 0:05) from the group morphine 1 chelerythrine (unpaired t-test).
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fold higher than that in the ventral horn in the group of naive

rats (Fig. 8). The PKC activity in both the dorsal and ventral

horn of the saline group (i.e. 5-day infusion) did not differ

signi®cantly from that of the naive animals. Morphine infu-

sion for 5 days (20 nmol/ml/h) profoundly increased PKC

phosphorylating activity in the dorsal (P , 0:01), but not

the ventral horn. In contrast, acute morphine (i.e. a bolus i.t.

injection, 60 nmol) given in naive rats did not show any

effect on dorsal or ventral horn PKC activity. Chelerythrine

(3 nmol) given i.t. on day 5 reversed the elevation of PKC

activity in the dorsal horn induced by chronic morphine

(P , 0:01). A bolus i.t. injection of chelerythrine (3 nmol)

alone did not alter basal PKC activity in the dorsal horn.

3.3.2. PKCa and PKCg expression

Western immunoblotting carried on the same tissue

extracts as that for the PKC activity assays showed that

both PKCa and PKCg immunoreactivity in the dorsal

horn of the chronic morphine infused rat (Fig. 9, top, lane

3) were higher than that in the naive rat or the rat receiving

chronic saline infusion (Fig. 9, top, lanes 1 and 2, respec-

tively). Single i.t. bolus chelerythrine on day 5 after spinal

morphine infusion apparently reduced the expression of

both PKCa and PKCg (Fig. 9, top, lane 4). Single i.t. injec-

tion of morphine or chelerythrine in naive rats had no effect

V. Granados-Soto et al. / Pain 85 (2000) 395±404400

Fig. 4. Thermal paw withdrawal response 1 h after the bolus i.t. injection of

GF-109203X and chelerythrine. Thermal withdrawal latency, expressed as

area under the curve (%MPE £ min), produced by a single bolus i.t. of

saline, BMV (bisindolylmaleimide V), GF-109203X (0.24, 2.4, and 12

nmol), or chelerythrine (0.03, 0.3, and 3 nmol), injected after 5 days of

intrathecal infusion of morphine (20 nmol/ml/h). Thermal withdrawal

latency was measured 1 h after the bolus i.t. injection on day 5. Each bar

represents the mean ^ SEM of 5±9 rats.

Fig. 5. Dose±response effects of single bolus i.t. chelerythrine on day 5 on

spinal morphine tolerance. Antinociceptive effect, expressed as area under

the curve, produced by the intrathecal administration on day 6 of a probe

dose of morphine (60 nmol) in rats infused chronically with saline,

morphine and treated with a single bolus i.t. injection of either saline or

different doses of chelerythrine on day 5. Each bar represents the mean ^

SEM of 5±9 rats. Doses used in chronic infusion (days 1±5) are expressed in

nmol/ml/h. Doses used in bolus injection (day 5) are expressed in nmol/10

m1. #Signi®cantly different (P , 0:05) from the saline 1 chelerythrine 3

group (ANOVA followed by the Bonferroni test). *Signi®cantly different

(P , 0:05) from the morphine 1 saline group (ANOVA followed by the

Bonferroni test).

Fig. 2. Summary of antinociceptive effect, expressed as area under the

curve, produced by the intrathecal administration on day 6 of a probe

dose of morphine (60 nmol) in rats infused chronically with saline, cheler-

ythrine, morphine or the combination of morphine with different doses of

chelerythrine. Each bar represents the mean ^ SEM of 7±9 rats. Doses used

in chronic infusion (days 1±5) are expressed in nmol/ml/h. #Signi®cantly

different (P , 0:001) from the saline group by ANOVA followed by the

Bonferroni test. *Signi®cantiy different (P , 0:05) from the morphine

group by ANOVA followed by the Bonferroni test.

Fig. 3. Time course of effects of single bolus i.t. chelerythrine on day 5 on

spinal morphine tolerance. The antinociceptive effect, expressed as latency

(second), produced by the intrathecal administration of a probe dose of

morphine (60 nmol) on day 6 in rats i.t. infused for 5 days with morphine

(20 nmol/ml/h, days 1±5) (top) or saline (bottom) and treated with a single

bolus i.t. injection of either saline or chelerythrine on day 5. Each line

represents the mean ^ SEM of 7±9 rats. Doses used in chronic infusion

(days 1±5) are expressed in nmol/ml/h. Doses used as bolus injection on

days 5 and 6 are expressed as nmol/10 ml. *Signi®cantly different

(P , 0:05) from the saline group by the unpaired t-test.
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on PKCa nor PKCg protein expression in the dorsal horn

(Fig. 9, top, lanes 5 and 6, respectively). We observed simi-

lar results in three sample sets examined (Fig. 9, bottom).

