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Cholecystokinin in the Rostral Ventromedial Medulla
Mediates Opioid-Induced Hyperalgesia and
Antinociceptive Tolerance

Jennifer Y. Xie,' David S. Herman,' Carl-Olav Stiller,? Luis R. Gardell,' Michael H. Ossipov,' Josephine Lai,’

Frank Porreca,' and Todd W. Vanderah!

'Department of Pharmacology, University of Arizona Health Sciences Center, Tucson, Arizona 85724, and 2Division of Clinical Pharmacology, Department
of Medicine, Karolinska University Hospital, Stockholm, Sweden SE-17176

Opioid-induced hyperalgesia is characterized by hypersensitivity to innocuous or noxious stimuli during sustained opiate administra-
tion. Microinjection of lidocaine into the rostral ventromedial medulla (RVM), or dorsolateral funiculus (DLF) lesion, abolishes opioid-
induced hyperalgesia, suggesting the importance of descending pain facilitation mechanisms. Here, we investigate the possibility that
cholecystokinin (CCK), a pronociceptive peptide, may drive such descending facilitation from the RVM during continuous opioid
administration. In opioid-naive rats, CCK in the RVM produced acute tactile and thermal hypersensitivity that was antagonized by the
CCK, receptor antagonist L365,260 or by DLF lesion. CCK in the RVM also acutely displaced the spinal morphine antinociceptive
dose-response curve to the right. Continuous systemic morphine elicited sustained tactile and thermal hypersensitivity within 3 d. Such
hypersensitivity was reversed in a time-dependent manner by L365,260 in the RVM, and blockade of CCK, receptors in the RVM also
blocked the rightward displacement of the spinal morphine antinociceptive dose-response curve. Microdialysis studies in rats receiving
continuous morphine showed an approximately fivefold increase in the basal levels of CCK in the RVM when compared with controls.
These data suggest that activation of CCK, receptors in the RVM promotes mechanical and thermal hypersensitivity and antinociceptive
tolerance to morphine. Enhanced, endogenous CCK activity in the RVM during sustained morphine exposure may diminish spinal
morphine antinociceptive potency by activating descending pain facilitatory mechanisms to exacerbate spinal nociceptive sensitivity.
Prevention of opioid-dose escalation in chronic pain states by CCK receptor antagonism represents a potentially important strategy to
limit unintended enhanced clinical pain and analgesic tolerance.

Key words: cholecystokinin; CCK, receptor; opioid hyperalgesia; antinociceptive tolerance; morphine; rostral ventromedial medulla;
microdialysis; L365,260

Introduction

Preclinical studies have shown that acute or prolonged opioid
administration can elicit abnormal pain states (Woolf, 1981;
Yaksh and Harty, 1988; Trujillo and Akil, 1991; Celerier et al,,
2001). Continuous morphine administration by subcutaneous
pellets or osmotic minipump results in increased sensitivity to
normally non-noxious probing of the paws with von Frey fila-
ments and to noxious thermal stimuli (Vanderah et al., 2000,
2001a,b). Opioid-induced mechanical and thermal hypersensi-
tivity can be reversed by lidocaine administration in the rostral
ventromedial medulla (RVM) or by lesion of the dorsolateral
funiculus (DLF) (Vanderah et al., 2001b), suggesting that de-
scending pain facilitation from the RVM to the spinal cord is
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necessary for the manifestation of chronic opioid-induced sensi-
tivity to noxious and non-noxious stimuli. The same opioid ad-
ministration protocol that elicits tactile and thermal hypersensi-
tivity also results in a rightward displacement of the spinal or
systemic opioid dose—response curve (i.e., opioid antinociceptive
tolerance) (Laulin et al., 1999; Vanderah et al., 2000, 2001b).
Importantly, decreased spinal morphine antinociceptive potency
(i.e., antinociceptive tolerance) is also prevented by lidocaine in
the RVM or DLF lesion (Vanderah et al., 2001b). These findings
provide neuroanatomical evidence that descending pain facilita-
tion from the RVM may underlie the expression of morphine
antinociceptive tolerance. The mechanisms by which such pain
facilitation occurs during sustained morphine exposure are un-
known. Here, the role of cholecystokinin (CCK) activity in the
RVM in opioid-induced mechanical and thermal hypersensitiv-
ity and antinociceptive tolerance was explored.

CCK has a similar distribution with opioid peptides
(Stengaard-Pedersen and Larsson, 1981) and receptors (Ghilardi
etal., 1992) in the CNS, and the excitatory actions of CCK often
counteract opioid antinociception. CCK may act as an endoge-
nous “anti-opioid” (Faris et al., 1983). Thus, morphine tolerance
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coincides with an upregulation of CCK mRNA and increased
concentration of CCK-like immunoreactivity (CCK-LI) in tissue
extracts of the brainstem, the hypothalamus, and the spinal cord
(Zhou et al., 1992, 1993; Ding and Bayer, 1993). Furthermore,
studies have shown that morphine elicits CCK release in the spi-
nal cord and frontal cortex (de Araujo Lucas et al., 1998; Becker et
al., 1999; Gustafsson et al., 2001). Moreover, CCK antiserum or
receptor antagonists prevent antinociceptive tolerance to mor-
phine (Ding et al., 1986; Dourish et al., 1990; Hoffmann and
Wiesenfeld-Hallin, 1994). CCK immunoreactivity is predomi-
nantly associated with fibers within the RVM, including the ra-
phe nuclei and the medullary reticular formation (Hokfelt et al.,
1988; Baber et al., 1989). Recently, CCK-8 in the RVM was shown
to produce an enhanced nociceptive response to colon distension,
and RVM administration of a CCK, antagonist enhanced morphine
antinociception in this model (Friedrich and Gebhart, 2003). Col-
lectively, these findings led us to hypothesize that CCK in the RVM
may engage descending pain facilitatory pathways to enhance spinal
nociceptive transmission and attenuate morphine antinociception.

Materials and Methods

Animals. Male Sprague Dawley rats (Harlan Sprague Dawley, Indianap-
olis, IN), 250-350 gm at the time of testing, were maintained in a
climate-controlled room on a 12 hr light/dark cycle (lights on at 7:00
A.M.), and food and water were available ad libitum. All of the testing was
performed in accordance with the policies and recommendations of the
International Association for the Study of Pain and the National Insti-
tutes of Health guidelines for the handling and use of laboratory animals
and received approval from the Institutional Animal Care and Use Com-
mittee of the University of Arizona.

RVM cannulation. Rats were anesthetized with ketamine—xylazine
(100 mg/kg, i.p.) for stereotaxic placement of bilateral cannula in the
RVM. The skull was exposed, and two 26 gauge guide cannulas separated
by 1.2 mm (Plastics One, Roanoke, VA) were directed toward the lateral
portions of the RVM using the atlas of Paxinos and Watson (1986) (an-
teroposterior, —11.0 mm from bregma; lateral, =0.6 mm; dorsoventral,
—7.5 mm from the dura mater). The guide cannulas were cemented in
place and secured to the skull by small stainless steel machine screws. The
animals were allowed to recover for 5 d after surgery before any pharma-
cological manipulations were made. Drug administrations into the RVM
were performed by slowly expelling 0.5 ul of drug solution through a 33
gauge injection cannula inserted through the guide cannula and protrud-
ing an additional 1 mm into fresh brain tissue to prevent backflow of drug
into the guide cannula. At the termination of the experiments, pon-
tamine blue was injected into the site of RVM injections, and cannula
placement was verified histologically. Data from animals with incorrectly
placed cannula were not included within the data analysis. Data from
animals with misplaced cannulas are included as off-site controls.

