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Abstract
We have previously noted that the antinociceptive efficacy of morphine was significantly
decreased in rat pups chronically infused with morphine from implanted osmotic minipumps. In
this study, morphine was fully efficacious (i.e., 100% maximum possible effect, %MPE) in the 52
ºC tail-immersion test after a 72-h infusion from implanted saline-filled osmotic minipumps.
However, administration of up to 1000 mg/kg s.c. morphine failed to elicit greater than a 27%
MPE in rats infused with morphine at 2 mg/kg/h. Morphine was more efficacious when the water
bath temperature was decreased to 49 ºC. Experiments were conducted to determine the
mechanisms whereby chronic morphine administration leads to a decrease in antinociceptive
efficacy. The kappa-opioid antagonist nor-binalorphimine completely blocked the antinociceptive
effects of morphine in morphine-infused rat pups. The kappa agonist U50,488 elicited
antinociception however, the requirement to use higher doses in morphine- than saline-infused rats
indicates that kappa cross-tolerance was present. Thus, in tolerant rats the antinociceptive effects
of high doses of morphine appear to be mediated through kappa-opioid receptors. The delta-
opioid antagonist naltrindole was inactive in both treatment groups. DAMGO-stimulated
[35S]GTPγS and [3H]naloxone binding reveal that the anatomical distribution of the mu-opioid
receptor was consistent with that of the adult rat brain. In adult rats, the mu-opioid receptor is
desensitized during morphine tolerance. However, desensitization was not evident in P17 rats
based on the lack of significant decreases in [35S]GTPγS binding. Furthermore, [3H]naloxone
binding indicated a lack of mu receptor downregulation in morphine-tolerant rat pups.
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1. Introduction
Studies have shown that repetitive administration of morphine in postnatal rats results in the
development of tolerance [2,28,33,36]. However, continuous administration of morphine by
osmotic minipumps results in a decrease in the antinociceptive efficacy of morphine and
morphine is unable to elicit a percent of maximum possible effect (%MPE) greater than 50%
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[28]. This finding is interesting in that it is in contrast to morphine tolerance dose response
curves in adult rats where morphine is fully efficacious in tolerant animals [7,15].

It is important to study and characterize the loss of morphine’s antinociceptive efficacy rat
pups continuously infused with morphine, as the levels of opioid receptors in rat pups are
developmentally different than adults. Mu (μ) opioid receptor levels differ in young
postnatal rats vs. adult animals, with receptor expression highest in the striatum in the early
neonatal period. Only later, during postnatal days14 (P14) through 21 (P21) do μ opioid
receptor levels reach adult density in the thalamus and hypothalamus [16]. Chronic pre- and
postnatal morphine treatment decreases μ receptor density in the brains of neonatal rats [31].
Kappa (κ) and delta (δ) opioid receptors are fully developed and functional by P17 and P21
respectively [16].

The overall objective of the present study is to fully characterize the change in morphine’s
antinocicpetive efficacy in postnatal day 17 (P17) rats continuously infused with morphine
and examine morphine’s activity at the μ receptor. The warm water tail immersion test was
used to determine morphine’s antinociceptive efficacy in saline-infused P17 rats (control)
and morphine-infused P17 rats. The observed loss of morphine’s antnocicpetive efficacy in
the morphine-infused rats was dependent on the temperature of the water in the tail
immersion test. In the morphine-infused rats, blocking the δ receptor did not affect the
decline in morphine’s efficacy; however blocking the κ receptor resulted in a further
decrease in morphine’s antinocicpetive efficacy. [35S]GTPγS and [3H]naloxone
autoradiography were employed to evaluate the activity and levels of the μ receptor in both
saline-infused and morphine-infused P17 rats. Results from both analyses indicate that μ
opioid receptors are present and fully functional in all regions of the brain and spinal cord
examined. Therefore, the overall results from this study indicate that the antinocicpetive
efficacy of morphine is decreaed in P17 rats continuously infused with morphine and in
these rats, morphine acts through the κ opioid receptors at high levels.