There was no change in the expression of PKCa or PKCg in

the ventral horn (data not shown).

4. Discussion

4.1. Intrathecal tolerance model

Continuous exposure of the spinal cord to a ®xed concen-

tration of morphine will result in a progressive loss of spinal

opiate receptor-mediated antinociception and a right shift in

the dose±effect curves generated with bolus doses of the

V. Granados-Soto et al. / Pain 85 (2000) 395±404 401

Fig. 8. Levels of PKC phosphorylating activity (pmol/min/mg protein) in

the dorsal and ventral horns in the groups with different treatments (n � 3

each). Naive: no surgery and no drug treatment; SAL (5): chronic saline

infusion for 5 days and with a bolus i.t. saline (10 ml) on day 5; MOR (5):

chronic morphine (20 nmol/ml/h) for 5 days and with a bolus i.t. saline (10

ml) on day 5; MOR (5) 1 CHEL: chronic morphine (20 nmol/m/h) for 5

days and with a bolus i.t. chelerythrine (3 nmol) on day 5; MOR (acute): 1 h

after i.t. morphine (60 nmol) delivered as a bolus; Chel (acute): 1 h after i.t.

chelerythrine (3 nmol) delivered as a bolus. In dorsal horn (Dorsal), the

PKC activity level of the MOR (5) group is signi®cantly higher than that in

all the other groups (P , 0:01, ANOVA). In ventral horn (Ventral), the

activities in all the groups are signi®cantly lower than the corresponding

group in the dorsal horn (P , 0:05, ANOVA). There is no statistically

signi®cant difference between the groups of the ventral horn.

Fig. 9. (Top) Western blot. 1. Naive: no surgery and no drug treatment. 2.

Chronic saline infusion for 5 days and with a bolus i.t. saline (10 ml) on day

5. 3. Chronic morphine 20 nmol/ml/h for 5 days and with a bolus i.t. saline

(10 ml) on day 5. 4. Chronic morphine 20 nmol/ml/h for 5 days and with a

bolus i.t. chelerythrine (3 nmol) on day 5. 5. One hour after i.t. morphine

(60 nmol) delivered as a bolus. 6. One hour after i.t. chelerythrine (3 nmol)

delivered as a bolus. GAPDH (Glyceraldehyde-3-phosphate dehydrogen-

ase) is the internal control. (Bottom) Summary of results of three indepen-

dent repetitions of six treatment groups indicated in the Western blot at the

top. The data from the densitometric analysis are expressed as AUC/mg

protein loaded on the gels.

Fig. 6. Dose±response effects of single bolus i.t. GF-109203X on day 5 on

spinal morphine tolerance. Antinociceptive effect, expressed as area under

the curve, produced by the intrathecal administration on day 6 of a probe

dose of morphine (60 nmol) in rats infused chronically with saline (Sal) or

morphine (Mor), and treated with a single bolus injection of either saline

(Sal), bisindolylmaleimide V (BMV) or different doses of GF-109203X

(GF) on day 5. Each bar represents the mean ^ SEM of 5±9 rats. Doses

used in chronic infusion (days 1±5) are expressed in nmol/ml/h. Doses used

in bolus injection (day 5) are expressed in nmol/10 ml. #Signi®cantly differ-

ent (P , 0:05) from the group of Sal 1 GF12 (ANOVA followed by the

Bonferroni test). *Signi®cantly different (P , 0:05) from the group of

Mor20 1 Sal (ANOVA followed by the Bonferroni test).