Intrathecal catheterization. While under halothane anesthesia, some
groups of rats were implanted with intrathecal catheters (polyethylene
10, 7.8 cm) for drug administration at the level of the lumbar spinal cord,
asdescribed previously (Yaksh and Rudy, 1976). Animals were allowed to
recover for 7 d.

Spinal DLF lesions. Spinal lesions at T8 were performed in halothane-
anesthetized rats as described previously (Vanderah et al., 2001b). The
spinal cord was exposed by laminectomy, and the DLF bilaterally was
crushed with fine forceps. Sham spinal surgery was performed by expos-
ing the vertebrae and performing a laminectomy but without damaging
neuronal tissue. Animals were allowed to recover for 5 d. Hemostasis was
confirmed, and the wound lesions were verified histologically at the ter-
mination of the experiments by fixing the spinal sections obtained from
the lesion site in paraffin. Sections (40 wm thick) were mounted and
stained with Luxor Fast Blue myelin stain to visualize intact and dis-
rupted white matter. Only animals that had appropriately placed DLF
lesions were included in the data analysis; however, animals with incom-
plete lesions and the corresponding paw-withdrawal latencies are re-
ported in Results as controls.
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Drug administration. Sustained, systemic morphine administration was
accomplished by subcutaneous implantation of two 75 mg morphine free
base pellets. Control groups received two placebo pellets containing excipi-
entonly. The pellets were a generous gift from the National Institute on Drug
Abuse Drug Supply Program. Intrathecal morphine (Sigma, St. Louis, MO)
was administered 30 min before the tail-flick assay through intrathecal cath-
eter in a volume of 5 ul, followed by a 9 ul flush. Each animal was used only
once to avoid possible acute tolerance. Saline was injected as a control for
morphine administration. Sulfated CCK-8 [CCK-8(s)] (30 ng or 26.3 pmol
in each side; American Peptide Company, Sunnyvale, CA), L365,260 (3S
(—)IN ’-2,3-dehydro-1-methyl-2-0x05-phenyl-1H-1,4-benzodiazepin-3-
yl]-1H-indole-2-carboxamide) (2.5 ng in each side; Merck, Rahway, NJ),
35(—)-N-(2,3-dihydro-1-methyl-2-oxo-5-phenyl-1H-1,4-benzodiazepine-
3-yl)-1H-indole-2-carboxamide (L364,718) (2.5 or 25 ng in each side;
Merck), or vehicle were administered bilaterally in 0.5 ul/side into the RVM.
CCK-8(s) was dissolved in distilled water, whereas 1.365,260 and 1.364,718
were dissolved in propylene glycol-DMSO (80 and 20%, respectively); dis-
tilled water or propylene glycol-DMSO were used in vehicle administra-
tions. In the tail-flick test, CCK-8(s), L365,260, L364,718, or vehicle were
given into the RVM 5 min before intrathecal morphine administration. For
antagonism of CCK in the RVM, L365,260 or L364,718 were injected 5 min
before CCK into the RVM.

Tactile thresholds. The withdrawal threshold of the hindpaw in re-
sponse to probing with a series of eight calibrated von Frey filaments
(Stoelting, Wood Dale, IL) in logarithmically spaced increments ranging
from 0.41 to 15 gm (4—150 N) was determined. Each filament was ap-
plied perpendicularly to the plantar surface of the left hindpaw of rats
kept in suspended wire-mesh cages. Measurements were taken both be-
fore and after administration of drug or vehicle. Withdrawal threshold
was determined by sequentially increasing and decreasing the stimulus
strength (“up and down” method), analyzed using a Dixon nonparamet-
ric test (Chaplan et al., 1994), and expressed as the mean withdrawal
threshold. Significant changes from baseline control values were detected
by ANOVA, followed by Fisher’s least significant difference test. These
evaluations were all performed with the aid of the pharmacological sta-
tistics package FlashCalc (Dr. Michael Ossipov, University of Arizona,
Tucson, AZ). Significance was set at p < 0.05.

Thermal hyperalgesia. The method of Hargreaves et al. (1988) was used
to assess paw-withdrawal latency to a thermal nociceptive stimulus. Rats
were allowed to acclimate within a Plexiglas enclosure on a clear glass
plate maintained at 30°C for 30 min. A radiant heat source (i.e., high-
intensity projector lamp) was directed onto the plantar surface of the left
hindpaw. A motion detector halted both lamp and timer when the paw
was withdrawn. The paw-withdrawal latency from the radiant heat
source was determined both before and after drug or vehicle administra-
tion. Baseline latencies were established at ~20 sec to allow a sufficient
window for the detection of possible hyperalgesia. A maximal cutoff of 40
sec was used to prevent tissue damage. Significant changes from baseline
control values were detected by ANOVA, followed by Fisher’s least sig-
nificant difference test. These evaluations were all performed with the aid
of the pharmacological statistics package FlashCalc. Significance was set
at p < 0.05.

Tail-flick test. The hot-water tail-flick test was performed by placing
the distal third of the tail in a water bath maintained at 52°C. The latency
until tail withdrawal from the bath was determined and compared
among the treatments. A 10 sec cutoff was used to avoid tissue damage.
Tolerance to the antinociceptive effect of morphine was indicated by a
significant reduction in tail-flick latency after challenge with an A, (dose
of morphine that results in a 90% antinociceptive effect in the 52°C
warm-water tail-flick test) dose of 10 ug/5 ul, intrathecally. Data were
converted to percentage of antinociception by the following formula:
(response latency — baseline latency)/(cutoff — baseline latency) — 100
to generate dose—response curves. Linear regression analysis of the log
dose-response curves was used to calculate the A, (dose of morphine
that resulted in a 50% antinociceptive effect) values and the 95% confi-
dence intervals (Cls). Relative potency was determined as a ratio of the
A, values. The significance of the relative potency and the confidence
intervals were determined by applying the # test at p = 0.05. When dif-
ferences within a treatment were measured, the significant differences
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among means within treatments were determined by ANOVA, followed
by Fisher’s least significant difference test. These evaluations were all
performed with the aid of the pharmacological statistics package
FlashCalc.