2. Results
Loss of morphine’s efficacy in morphine-tolerant P17 rats

P17 rats were tested for morphine-induced antinociception in the 52°C tail immersion test
after a 72-h infusion of saline (1 μl/h) or morphine (2 mg/kg/h) from implanted osmotic
minipumps. Morphine elicited dose-dependent antinociception in naïve and saline pump-
implanted rat pups (Fig. 1). The respective ED50 values of 3.7 mg/kg (95% C.L. 3.2 to 4.3)
and 4.3 mg/kg (95% C.L. 3.3 to 5.6) were similar, demonstrating no surgical effect of pump
implantation. However, the antinociceptive efficacy of morphine was significantly decreased
in the morphine-infused rats. Morphine doses from 50 to 1000 mg/kg failed to elicit above a
27% MPE value, and thus it was impossible to calculate an ED50 value for this group of rats.

Influence of water bath temperature on the efficacy of morphine
Water bath temperatures were adjusted to determine the influence nociceptive stimulus
intensity on the antinociceptive effects of morphine. Initially, morphine-infused rats were
tested without the administration of morphine. Tail withdrawal latencies decreased as a
function of increases in water bath temperatures from 46 °C to 52 °C (Fig. 2A). 46 °C was
minimally noxious, at best. At this temperature, high variability occurred, with latencies
ranging between 4.6- to 8.9-sec. The baseline latencies of 4 out of 6 pups was greater than
6.8-sec, which was above the mid-point of the 10-sec cut-off for these studies. Morphine-
tolerant rats were then assessed for morphine-induced antinociception (100 mg/kg, s.c.) at
each water bath temperature. As seen in figure 2B, the antinociceptive effects of morphine
were diminished in a temperature-dependent fashion with increases in water bath
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temperature. Further studies were conducted at 49 °C, since morphine was able to elicit an
intermediate level of antinociception (Fig. 3). Under these conditions, the ED50 value of
morphine in saline-infused rats was 1.6 mg/kg (95% C.L. 1.3 to 1.8). By decreasing the
temperature 3 °C from 52 °C to 49 °C the potency of morphine was significantly increased
the saline pump-implanted rats (i.e. 52 °C = 4.3 mg/kg (95% C.L. 3.3 to 5.6) vs. 49 °C = 1.6
mg/kg (95% C.L. 1.3 to 1.8)). Furthermore, in morphine-infuesd rats, morphine was more
efficacious at 49 °C than at 52 °C, and reached an average maximum %MPE value of 67%.
The calculated ED50 value was 150 mg/kg (95% C.L. 60.1 to 375.8). The 95% C.L. of the
ED50 value of the morphine-infused group was large due to high intra-dose variability in rat
pup responses to morphine.

Involvement of κ and δ opioid receptors in mediating the antinociceptive effects of
morphine in tolerant rat pups

Higher doses of morphine have been demonstrated to bind not only μ opioid receptors, but
to bind κ and δ opioid receptors as well [5]. This led to the hypothesis that the
antinociceptive effects of morphine in tolerant rat pups is mediated by high doses of
morphine acting on κ and/or δ opioid receptors. For these studies, opioid receptor subtype
antagonists were tested for their ability to block morphine antinociception in both vehicle-
and morphine-infused rat pups in the 49 °C tail-immersion test. The κ receptor antagonist
nor-BNI (10 mg/kg, s.c.) was injected 3 h before administering morphine s.c. for
construction of dose-response curves. Nor-BNI completely blocked the entire range of
antinociceptive morphine doses tested (i.e., 50 to 1000 mg/kg) (Fig. 4A). Attempts to
surmount the blockade by administering higher doses of morphine were not possible due to
the toxicity of morphine above doses of 1000 mg/kg. Thus, the data clearly indicate that
high doses of morphine stimulate κ opioid receptors to elicit antinociception in morphine-
infused rat pups. Other rat pups were injected with the δ antagonist naltrindole (3 mg/kg,
s.c.) 5 min before morphine. As seen in figure 4B, the ED50 value of morphine was not
significantly altered by naltrindole (i.e., 429.6 mg/kg [95% C.L. 219 to 842.3]). Finally, μ
opioid receptor antagonists like naloxone or naltrexone were not tested since rat pups
experience withdrawal signs and loss of antinociception upon injection [28,33].

To further explore the role of the κ receptor in mediating antinociception in morphine-
infused rat pups, the ability of the κ receptor agonist, U50,488 to elicit antinociception in
saline- and morphine-infused rat pups was evaluated (Fig 5). Using the 49 °C tail-immersion
test, U50,488 was fully efficacious in both saline- and morphine-infused groups. However,
the ED50 for U50,488 was four times higher for the morphine-infused rat pups. The ED50
for U50,488 was 5.5 mg/kg (95% C.L. 3.9 to 7.6) and 22.0 mg/kg (95% C.L. 16.2 to 29.7)
for saline- and morphine-infused rats, respectively. Therefore, morphine-infused rats
exhibited cross-tolerance to the κ receptor agonist, indicating the at high infusion doses,
morphine is eliciting antinocicpetion through the κ receptors.