Fig. 7. Minimal hours required for offset of morphine tolerance by a bolus

i.t. treatment with chelerythrine. The antinociceptive effect, expressed as

area under the curve, observed after the intrathecal administration on day 6

of a probe dose of morphine 60 nmol in rats infused chronically for 5 days

with morphine 20 nmol/ml/h and treated with a single bolus i.t. injection of

either saline (No Ch) or chelerythrine 3 nmol/10 ml. Morphine probe dose

was given either at 16 or 24 h after i.t. chelerythrine treatment. Each bar

represents the mean ^ SEM of 3±9 rats. #Signi®cantly different (P , 0:05)

from the no chelerythrine group (ANOVA followed by the Bonferroni test).
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toleragen given 24 h after the termination of infusion

(Dunbar and Yaksh, 1996). Such changes are consistent

with a reduction in the number of receptors or in an uncou-

pling of the receptors from the intracellular second messen-

ger that mediates the respective actions of these agonists.

Binding studies often have shown a modest reduction in

binding sites after exposure, but these results have not

been consistent (Nishino et al., 1990; Wong et al., 1992;

Gouarderes et al., 1993; Bhargava, 1995).

4.2. Intrathecal inhibitors and spinal PKC inhibition

Chronic spinal infusion of chelerythrine, a PKC inhibitor,

did not produce a change in thermal latency when given to a

rat that had been receiving saline infusion. However, when

delivered concurrently with morphine, or injected as an

intrathecal bolus on day 5 in tolerant rats, it preserved the

antinociception produced by morphine. These results

suggest that during continued opiate exposure, the change

in spinal responsiveness may be mediated by the activation

of PKC. The bolus injection of PKC inhibitors at the end of

toleragen infusion unexpectedly served to reverse the loss of

effects typically observed 24 h later. We believe these

results indicate that during the course of opiate exposure,

activation of PKC is in part responsible for the daily loss of

effects that occurs with continuous morphine exposure.

These results are consistent with the ®ndings of other inves-

tigators who reported that PKC inhibitors attenuate toler-

ance development (Narita et al., 1994a,b, 1995, 1996; Mao

et al., 1995; Mayer et al., 1995). In the present study we

observed that acute PKC inhibition at the time morphine

infusion was terminated reverses the tolerance after 24 h,

but not acutely and only partially after 17 h. This suggests

that with opiate exposure there is an ongoing activation of

PKC and phosphorylation of speci®c cellular substrates.

The validity of this interpretation requires consideration of

several issues.

First, the implication of this reasoning is that there must

be an increase in phosphorylation in the spinal dorsal horn

after chronic morphine infusion. In these studies we demon-

strated that after chronic morphine infusion, there was a

signi®cant increase in the PKC-dependent phosphorylating

activity in the dorsal horn but not the ventral horn of rats

receiving chronic infusion of morphine. These data parallel

the increase in PKCa and PKCg protein in the dorsal horn

but not in the ventral horn of morphine infused rats. Using

[3H]phorbol-12,13-dibutyrate (PdBu) binding, Mayer et al.

(1995) showed that daily spinal injections of morphine leads

to an increase in membrane-bound PKC, particularly in

spinal laminae I and II. This lends support to our hypothesis

that chronic exposure leads to an increase in PKC phosphor-

ylating activity in the spinal dorsal horn.

Second, an important issue is whether the effects of the

PKC antagonists in fact re¯ect their actions as PKC inhibi-

tors. In this regard, we note the following. (i) The antinoci-

ceptive effect observed in morphine 1 PKC inhibitor-

infused rats returned to baseline after stopping infusion.

This argues against any permanent neurologic effects that

might have accounted for the observed persistence of the

antinociceptive effect. (ii) The same results were obtained

using two structurally different PKC inhibitors, chelerythr-

ine and GF-109203X. Both display a high selectivity to

PKC, i.e., chelerythrine: IC50 for PKC 0.66 mM and for

PKA 170 mM; and GF-109203X: Ki for PKC 0.01 mM

and for PKA 2 mM (Herbert et al., 1990; Toullec et al.,

1991). (iii) These effects were observed at doses that had

no effect upon resting nociceptive thresholds or motor func-

tion. (iv) The effects were not observed with the highest

equivalent dose of 12 nmol of bisindolylmaleimide V, the

inactive homologue of GF-109203X. (v) At the dose of

chelerythrine that was behaviorally effective, we con®rmed

that this agent served to block the elevated levels of PKC

activity otherwise observed in the spinal cord of the

morphine tolerant rat. It is interesting to note that the

presence of antagonists also resulted in a reduction in the

apparent levels of PKCa and PKCg isozymes in the spinal

cord. It is not clear whether PKC activity regulates its own

expression levels or whether the inhibitor promotes degra-

dation. These observations jointly suggest, however, that

these agents at the doses employed in the in vivo model

re¯ect an inhibition of spinal PKC in general and PKCa
and PKCg isozymes in particular.