In vivo microdialysis. Three hours before the experiment, rats were
placed in a recording chamber with access to food and water ad libitum.
After acclimation, a microdialysis probe [CMA/12 (CMA Microdialysis,
North Chelmsford, MA); polycarbonate membrane; outer diameter of
0.5 mm; length of 2 mm; molecular cutoff of 20 kDa] was inserted into
the guide cannula such that the probe membrane extended 2 mm into the
RVM. Microdialysis of the RVM was performed in freely moving, awake
animals. At a flow rate of 3.5 ul/min, the microdialysis probe was con-
tinuously perfused with an artificial CSF (in mm: 138 NaCl, 5 KCl, 1
MgCl,, 1 CaCl,, 11 NaHCOj, and 1 NaH,PO,, pH 7.4) containing 0.2%
bovine serum albumin, 0.2% glucose, and 0.03% of the peptidase inhib-
itor Bacitracin. To allow the dialysis to reach a steady state after insertion,
the probe was perfused for a 1 hr washout period before collection of the
first sample. In all experiments, nine dialysate fractions of 100 wl (30 min
of perfusion each) were collected at 8°C and then immediately frozen at
—20°C until their CCK-LI content could be measured using the radio-
immunoassay (RIA) procedure described below. Thirty minute fraction
collections began after the washout period to establish baseline levels of
CCK-LI in the RVM. In some experiments, the ability of morphine to
acutely release CCK was evaluated by collecting two baseline samples and
then administering morphine (100 um) into the RVM by reverse micro-
dialysis. The same technique and a similar dose of morphine induces a
significant release of CCK in the dorsal horn (Gustafsson et al., 1999).
Microdialysate was then collected for 30 min fractions over the entire 2.5
hr period. At no point during the microdialysis did the animals exhibit
any behavioral signs of discomfort, abnormal behavior, or motor
hyperactivity.

CCK RIA. CCK-LI was determined using a modified RIA procedure
with improved sensitivity developed especially for the determination of
neuropeptide concentrations in microdialysates (Brodin et al., 1983; You
et al., 1994; Gustafsson et al., 1999). An increased sensitivity of the RIA
was achieved by minimizing the total incubation volume and limiting the
amount of radioligand (~1000 cpm/assay tube), as well as a sequential
incubation procedure. This modified protocol yielded an eightfold in-
crease in the sensitivity of the assay, as indicated by a shift in the average
IC;, value, which was reduced from 105.6 = 10.1 (n = 6) t0 12.9 = 1.5 pm
(n = 5; mean = SEM). The microdialysates and standard samples (100
ul) were preincubated for 24 hr at 4°C with the C-terminal-directed
CCK/gastrin antiserum (2609/10, respectively, in 0.1 M barbital buffer
containing 0.2% BSA) (Rehfeld, 1978). After addition of the radioligand
(~1000 cpm/assay tube of '*’I-gastrin-I; specific activity, 70 MBq/
nmol), all samples were incubated at 4°C for another 72 hr. Free radioli-
gand was separated from antibody-bound radioligand in all RIA samples,
except those used for determination of the total radioactivity, by the
addition of 250 wl sheep anti-rabbit antibody-coated Sepharose suspen-
sion. After 30 min of incubation and centrifugation at 2600 X g for 10
min, the supernatant was discarded by aspiration, and the radioactivity in
the pellets containing the bound fraction was measured in a gamma
counter.

Results

CCK in the RVM elicits tactile and thermal hypersensitivity
Administration of CCK-8(s) by bilateral microinjection in the
RVM resulted in a time-related decrease in the paw-withdrawal
threshold to non-noxious mechanical stimuli, as well as to nox-
ious thermal stimuli (Fig. 1A,B). Baseline paw-withdrawal
thresholds diminished from 14.0 £ 1.1 to 5.7 = 1.7 gm within
30—40 min after CCK microinjection. Baseline paw-withdrawal
latencies to noxious thermal stimuli were 20.7 = 1.0 sec and were
decreased to 15.4 * 1.7 sec within 30—40 min after CCK micro-
injection. Mechanical and thermal thresholds returned to base-
line paw-withdrawal latencies within 120 min after CCK admin-
istration. Administration of vehicle by bilateral microinjection in
the RVM did not change either mechanical or thermal thresholds
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Figure 1. Male Sprague Dawley rats received CCK-8(s) (30 ng/0.5 ) bilaterally into the
RVM and were tested for mechanical (4) or thermal (B) hypersensitivity using von Frey fila-
ments or radiant heat, respectively. The bilateral RVM administration of CCK-8(s) resulted in
significant mechanical (4; n = 8) and thermal (B; n = 7) hypersensitivity (*p << 0.05) that was
significantly blocked by the preadministration of the CCK, receptor antagonist 365,260 (2.5
ng/0.5 wl, —5 min) administered bilaterally into the RVM (**p << 0.05; n = 8) but not by the
(CK, antagonistL364,718 (25ng/0.5 wl, —5min; n = 6). The preadministration of vehicle (0.5
I, —5min) had no effect on CCK-8(s)-induced mechanical and thermal hypersensitivity (n =
6). BL, Baseline.

compared with baselines. Pretreatment with L365,260 in the
RVM, a CCK, receptor antagonist, prevented CCK-induced me-
chanical and thermal hypersensitivity (Fig. 1A, B). Pretreatment
with L364,718 in the RVM, a CCK, receptor antagonist (Eben-
ezer, 2002; Alttoa and Harro, 2004), at the dose of 2.5 ng, as well
as a 10-fold higher dose (25 ng), did not antagonize CCK-
induced mechanical and thermal hypersensitivity. Paw-
withdrawal thresholds in animals receiving 1L364,718 (25 ng bi-
laterally) in the RVM 5 min before CCK were 5.8 * 2.3 gm (Fig.
1A). Similarly, response thresholds to noxious thermal stimuli in
animals receiving L364,718 (25 ng bilaterally) in the RVM 5 min
before CCK were 13.7 = 1.9 sec (Fig. 1B). These values did not
differ from post-CCK baselines. L365,260 in the RVM alone did
not alter thresholds to either non-noxious tactile (15.0 = 0.0 gm)
or noxious thermal (19.0 = 1.5 sec) stimuli. Likewise, L364,718 in
the RVM alone did not alter thresholds to either non-noxious
tactile (15.0 = 0.0 gm) or noxious thermal (20.2 = 2.1 sec) stim-
uli. In addition, control studies with the administration of vehicle
for L365,260 and L364,718 were performed. Vehicle administra-
tion into the RVM 5 min before CCK administration into the
RVM resulted in no significant differences (6.1 = 2.1 gm and
12.9 * 2.0 sec for mechanical and thermal testing, respectively)
from animals receiving CCK alone. Bilateral RVM cannula place-
ment for all of the injections are displayed in Figure 7A.

Lesion of the DLF prevents CCK in the RVM-induced tactile
and thermal hypersensitivity

Bilateral DLF, or sham DLF, lesions at the T8 level were per-
formed 5 d before CCK in the RVM administration. Correct
placement of the DLF lesions were confirmed post hoc, and only
data from animals with correctly placed lesions were used in the
behavioral analysis. Baseline paw-withdrawal thresholds to light
mechanical stimuli were 15 * 0.0 gm (cutoff for non-noxious
mechanical thresholds) in sham DLF and DLF-lesioned rats, in-
dicating that the DLF lesion alone did not significantly alter sen-
sory thresholds in opioid naive rats. Rats that underwent a sham
DLF lesion resulted in a decrease in mechanical threshold from
baseline readings of 15.0 = 0.0 to 5.4 = 1.3 gm after CCK in the
RVM (Fig. 2A). Thresholds returned to baseline levels within 120
min after CCK administration. In contrast, animals that received
DLF lesions did not significantly express mechanical hypersensi-
tivity after administration of CCK into the RVM with tactile
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Figure2.  Male Sprague Dawley rats received bilateral lesions of the DLF or sham lesions at

the T8 spinal level. Five days later, rats received CCK-8(s) (30 ng/0.5 wl) bilaterally into the RVM
and were tested for mechanical (A) or thermal ( B) hypersensitivity using von Frey filaments or
radiant heat, respectively. CCK-8(s)-induced mechanical and thermal hypersensitivity (*p <
0.05) were significantly blocked in animals that underwent a bilateral DLF lesion compared with
the sham DLF-lesioned animals (**p << 0.05). n = 6 —8 animals in all studies. BL, Baseline.

thresholds of 10.5 = 1.9 gm after CCK (Fig. 2A). Baseline paw-
withdrawal thresholds to noxious thermal stimuli were 22.5 *=
2.1 and 21.1 * 1.7 sec in sham DLF and DLF-lesioned rats, re-
spectively, indicating that the DLF lesion alone did not signifi-
cantly alter sensory thresholds. CCK in the RVM-induced ther-
mal hypersensitivity in rats that underwent a sham DLF lesion
resulted in a decrease from paw response baseline readings of
225 £ 2.1 to 14.1 £ 0.4 sec after CCK (Fig. 2B). Thresholds
returned to baseline paw-withdrawal latencies within 120 min
after CCK administration. In contrast, CCK in the RVM did not
produce significant thermal hypersensitivity in animals that re-
ceived DLF lesions. In these animals, thermal paw-withdrawal
thresholds were 19.1 = 3.3 sec after CCK (Fig. 2 B), which was not
significantly different from the pre-CCK paw-withdrawal base-
line thresholds of 21.1 * 1.7 sec. The histological placement of
DLF lesions after testing was verified in all animals. Only one
animal from the group that received CCK in the RVM had an
incomplete lesion. Hence, the mechanical and thermal thresh-
olds of 3.7 gm and 10.8 sec, respectively, for this animal were not
included in the data analysis.

CCK in the RVM decreases spinal morphine

antinociceptive potency

Spinal morphine produced dose-related antinociception in the
tail-flick test that was modulated by RVM administration of
CCK. CCK or vehicle was microinjected into the RVM 5 min
before spinal morphine. The morphine A, (and 95% CI) value
(constructed at 30 min after morphine) in animals receiving mi-
croinjection of vehicle into the RVM was 5.3 ug (4.1-7.0) (Fig. 3).
In contrast, the morphine A5, (and 95% CI) (constructed 30 min
after morphine) in animals receiving an RVM microinjection of
CCK was 30.8 ug (21.8—43.5), which represents a sixfold right-
ward increase in the A5, value for spinal morphine. This decrease
in spinal morphine antinociceptive potency was prevented by the
administration of L365,260, a CCK, receptor antagonist, 5 min
before the injection of CCK into the RVM, i.e., 10 min before
spinal morphine. In these animals, the spinal morphine antino-
ciceptive A, value (and 95% CI) calculated at 30 min after mor-
phine was 5.2 ug (3.5-7.5), which was not significantly different
from the control group that received vehicle into the RVM (Fig.
3). Injection of L365,260 alone into the RVM did not alter the
antinociceptive potency of spinal morphine; the A, value in this
group was 4.4 ug (2.7-6.9).
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Figure 3.  Spinal morphine antinociceptive dose—response curves in male Sprague Dawley
rats using the hot-water (52°C) tail-flick test. The preadministration of vehicle bilaterally into
the RVM resulted in a spinal morphine dose—response curve with an A, of 5.3 g (circles). The
preadministration of CCK-8(s) (30 ng/0.5 wl, —5 min) bilaterally into the RVM resulted in a
significant rightward shift of the spinal morphine dose—response curve with an Ag, 0f 30.8 g
(squares). The CCK-8(s) in the RVM-induced rightward shift of the spinal morphine dose—
response curve was completely blocked by the RVM administration of the CCK, antagonist
1365,260 (2.5 ng/0.5 wl) 5 min before CCK-8(s) in the RVM with an A of 5.2 g (triangles).
Vehicle in the RVM before CCK-8(s) in the RVM had no effect on the rightward shift of the spinal
morphine dose—response curve (data not shown), and L365,260 in the RVM (2.5 ng/0.5 ul) 5
min before vehicle in the RVM had no effect on the spinal morphine dose—response curve
(upside-down triangles). All experiments included six to eight animals per dose tested. i.th.,
Intrathecal.
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Figure 4.  Male Sprague Dawley rats received two 75 mg morphine pellets (MP) (sustained
release from 7 to 10 d) or placebo pellets (PP) subcutaneously and were tested on day 7 after
pelletimplantation for morphine-induced mechanical ( 4) and thermal ( B) hypersensitivity. On
day 7, animals implanted with morphine pellets resulted in decreased mechanical (A) and
thermal ( B) thresholds compared with the placebo-pelleted animals (*p << 0.05). Bilateral RVM
administration of the CCK, antagonist L365,260 (2.5 ng/0.5 wl) on day 7 after pelletimplanta-
tion resulted in a full reversal of morphine-induced mechanical (A) and thermal ( B) hypersen-
sitivity (**p << 0.05), yet no change was seen in placebo-pelleted animals. Vehicle in the RYM
had no effect on morphine-induced hypersensitivities (data not shown). All experiments in-
cluded six to eight animals. BL, Baseline.

Morphine-induced hypersensitivity is blocked by
microinjection of L365,260

Sustained morphine resulted in behavioral signs of mechanical
hypersensitivity. Paw-withdrawal thresholds diminished from
14.7 = 0.3 to 4.7 = 0.8 gm after 7 d of continuous morphine
exposure. RVM microinjection of L365,260 significantly reversed
morphine-induced tactile thresholds to 13.1 == 1.9 gm (Fig. 4A).
This blockade of morphine-induced mechanical hypersensitivity
was time related, and the mechanical threshold returned to pre-
L365,260 value by 90 min after microinjection. Similarly, sus-
tained morphine resulted in thermal hypersensitivity. The paw-
withdrawal thresholds diminished from a pre-morphine baseline
of 19.6 = 0.7 to 14.5 = 0.7 sec on day 7 after morphine implan-
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Figure 5.  Spinal morphine antinociceptive dose—response curves in male Sprague Dawley
rats subcutaneously implanted with either two 75 mg morphine pellets (MP) or two placebo
pellets (PP) using the hot-water (52°C) tail-flick test. Tail-flick latencies were recorded on day 7
after pellet implantation. The spinal morphine antinociceptive dose—response curve in
placebo-pelleted rats with vehicle in the RVM resulted in an Ag, of 2.6 g (circles). However, the
spinal antinociceptive morphine dose—response curve was significantly shifted to the right in
morphine-pelleted rats—RVM vehicle with an A, of 11.9 g (squares). Bilateral RYM admin-
istration of the CCK, antagonist L365,260 had no effect on the spinal morphine dose—response
curve in placebo-pelleted animals (A of 2.9 wg) (triangles) but completely blocked the right-
ward shift of the spinal morphine dose—response curve in the morphine-pelleted animals with
an A, 0f3.1 g (upside-down triangles). All experimentsincluded six to eight animals per dose
of morphine tested. i.th., Intrathecal.

tation. Morphine-induced thermal hypersensitivity was reversed
by injection of L365,260 into the RVM, after which the paw-
withdrawal latency was 19.7 £ 1.9 sec (Fig. 4B). The effect of
L365,260 was time related, and the latency of paw withdrawal
returned to baseline levels within 90 min after the injection of the
antagonist. Thermal and mechanical paw-withdrawal latencies—
thresholds in animals implanted with placebo pellets were not
different from baseline paw-withdrawal latencies—thresholds on
day 7. Likewise, L365,260 administered into the RVM resulted in
no difference in paw-withdrawal latencies—thresholds in
placebo-pelleted animals compared with baseline thresholds
(data not shown). The vehicle for L365,260 when administered
into the RVM in morphine or placebo-pelleted rats had no sig-
nificant effect on the paw-withdrawal thresholds or paw-
withdrawal latencies.