4.3. Phosphorylating enzymes relevant to tolerance

There are a variety of kinases that may serve to phosphor-

ylate spinal proteins and may be of functional importance to

nociceptive processing. As discussed above, evidence

supports the hypothesis of the relevance of PKC. Several

PKC isozymes have been described (Newton, 1995). PKCg
is of particular interest, as it is has been found in speci®c

populations of dorsal horn neurons (PolgaÂr et al., 1999).

Mao et al. (1995) showed that daily spinal boluses of

morphine in rats were associated with an increase in

membrane-bound PKCg isoforms, as in the present studies.

It is, however, likely that other isozymes are relevant. PolgaÂr

and colleagues (PolgaÂr et al., 1999) have shown that there is

only a 5% overlap between cells expressing m opiate recep-

tors and PKCg . Thus, even if the upregulation of PKC

activity and PKCg protein can be accounted for by this

small population of neurons, one would have to hypothesize

that all of the spinal morphine tolerance was the result of an

action in this small population of m opiate receptor/PKCg -

expressing neurons. In this regard, we also noted in the

present studies that there was an increase in dorsal horn

PKCa after chronic opiate exposure. We do not know

whether PKCa is in fact expressed in dorsal horn neurons

that contain opiate receptors. Until isozyme-speci®c inter-

ventions become available, it is not possible to determine if

the net effect of PKC inhibition on tolerance development is

mediated by one or several identi®ed isozymes. Nonethe-

less, the present studies provide strong support for (i) the

V. Granados-Soto et al. / Pain 85 (2000) 395±404402
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importance of phosphorylation in the evolution of the

change in responsiveness to chronically administered

opiates, and (ii) the role of one or more PKC isozymes.

4.4. Role of spinal PKC in tolerance

The present studies emphasize the importance of spinal

PKC in morphine tolerance. The mechanism whereby phos-

phorylation alters spinal function is likely complicated. Two

possible components will be noted below.

4.4.1. Changes in opiate receptor±effector coupling

We believe that the preservation of the spinal morphine

effects in the presence of PKC inhibitors may re¯ect several

changes in receptor±effector coupling that occurs secondary

to chronic agonist occupancy. Morphine acting at the m
opioid receptor inhibits adenylyl cyclase activity and thus

decreases the cAMP formation (Bachrach et al., 1979).

Adenylyl cyclase is inactivated or activated by Gi and Gs

glutamyl transpeptidase membrane-bound proteins, respec-

tively. Decreased cAMP levels activate PKC. The activation

of PKC phosphorylates the m receptor-coupled G protein,

thereby suppressing its ability to mediate receptor-evoked

inhibition of adenylyl cyclase (Katada et al., 1985; Nestler,

1993). It has been suggested that G protein-coupled receptor

kinase speci®cally phosphorylates and uncouples the

agonist-activated receptors and facilitates their interaction

with b-arrestins (Lefkowitz, 1993; Ferguson et al., 1996;

Zhang et al., 1996), which serve to further uncouple the

receptors from their G proteins (Lefkowitz, 1993). Thus,

the development of tolerance has been proposed to result

from receptor phosphorylation, resulting in a loss of agonist

af®nity and activity. There is evidence that after chronic

systemic morphine administration, the phosphorylation

state of many proteins is increased (Nestler, 1993; Zhang

et al., 1996, 1998; Chakrabarti et al., 1998). This increase in

phosphorylation is also accompanied by an upregulation of

PKC and a concurrent tolerance to the antinociceptive

effects of morphine. As reported by Narita et al (Narita et

al., 1996), attenuation of the m-opioid receptor agonist-

induced antinociception by PDBu appears to be speci®cally

mediated by the activation of a DAG binding site of PKC.