Spinal morphine antinociceptive tolerance is blocked by
L365,260 in the RVM

The antinociceptive dose-response curve for spinal morphine
was generated 7 d after subcutaneous placebo or morphine pel-
lets. Animals received an RVM microinjection of either L365,260
or vehicle 5 min before spinal morphine administration, and
antinociceptive activity was evaluated an additional 30—40 min
later. In animals with placebo pellets and receiving vehicle in the
RVM, the A, value for spinal morphine was 2.6 ug (1.9-3.6)
(Fig. 5). In animals implanted with morphine pellets and receiv-
ing vehicle in the RVM, the A;, for spinal morphine was 11.9 ug
(9.0-15.7). The difference in the Ay, values represents a 4.6-fold
rightward shift, indicative of antinociceptive tolerance in the
morphine-pelleted rats (Fig. 5). RVM injection 0of L365,260 5 min
before spinal morphine in placebo-pelleted animals did not sig-
nificantly alter spinal morphine antinociceptive potency; the A5,
(and 95% CI) in this group was 2.9 ug (2.1-4.0). In contrast,
L365,260 microinjection into the RVM of the morphine-pelleted
animals prevented the expected rightward shift in morphine an-
tinociceptive potency. In these animals, the morphine A5, was 3.1
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g (2.1-4.7), which was not significantly different from that in
the RVM vehicle—placebo-pelleted group.

Increased extracellular levels of CCK-LI in the RVM in
animals exposed to sustained morphine

The basal levels of CCK-LI in the RVM in morphine- or placebo-
pelleted animals were measured using in vivo microdialysis. Mi-
crodialysis probe placement was histologically verified in every
animal, and only data with proper RVM probe placements were
included. The basal extracellular levels of CCK-LI were higher in
morphine-pelleted animals when compared with placebo-
pelleted animals measured on both day 2 and day 7. Microdialysis
was performed over a 2.5 hr period in 30 min fractions. Placebo-
pelleted animals showed an average baseline CCK-LI of 1.3 = 0.1
pM [area under the curve (AUC), 5.1 = 0.7; AUC over the entire
five 30 min time points collected] over the 2.5 hr analysis period.
Morphine-pelleted rats showed an average baseline of CCK-LI of
3.2+ 0.3 pM (AUC, 13.2 = 0.8) on day 2 after pellet implantation
(Fig. 6 A, C). Rats with morphine pellets resulted in an ~2.5-fold
(2.7-fold AUC) increase in basal extracellular CCK-LI levels
when compared with placebo controls at day 2 after pellet im-
plantation (Fig. 6C). Similarly, morphine-pelleted rats showed
significantly higher basal levels of CCK-LI on day 7 after mor-
phine; the basal CCK-LI levels were 5.9 = 0.7 pm (AUC, 24.2 *
1.6) versus placebo (1.3 £ 0.2 pm; AUC, 5.4 = 0.6) pelleted
animals (Fig. 6 B,C), indicating an ~4.6-fold AUC increase in
basal extracellular CCK-LI levels when compared with placebo
controls (Fig. 6C). To determine whether morphine had a local
effect on CCK-LI release, we directly perfused a high concentra-
tion of morphine (100 uMm) via the microdialysis probe into the
RVM over the 2.5 hr period and collected microdialysate in 30
min intervals in naive animals. Over the entire 2.5 hr microdialy-
sis period, the extracellular CCK-LI remained unchanged com-
pared with artificial CSF-perfused animals; the former showed an
average of basal extracellular CCK-LI of 1.5 = 0.1 pM. Analysis
from two animals in which the probe was misplaced (confirmed
histologically) (1 mm rostral and caudal; 0.5 mm lateral from our
designated RVM area of 11.5-10.0 mm anteroposterior, 0—1.5
mm mediolateral, 8.25-10.5 mm dorsoventral) resulted in an
undetectable basal level of CCK in two animals, suggesting that
either no CCK exists immediately outside the RVM or the
amount of basal level of CCK is below our detection level of 0.78
pg/100 ul. Probe misplacement 1 mm posterior from the RVM
(one animal with morphine pellets and two animals with placebo
pellets) resulted in detectable levels of CCK and followed the
trend of being higher in morphine-pelleted animals compared
with the placebo-pelleted animals; however, these animals were
not used in the final results because of the misplacement of the
probe. RVM probe placements for all of the microdialysis exper-
iments are displayed in Figure 7B.

Discussion

The present study used pharmacological and physiological ap-
proaches to uncover the role of CCK in the RVM in opioid-
induced mechanical and thermal hyperalgesia and the possible
relationship of CCK in the RVM to opioid antinociceptive toler-
ance. Our data demonstrate that pharmacological administration
of CCK in the RVM of naive rats elicits tactile and thermal hyper-
sensitivity of the hindpaws, which is mediated by CCK, receptor
activation. Such hyperalgesia was likely the result of activation of
a descending pain facilitatory system because this effect was pre-
vented, or significantly attenuated, by previous lesions of the
DLF. Furthermore, CCK in the RVM-induced activation of de-
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Figure 6.  RVM in vivo microdialysis for basal extracellular CCK-LI peptide in male Sprague
Dawley rats implanted with either morphine or placebo pellets. Animals underwent microdi-
alysis on day 2 or day 7 after pellet implantation. Thirty minute fraction collections overa 2.5 hr
period were collected with RVM basal extracellular CCK-LI levels (1.3 pm on average) in placebo-
pelleted animals on day 2 (A) or day 7 ( B), similar to what has been reported in the literature (de
Araujo Lucas et al., 1998; Gustafsson et al., 1999; Becker et al., 2000). However, there was a
significant increase in RVM basal extracellular CCK-LI in animals with morphine pellets on day 2
(A), aswellason day 7 (B), after pellet implantation. The area under the curve ( () basal CCK-LI
inthe RVM on days 2 or 7 after either placebo pellet (open bars) or morphine pellet (filled bars)
implantation. On day 2, animals with morphine pellets demonstrated a 2.6-fold increase in
basal CCK-LI extracellular levels compared with placebo-pelleted animals, and, on day 7, ani-
mals with morphine pellets demonstrated a 4.6-fold increase in basal CCK-LI extracellular levels
compared with placebo-pelleted animals. /n vivo microdialysis experiments only include ani-
mals with proper cannula placement (n = 7 for all groups).

scending pain facilitation in opiate-naive rats resulted in a right-
ward displacement of the spinal morphine antinociceptive dose—
response curve, which is similar to that seen after prolonged
opioid administration and is characteristic of antinociceptive tol-
erance. Consistent with these pharmacological observations,
RVM administration of L365,260, a CCK, receptor antagonist,
reversed the tactile and thermal hypersensitivity resulting from
continuous morphine delivery. Blockade of CCK, receptors in
the brainstem also prevented the rightward displacement of the
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Figure 7.  Schematic representation of cannula and probe placement for injection and mi-
crodialysis in the RVM. Bilateral cannula placement (A) was histologically determined and
marked as correct (filled circle) when the cannula tip fell within 1 mm rostral and caudal; 0.5 mm
lateral from our designated RVM area of 11.5—10.0 mm anteroposterior; 0 —1.5 mm mediolat-
eral; 8.25-10.5 mm dorsoventral. Data from animals with cannulas that projected beyond this
area (filled square) were not included. Similarly, the location of the microdialysis probes (B)
were histologically confirmed and marked as correct (black bar) when the cannula tip fell within
theabove stated range. Data from animals with probes located beyond this area (gray bar) were
not included. This figure was adapted from the atlas of Paxinos and Watson (1986), and the
abbreviations used on the figure can be found in that atlas.

spinal morphine dose-response in these morphine-exposed ani-
mals. Finally, baseline levels of CCK in the RVM were found to be
significantly elevated after sustained morphine administration,
indicating the presence of enhanced CCK tone in these animals.
Together, these findings point to a role of endogenous CCK ac-
tivity in the RVM as a mediator of opioid-induced mechanical
and thermal hypersensitivity, descending pain facilitation, and of
spinal morphine antinociceptive potency (i.e., antinociceptive
tolerance).

These studies have confirmed and extended our previous ob-
servations showing that pharmacological administration of CCK
into the RVM, or into sites somewhat dorsal to the RVM
(Kovelowski etal., 2000), induces thermal and mechanical hyper-
sensitivity in naive rats. These effects were time dependent, were
mediated via the CCK, receptors, and were abolished by lesions
of the DLF, suggesting activation of a descending pain facilitation
mechanism. Descending modulation of pain from the RVM has
been characterized previously as playing an important role in
spinal nociception (Fields et al., 1983; Fields and Heinricher,
1985; Morgan and Fields, 1994; Friedrich and Gebhart, 2003) and
is mediated by bulbospinal projections via the DLF (Zhou and
Gebhart, 1992; Urban et al., 1996; Urban and Gebhart, 1997;
Fields and Basbaum, 1999). CCK in the RVM inhibits the antino-
ciceptive effect of systemic morphine by preventing morphine-
induced increase in the firing of RVM “OFF” cells (Heinricher et
al., 2001). A recent observation that microinjection of CCK into
the RVM can also activate the firing of “ON” cell, suggests that
CCK activity in the RVM may mediate descending pain facilita-
tion (Heinricher and Neubert, 2004)). In addition, the antinoci-
ceptive effect of spinal morphine can be attenuated by systemic,
spinal, or supraspinal administration of CCK (Faris et al., 1983; Li
and Han, 1989; Stanfa and Dickenson, 1993). Consistent with
these observations, our studies show that RVM administration of
CCK displaced the spinal morphine dose-response curve to the
right. The fact that this right shift in spinal morphine potency is
coincident with hyperalgesia induced by CCK in the RVM and
can be similarly blocked by L365,260 in the RVM suggests that
CCK, receptor activation in the RVM increased nociceptive drive
to the spinal cord, which acutely diminishes spinal morphine
antinociception. L365,260 given alone in the RVM, without the
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pharmacological action of exogenous CCK, did not alter the po-
tency of spinal morphine, showing that the descending pronoci-
ceptive pathway is apparently not normally active and has little
influence on normal spinal morphine antinociceptive efficacy. It
is important to note that, unlike the present studies, previous
findings showing that blockade of the CCK receptor enhanced
the antinociceptive effects of opioids demonstrated these effects
after administration of the opioid and CCK antagonist at the
same anatomical region or by the use of systemic opiates (Dour-
ish et al., 1990; Wiesenfeld-Hallin et al., 1990; Vanderah et al.,
1994, 1996; Friedrich and Gebhart, 2003).

The role of descending projections from the RVM to the spi-
nal cord via the dorsolateral funiculus on the manifestation of
morphine antinociceptive tolerance has been implicated in our
previous studies (Vanderah et al., 2000, 2001a,b). Continuous
exposure to opioids, either by osmotic minipump infusions of
subcutaneous morphine or by morphine pellet implantation
produced behavioral signs of abnormal pain and antinociceptive
tolerance that were abolished by lesions of the dorsolateral funic-
ulus or by lidocaine administration into the RVM. The present
study substantiates these previous observations by demonstrat-
ing that activation of the CCK, receptors in the RVM may under-
lie the pronociceptive descending input to the spinal cord, and
blockade of these receptors is sufficient to simultaneously abolish
opioid-induced hyperalgesia and antinociceptive tolerance. As
noted above, because the CCK,-selective antagonist did not alter
baseline sensory thresholds or spinal morphine potency in naive
animals, it is likely that there is normally minimal endogenous
CCK activity in the RVM. However, the evidence here shows that
the CCK activity in the RVM must increase during sustained
morphine administration because the basal level of CCK-LI rises
substantially in the RVM and that CCK, blockade in the RVM
now significantly influences both sensory thresholds and spinal
morphine potency. Furthermore, the significant upregulation of
basal release of CCK-LI as well as the pharmacological action of
L365,260 implicate a tonic activity of CCK in the RVM that would
then result in a descending input to the spinal cord.

The source of this tonic CCK output in the RVM is at present
unknown. Previous studies have demonstrated that morphine
can enhance extracellular levels of CCK. Microdialysis studies in
vivo demonstrated that systemic and spinal morphine increased
CSF levels of CCK (de Araujo Lucas et al., 1998). Furthermore,
systemic morphine resulted in an 89% increase in CCK levels in
spinal cord perfusate (Zhou et al., 1993). Microdialysis studies
also revealed a naloxone-sensitive, marked increase in extracellu-
lar CCK in the frontal cortex of conscious rats after systemic
morphine (Becker et al., 1999). The CCK-LI release in the dorsal
horn evoked by systemic administration of morphine was
blocked by spinal naloxone (Gustafsson et al., 1999). However,
our data show that direct, acute administration of morphine into
the RVM did not elicit measurable CCK-LI release. These find-
ings suggest that the release of CCK in the RVM is unlikely be-
cause of local release from RVM interneurons but may arise from
excitatory input to the RVM. The latter remains to be elucidated.