This assertion is supported by the ®nding that attenuation of

morphine-induced antinociception was prevented by conco-

mitant pretreatment with the PKC inhibitor caiphostin C. In

our case, the blockade of morphine tolerance by either coin-

fusion or acute treatment with the PKC selective inhibitors

chelerythrine or GF-109203X, but not the inactive homo-

logue of GF-109203X (bisindolylmaleimide V) (Herbert et

al., 1990; Toullec et al., 1991), is in accord with that obser-

vation.

4.4.2. Changes in non-opiate receptor function

Previous work has emphasized the importance of the

NMDA receptor in spinal opiate tolerance. Concurrent

delivery of NMDA antagonists and morphine will diminish

the loss of opiate effect, stressing the importance of the

NMDA receptor in the development of spinal tolerance

(Dunbar and Yaksh, 1996). The mechanism of this interac-

tion is not certain. However, phosphorylation of the NMDA

receptor itself increases the functionality of the NMDA

ionophore, which accordingly serves to increase calcium

in¯ux (Chen and Huang, 1991). This positive feedback

would thus serve to additionally enhance opiate receptor

phosphorylation with an attendant decrease in m receptor

function (Chen and Huang, 1991).

In conclusion, these studies demonstrate that: (i) concur-

rent with the onset of tolerance, there is a clear increase in

dorsal, but not ventral horn, PKC protein and PKC-mediated

phosphorylating activity; and (ii) that blocking PKC phos-

phorylation will reverse the pharmacological and behavioral

indices in morphine tolerance. We believe the potential role

of spinal PKC speci®cally and phosphorylation in general

has broad relevance to issues of tolerance. Previous work

has shown that other spinal G protein-coupled receptors,

such as for d opioid and a 2 adrenergic agonists, also display

tolerance with chronic agonist exposure (Stevens and

Yaksh, 1989; Takano and Yaksh, 1993). This tolerance

can be prevented by chronic NMDA receptor inhibition

(Dunbar and Yaksh, 1997). Accordingly, we hypothesize

that such tolerance is also reversed by spinal inhibition of

PKC.

Acknowledgements

The study was supported by a NIH grant (DA 02110).

This work was done at the Department of Anesthesiology,

University of California, San Diego. Vinicio Granados-Soto

is a CONACYT postdoctoral fellow. We would thank Erika

Dutil for her help and advice in the PKC assays.

References

Bachrach U, Benalal D, Reches A. Morphine inhibits cyclic AMP-depen-

dent protein kinase and ornithine decarboxylase activities in

neuroblastoma £ glioma hybrid cells. Life Sci 1979;25:1879±1883.

Bhargava HN. Attenuation of tolerance to, and physical dependence on,

morphine in the rat by inhibition of nitric oxide synthase [Published

erratum appears in Gen Pharmacol 96 Apr;27(3):557]. Gen Pharmacol

1995;26:1049±1053.

Bradford MM. A rapid and sensitive method for the quantitation of micro-

gram quantities of protein utilizing the principle of protein-dye binding.

Anal Biochem 1976;72:248±254.

Chakrabarti S, Wang L, Tang WJ, Gintzler AR. Chronic morphine

augments adenylyl cyclase phosphorylation: relevance to altered signal-

ing during tolerance/dependence. Mol Pharmacol 1998;54:949±953.

Chen L, Huang LY. Sustained potentiation of NMDA receptor-mediated

glutamate responses through activation of protein kinase C by a mu

opioid. Neuron 1991;7:319±326.

Collingridge GL, Bliss TV. Memories of NMDA receptors and LTP.

Trends Neurosci 1995;18:54±56.

Dirig DM, Salami A, Rathbun ML, Ozaki GT, Yaksh TL. Characterization

of variables de®ning hindpaw withdrawal latency evoked by radiant

thermal stimuli. J Neurosci Methods 1997;76:183±191.

V. Granados-Soto et al. / Pain 85 (2000) 395±404 403

D
ow

nloaded from
 http://journals.lw

w
.com

/pain by B
hD

M
f5eP

H
K

av1zE
oum

1tQ
fN

4a+
kJLhE

Z
gbsIH

o4X
M

i0hC
yw

C
X

1A
W

nY
Q

p/IlQ
rH

D
3i3D

0O
dR

yi7T
vS

F
l4C

f3V
C

4/O
A

V
pD

D
a8K

K
G

K
V

0Y
m

y+
78=

 on 05/22/2024



Dunbar SA, Yaksh TL. Concurrent spinal infusion of MK8Ol blocks spinal

tolerance and dependence induced by chronic intrathecal morphine in

the rat [published erratum appears in Anesthesiology 96

Sep;85(3):695]. Anesthesiology 1996;84:1177±1188.

Dunbar SA, Yaksh TL. Spinal infusion of N-methyl-D-aspartate antagonist

MK801 induces hypersensitivity to the spinal alpha-2 agonist 5T91 in

the rat. J Pharmacol Exp Ther 1997;281:1219±1225.

Dunbar SA, Pulai IJ. Repetitive opioid abstinence causes progressive

hyperalgesia sensitive to N-methyl-D-aspartate receptor blockade in

the rat. J Pharmacol Exp Ther 1998;284:678±686.

Ferguson SS, Barak LS, Zhang J, Caron MG. G-protein-coupled receptor

regulation: role of G-protein-coupled receptor kinases and arrestins.

Can J Physiol Pharmacol 1996;74:1095±1110.

Gouarderes C, Thamandas K, Cridland R, Cros J, Quirion R, Zajac JM.

Opioid and substance P receptor adaptations in the rat spinal cord

following sub-chronic intrathecal treatment with morphine and nalox-

one. Neuroscience 1993;54:799±807.

Graff JM, Stumpo DJ, Blackshear PJ. Molecular cloning, sequence,

and expression of a cDNA encoding the chicken myristoylated

alanine-rich C kinase substrate (MARCKS). Mol Endocrinol

1989;3:1903±1906.

Hargreaves K, Dubner R, Brown F, Flores C, Joris J. A new and sensitive

method for measuring thermal nociception in cutaneous hyperalgesia.

Pain 1988;32:77±88.

Herbert JM, Augereau JM, Gleye J, Maffrand JP. Chelerythrine is a potent

and speci®c inhibitor of protein kinase C. Biochem Biophys Res

Commun 1990;172:993±999.

Ibuki T, Dunbar SA, Yaksh TL. Effect of transient naloxone antagonism on

tolerance development in rats receiving continuous spinal morphine

infusion. Pain 1997;70:125±132.

Jhamandas KH, Marsala M, Ibuki T, Yaksh TL. Spinal amino acid release

and precipitated withdrawal in rats chronically infused with spinal

morphine. J Neurosci 1996;16:2758±2766.

Katada T, Gilman AG, Watanabe Y, Bauer S, Jakobs KH. Protein kinase C

phosphorylates the inhibitory guanine-nucleotide-binding regulatory

component and apparently suppresses its function in hormonal inhibi-

tion of adenylate cyclase. Eur J Biochem 1985;151:431±437.

Kikkawa U, Takai Y, Minakuchi R, Inohara S, Nishizuka Y. Calcium-

activated, phospholipid-dependent protein kinase from rat brain.

Subcellular distribution, puri®cation, and properties. J Biol Chem

1982;257:13341±13348.

Lefkowitz RJ. G protein-coupled receptor kinases. Cell 1993;74:409±412.

Mao J, Price DD, Mayer DJ. Thermal hyperalgesia in association with the

development of morphine tolerance in rats: roles of excitatory amino

acid receptors and protein kinase C. J Neurosci 1994;14:2301±2312.

Mao J, Price DD, Phillips LL, Lu J, Mayer DJ. Increases in protein kinase C

gamma immunoreactivity in the spinal cord of rats associated with

tolerance to the analgesic effects of morphine. Brain Res

1995;677:257±267.

Mayer DJ, Mao J, Price DD. The development of morphine tolerance and

dependence is associated with translocation of protein kinase C. Pain

1995;61:365±374.

Narita M, Feng Y, Makimura M, Hoskins B, Ho IK. A protein kinase

inhibitor, H-7, inhibits the development of tolerance to opioid antino-

ciception. Eur J Pharmacol 1994a;271:543±545.

Narita M, Makimura M, Feng Y, Hoskins B, Ho IK. In¯uence of chronic

morphine treatment on protein kinase C activity: comparison with

butorphanol and implication for opioid tolerance. Brain Res

1994b;650:175±179.

Narita M, Mizoguchi H, Tseng LF. Inhibition of protein kinase C, but not of

protein kinase A, blocks the development of acute antinociceptive toler-

ance to an intrathecally administered mu- opioid receptor agonist in the

mouse. Eur J Pharmacol 1995;280:R1±R3.