Many studies have shown that CCK antagonists can block and
reverse opioid-induced antinociceptive tolerance (Watkins et al.,
1984; Dourish et al., 1990; Hoffmann and Wiesenfeld-Hallin,
1994; Tortorici et al., 2003). However, there is a major distinction
between these previous observations and the ones made here.
Whereas the anti-opioid effect of CCK observed previously con-
cerns mainly the local mode of action of CCK (i.e., spinal CCK,
activation that antagonizes spinal morphine to attenuate afferent
nociceptive input), the present findings concern an indirect, dis-
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tant site of action of CCK on spinal morphine antinociception.
The causal relationship between a CCK-responsive, pain facilita-
tory input to the spinal cord and morphine antinociceptive tol-
erance strongly supports the argument that the latter is an out-
come of enhanced nociceptive transmission at the spinal level,
and the enhanced CCK transmission in the RVM provides the
first evidence for a supraspinal mechanism that may underlie
spinal morphine antinociceptive tolerance. Furthermore, a loss
of spinal morphine potency attributable to hyperactivity of the
CCK-responsive neurons in the RVM may also underlie systemic
opioid antinociceptive tolerance, because the potency of systemic
morphine has been shown to depend on the synergy between
spinal and supraspinal morphine activity, and such synergy is lost
after sustained administration of opioids (Roerig et al., 1984).
One hypothesis that has been advanced to explain the phe-
nomenon of opioid tolerance is the suggestion of an “upregula-
tion of endogenous anti-opioids” (Rothman et al., 1993). Our
current observations support this concept and have unraveled a
specific mechanism by which enhanced pronociceptive tone in
the RVM, driven at least in part from enhanced levels and activity
of CCK, activates descending pain facilitation processes to pro-
duce a hyperalgesic state. We suggested previously that enhanced
pain may be regarded as a “physiological antagonist” of antino-
ciception and that manipulations that block enhanced pain can
block the expression of opiate antinociceptive tolerance (for re-
view, see Vanderah et al., 2001a). Accordingly, blockade of up-
regulated pronociceptive (i.e., anti-opioid) systems, such as those
driven by RVM CCK that appear to be engaged by sustained
morphine exposure, may provide significant therapeutic benefit.
Recent studies have demonstrated that CCK antagonists can en-
hance opioid analgesia in humans (McCleane, 1998, 2000, 2003).
Our studies suggest a mechanism by which this might occur and
indicate that blockade of CCK receptors may prevent or reverse
opioid-induced hyperalgesia and the expression of opioid anal-
gesic tolerance, providing a potential strategy for improving the
efficacy of opioids as therapy in chronic pain conditions.

References

Alttoa A, Harro J (2004) Effect of CCK1 and CCK2 receptor blockade on
amphetamine-stimulated exploratory behavior and sensitization to am-
phetamine. Eur Neuropsychopharmacol 14:324-331.

Baber NS, Dourish CT, Hill DR (1989) The role of CCK caerulein, and CCK
antagonists in nociception. Pain 39:307-328.

Becker C, Hamon M, Cesselin F, Benoliel JJ (1999) Delta(2)-opioid receptor
mediation of morphine-induced CCK release in the frontal cortex of the
freely moving rat. Synapse 34:47-54.

Becker C, Pohl M, Thiebot MH, Collin E, Hamon M, Cesselin F, Benoliel JJ
(2000) Delta-opioid receptor-mediated increase in cortical extracellular
levels of cholecystokinin-like material by subchronic morphine in rats.
Neuropharmacology 39:161-171.

Brodin E, Lindefors N, Ungerstedt U (1983) Potassium evoked in vivo re-
lease of substance P in rat caudate nucleus measured using a new tech-
nique of brain dialysis and an improved substance P-radioimmunoassay.
Acta Physiol Scand Suppl 515:17-20.

Celerier E, Laulin JP, Corcuff JB, Le Moal M, Simonnet G (2001) Progres-
sive enhancement of delayed hyperalgesia induced by repeated heroin
administration: a sensitization process. ] Neurosci 21:4074—4080.

Chaplan SR, Bach FW, Pogrel JW, Chung JM, Yaksh TL (1994) Quantitative
assessment of tactile allodynia in the rat paw. ] Neurosci Methods 53:55-63.

de Araujo Lucas G, Alster P, Brodin E, Wiesenfeld-Hallin Z (1998) Differ-
ential release of cholecystokinin by morphine in rat spinal cord. Neurosci
Lett 245:13-16.

Ding XZ, Bayer BM (1993) Increases of CCK mRNA and peptide in differ-
ent brain areas following acute and chronic administration of morphine.
Brain Res 625:139—144.

Ding XZ, Fan SG, Zhou JP,HanJS (1986) Reversal of tolerance to morphine



416 - J. Neurosci., January 12, 2005 - 25(2):409 - 416

but no potentiation of morphine- induced analgesia by antiserum against
cholecystokinin octapeptide. Neuropharmacology 25:1155-1160.

Dourish CT, O’Neill MF, Coughlan J, Kitchener SJ, Hawley D, Iversen SD
(1990) The selective CCK-B receptor antagonist L-365,260 enhances
morphine analgesia and prevents morphine tolerance in the rat. Eur
] Pharmacol 176:35—44.

Ebenezer IS (2002) Effects of intracerebroventricular administration of the
CCK1 receptor antagonist devazepide on food intake in rats. Eur J Phar-
macol 441:79-82.

Faris PL, Komisaruk BR, Watkins LR, Mayer DJ (1983) Evidence for the
neuropeptide cholecystokinin as an antagonist of opiate analgesia. Sci-
ence 219:310-312.

Fields HL, Basbaum AI (1999) Central nervous system mechanisms of pain
modulation. In: Textbook of Pain (Wall PD, Melzack R, eds), pp 309—
329. Edinburgh: Churchill Livingstone.

Fields HL, Heinricher MM (1985) Anatomy and physiology of a nociceptive
modulatory system. Philos Trans R Soc Lond Biol Sci 308:361-374.

Fields HL, Bry J, Hentall I, Zorman G (1983) The activity of neurons in the
rostral medulla of the rat during withdrawal from noxious heat. ] Neuro-
sci 3:2545-2552.

Friedrich AE, Gebhart GF (2003) Modulation of visceral hyperalgesia by
morphine and cholecystokinin from the rat rostroventral medial medulla.
Pain 104:93-101.

GhilardiJR, Allen CJ, Vigna SR, McVey DC, Mantyh PW (1992) Trigeminal
and dorsal root ganglion neurons express CCK receptor binding sites in
the rat, rabbit, and monkey: possible site of opiate- CCK analgesic inter-
actions. ] Neurosci 12:4854 —4866.

Gustafsson H, de Araujo Lucas G, Schott E, Stiller CO, Alster P, Wiesenfeld-
Hallin Z, Brodin E (1999) Measurement of cholecystokinin release in
vivo in the rat spinal dorsal horn. Brain Res Protoc 4:1192-2000.

Gustafsson H, Afrah AW, Stiller CO (2001) Morphine-induced in vivo re-
lease of spinal cholecystokinin is mediated by 8-opioid receptors—effect
of peripheral axotomy. ] Neurochem 77:1-10.

Hargreaves K, Dubner R, Brown F, Flores C, Joris ] (1988) A new and sen-
sitive method for measuring thermal nociception in cutaneous hyperal-
gesia. Pain 32:77-88.

Heinricher MM, Neubert MJ (2004) Neural basis for the hyperalgesic action
of cholecystokinin in the rostral ventromedial medulla. ] Neurophysiol
92:1982-1989.

Heinricher MM, McGaraughty S, Tortorici V (2001) Circuitry underlying
antiopioid actions of cholecystokinin within the rostral ventromedial me-
dulla. J Neurophysiol 85:280-286.

Hoffmann O, Wiesenfeld-Hallin Z (1994) The CCK-B receptor antagonist
Cl 988 reverses tolerance to morphine in rats. NeuroReport 5:2565-2568.

Hokfelt T, Herrera-Marschitz M, Seroogy K, Ju G, Staines WA, Holets V,
Schalling M, Ungerstedt U, Post C, Rehfeld JF (1988) Immunohisto-
chemical studies on cholecystokinin (CCK)-immunoreactive neurons in the
rat using sequence specific antisera and with special reference to the caudate
nucleus and primary sensory neurons. ] Chem Neuroanat 1:11-51.

Kovelowski CJ, Ossipov MH, Sun H, Lai J, Malan TP, Porreca F (2000)
Supraspinal cholecystokinin may drive tonic descending facilitation
mechanisms to maintain neuropathic pain in the rat. Pain 87:265-273.

Laulin JP, Celerier E, Larcher A, Le Moal M, Simonnet G (1999) Opiate
tolerance to daily heroin administration: an apparent phenomenon asso-
ciated with enhanced pain sensitivity. Neuroscience 89:631-636.

Li Y, Han JS (1989) Cholecystokinin-octapeptide antagonizes morphine
analgesia in periaqueductal gray of the rat. Brain Res 480:105-110.

McCleane GJ (1998) The cholecystokinin antagonist proglumide enhances
the analgesic efficacy of morphine in humans with chronic benign pain.
Anesth Analg 87:1117-1120.

McCleane GJ (2000) The cholecystokinin antagonist proglumide has an an-
algesic effect in chronic pancreatitis. Pancreas 21:324-325.

McCleane GJ (2003) The cholecystokinin antagonist proglumide enhances
the analgesic effect of dihydrocodeine. Clin J Pain 19:200-201.

Morgan MM, Fields HL (1994) Pronounced changes in the activity of nocicep-
tive modulatory neurons in the rostral ventromedial medulla in response to
prolonged thermal noxious stimuli. ] Neurophysiol 72:1161-1170.

Paxinos G, Watson C (1986) The rat brain in stereotaxic coordinates. New
York: Academic.

Rehfeld JE (1978) Immunochemical studies on cholecystokinin. I. Develop-
ment of sequence-specific radioimmunoassays for porcine tricontratrip-
eptide cholecystokinin. ] Biol Chem 253:4016—4021.

Xie etal.  CCKin the RVM Mediates Opioid-Induced Pain and Tolerance

Roerig SC, O’Brien SM, Fujimoto JM, Wilcox GL (1984) Tolerance to mor-
phine analgesia: decreased multiplicative interaction between spinal and
supraspinal sites. Brain Res 308:360—-363.

Rothman RB, Brady LS, Xu H, Long JB (1993) Chronic intracerebroventric-
ular infusion of the antiopioid peptide, Phe-Leu-Phe-GIn-Pro-Gln-Arg-
Phe-NH2 (NPFF), downregulates mu opioid binding sites in rat brain.
Peptides 14:1271-1277.

Stanfa LC, Dickenson AH (1993) Cholecystokinin as a factor in the en-
hanced potency of spinal morphine following carrageenan inflammation.
Br ] Pharmacol 108:967-973.

Stengaard-Pedersen K, Larsson LI (1981) Localization and opiate receptor
binding of enkephalin, CCK and ACTH/beta-endorphin in the rat central
nervous system. Peptides 2 [Suppl 1]:3-19.

Tortorici V, Nogueira L, Salas R, Vanegas H (2003) Involvement of local
cholecystokinin in the tolerance induced by morphine microinjections
into the periaqueductal gray of rats. Pain 102:9-16.

Trujillo KA, Akil H (1991) Inhibition of morphine tolerance and depen-
dence by the NMDA receptor antagonist MK-801. Science 251:85-87.

Urban MO, Gebhart GF (1997) Characterization of biphasic modulation of
spinal nociceptive transmission by neurotensin in the rat rostral ventro-
medial medulla. ] Neurophysiol 78:1550-1562.

Urban MO, Smith DJ, Gebhart GF (1996) Involvement of spinal cholecys-
tokininB receptors in mediating neurotensin hyperalgesia from the med-
ullary nucleus raphe magnus in the rat. ] Pharmacol Exp Ther 278:90-96.

Vanderah TW, Lai J, Yamamura HI, Porreca F (1994) Antisense oligode-
oxynucleotide to the CCKB receptor produces naltrindole- and
[Leu5]enkephalin antiserum-sensitive enhancement of morphine an-
tinociception. NeuroReport 5:2601-2605.

Vanderah TW, Bernstein RN, Yamamura HI, Hruby VJ, Porreca F (1996)
Enhancement of morphine antinociception by a CCKB antagonist in mice is
mediated via opioid delta receptors. ] Pharmacol Exp Ther 278:212-219.

Vanderah TW, Gardell LR, Burgess SE, Ibrahim M, Dogrul A, Zhong CM,
Zhang ET, Malan Jr TP, Ossipov MH, Lai J, Porreca F (2000) Dynorphin
promotes abnormal pain and spinal opioid antinociceptive tolerance.
] Neurosci 20:7074-7079.

Vanderah TW, Ossipov MH, Lai J, Malan TP, Porreca F (2001a) Mecha-
nisms of opioid-induced pain and antinociceptive tolerance: descending
facilitation and spinal dynorphin. Pain 92:5-9.

Vanderah TW, Suenaga NM, Ossipov MH, Malan Jr TP, Lai J, Porreca F
(2001b) Tonic descending facilitation from the rostral ventromedial me-
dulla mediates opioid-induced abnormal pain and antinociceptive toler-
ance. ] Neurosci 21:279-286.

Watkins LR, Kinscheck IB, Mayer DJ (1984) Potentiation of opiate analge-
sia and apparent reversal of morphine tolerance by proglumide. Science
224:395-396.

Wiesenfeld-Hallin Z, Xu X-J, Hughes ], Horwell DC, Hokfelt T (1990)
PD134308 a selective antagonist of cholecystokinin type-B receptor, en-
hanced the analgesic effect of morphine and synergistically interacts with
intrathecal galanin to depress spinal nociceptive reflexes. Proc Natl Acad
Sci USA 87:7105-7109.

Woolf CJ (1981) Intrathecal high dose morphine produces hyperalgesia in
the rat. Brain Res 209:491-495.

Yaksh TL, Harty GJ (1988) Pharmacology of the allodynia in rats evoked by
high dose intrathecal morphine. ] Pharmacol Exp Ther 244:501-507.
Yaksh TL, Rudy TA (1976) Chronic catheterization of the spinal subarach-

noid space. Physiol Behav 17:1031-1036.

You ZB, Herrera-Marschitz M, Brodin E, Meana JJ, Morini P, Hokfelt T,
Silveira R, Goiny M, Ungerstedt U (1994) On the origin of striatal cho-
lecystokinin release: studies with in vivo microdialysis. ] Neurochem
62:76—85.

ZhouM, Gebhart GF (1992) Characterization of descending facilitation and
inhibition of spinal nociceptive transmission from the nuclei reticularis
gigantocellularis and gigantocellularis pars alpha in the rat. ] Neuro-
physiol 67:1599-1614.

ZhouY, Sun YH, Zhang ZW, Han JS (1992) Accelerated expression of cho-
lecystokinin gene in the brain of rats rendered tolerant to morphine.
NeuroReport 3:1121-1123.

Zhou Y, Sun YH, Zhang ZW, Han JS (1993) Increased release of immunoreac-
tive cholecystokinin octapeptide by morphine and potentiation of mu-opioid
analgesia by CCKB receptor antagonist L-365,260 in rat spinal cord. Eur
J Pharmacol 234:147-154.