Narita M, Mizoguchi H, Kampine JP, Tseng LF. Role of protein kinase C in

desensitization of spinal delta-opioid-mediated antinociception in the

mouse. Br J Pharmacol 1996;118:1829±1835.

Nestler EJ. Cellular responses to chronic treatment with drugs of abuse. Crit

Rev Neurobiol 1993;7:23±39.

Newton AC. Protein kinase C: structure, function, and regulation. J Biol

Chem 1995;270:28495±28498.

Nishino K, Su YF, Wong CS, Watkins WD, Chang KJ. Dissociation of mu

opioid tolerance from receptor down-regulation in rat spinal cord. J

Pharmacol Exp Ther 1990;253:67±72.

PolgaÂr E, Fowler JH, McGill MM, Todd AJ. The types of neuron which

contain protein kinase C gamma in rat spinal cord. Brain Res

1999;833:71±80.

Roerig SC, Fujimoto JM. Multiplicative interaction between intrathecally

and intracerebroventricularly administered mu opioid agonists but

limited interactions between delta and kappa agonists for antinocicep-

tion in mice. J Pharmacol Exp Ther 1989;249:762±768.

Rowland M, Tozer TN. Clinical pharmacokinetics: concept and applica-

tion, Media, PA: Williams and Wilkins, 1995.

Sosnowski M, Yaksh TL. Differential cross-tolerance between intrathecal

morphine and sufentanil in the rat [see comments]. Anesthesiology

1990;73:1141±1147.

Stevens CW, Yaksh TL. Time course characteristics of tolerance develop-

ment to continuously infused antinociceptive agents in rat spinal cord. J

Pharmacol Exp Ther 1989;251:216±223.

Takano Y, Yaksh TL. Chronic spinal infusion of dexmedetomidine, ST-91

and clonidine: spinal alpha 2 adrenoceptor subtypes and intrinsic activ-

ity. J Pharmacol Exp Ther 1993;264:327±335.

Toullec D, Pianetti P, Coste H, Bellevergue P, Grand-Perret T, Ajakane M,

Baudet V, Boissin P, Boursier E, Loriolle F, Duhamel L, Charon D,

Kirilovsky J. The bisindolylmaleimide GF 109203X is a potent and

selective inhibitor of protein kinase C. J Biol Chem 1991;266:15771±

15781.

Wong CS, Su YF, Watkins WD, Chang KJ. Continuous intrathecal opioid

treatment abolishes the regulatory effects of magnesium and guanine

nucleotides on mu opioid receptor binding in rat spinal membranes. J

Pharmacol Exp Ther 1992;262:317±326.

Yaksh TL. The spinal action of opioids. In: Hertz A, editor. Handbook of

experimental pharmacology, Heidelberg: Springer, 1993. pp. 53±90.

Yaksh TL, Onofrio BM. Retrospective consideration of the doses of

morphine given intrathecally by chronic infusion in 163 patients by

19 physicians. Pain 1987;31:211±223.

Yaksh TL, Rudy TS. Chronic catheterization of the spinal subarachnoid

space. Physiol Behav 1976;17:1031±1036.

Zhang L, Yu Y, Mackin S, Weight FF, Uhl GR, Wang JB. Differential mu

opiate receptor phosphorylation and desensitization induced by agonists

and phorbol esters. J Biol Chem 1996;271:11449±11454.

Zhang J, Ferguson SS, Barak LS, Bodduluri SR, Laporte SA, Law PY,

Caron MG. Role for G protein-coupled receptor kinase in agonist-speci-

®c regulation of mu-opioid receptor responsiveness. Proc Natl Acad Sci

USA 1998;95:7157±7162.

V. Granados-Soto et al. / Pain 85 (2000) 395±404404

D
ow

nloaded from
 http://journals.lw

w
.com

/pain by B
hD

M
f5eP

H
K

av1zE
oum

1tQ
fN

4a+
kJLhE

Z
gbsIH

o4X
M

i0hC
yw

C
X

1A
W

nY
Q

p/IlQ
rH

D
3i3D

0O
dR

yi7T
vS

F
l4C

f3V
C

4/O
A

V
pD

D
a8K

K
G

K
V

0Y
m

y+
78=

 on 05/22/2024