Re-establishment of morphine antinociception after pump removal
Experiments were conducted to determine whether the antinociceptive effects of morphine
would be reinstated after removal of the morphine pumps and the rat pups were no longer
tolerant. After a 72-h infusion, saline- and morphine-pumps were surgically removed, and
the rats were returned to the dams. We have previously demonstrated that spontaneous
withdrawal occurs during the first 4-days, and that naloxone is inactive on day-5 [27]. On
day 5, acute morphine administration resulted in complete dose-response curves in naïve,
saline- and morphine-pumped P21 rats (Fig. 6). The ED50 value of morphine-infused rats of
1.2 mg/kg (95% C.L. 0.7 to 1.9) was similar to the naïve and saline-infused ED50 values of
1.2 mg/kg (95% C.L. 0.7 to 2.2) and 1.8 mg/kg (95% C.L. 1.2 to 2.7), respectively. Thus,
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the rats were able to obtain the full antinociceptive effect of morphine 5 days after the
continuous infusion of morphine was stopped.

Autoradiography results of DAMGO-stimulated [35S]GTPγS binding and [3H]naloxone
binding

Coronal sections obtained from saline- and morphine-infused P17 rats were processed for
both [35S]GTPγS binding to assess for μ receptor-activated G protein activity, and
[3H]naloxone binding to assess for μ receptor binding. Representative sections of DAMGO-
stimulated [35S]GTPγS binding and [3H]naloxone binding from control brains are shown in
figure 7. The anatomical distribution of [35S]GTPγS binding is the same as [3H]naloxone
binding. Fully developed and functional μ receptors appear in the caudate-putamen (Fig 7A),
thalamus and amygdala (Fig 7B), parabrachial nuclei (Fig 7C), and the dorsal horn of the
spinal cord (Fig 7D). This regional distribution and stimulated activity of the μ receptor in
P17 rats is consistent with that previously reported for adult rats [22,23].

Table 1 shows net DAMGO-stimulated [35S]GTPγS binding and specific [3H]naloxone
binding in saline- versus morphine-infused rats. [35S]GTPγS binding did not differ
significantly between saline-infused and morphine-tolerant rats in any region examined.
Similarly, [3H]naloxone binding did not differ significantly between saline-infused rats and
morphine-tolerant rats in the same regions. These results demonstrate that the 3 day
morphine infusion at 2 mg/kg/h did not affect μ receptor-stimulated G protein activation or μ
receptor binding in any brain region examined.

3. Discussion
Behavioral expression of morphine tolerance in P17 rats

The purpose of this study was to understand the mechanism(s) underlying the decrease in
morphine’s efficacy in tolerant P17 rat pups. Other investigators have produced tolerance in
infant rats by repeatedly injecting morphine under different schedules [2,36]. This study
incorporated the use of osmotic minipumps to continuously infuse morphine to produce
tolerance. However, instead of a producing a parallel rightward shift in the dose-response
curve, the maximum antinociceptive efficacy of acutely administered morphine was limited
to 27 %MPE (Fig. 1). In our previous study of P9 and P17 rats, as the minipump infusion
dose was increased for each group of rats, Emax values for acutely administered morphine
were decreased in a dose-dependent fashion [28]. In the previous study, the nociceptive
stimulus temperature for the tail-flick test was held constant, while varying the morphine
infusion dose. Thus, one goal of this study was to determine whether varying the nociceptive
stimulus intensity would alter the antinociceptive effects of morphine (Fig 2A and 2B).
Groups have previously tested neonatal and infant rats using immersion test temperatures
from 40 °C to 55 °C [10,38,39]. Our data demonstrated that morphine was maximally active
(i.e., 90% MPE or greater) in naïve and saline-infused rats tested at 52 °C, and morphine’s
potency was significantly increased when water bath temperatures were decreased to 49 °C
(Fig 1 vs. Fig. 3). However, morphine was minimally active (i.e., maximum 27% MPE) in
tolerant rats tested at 52 °C, while testing these rats at 49 °C led to a significant increase in
morphine’s efficacy to 67% MPE (Fig. 1 vs. Fig. 3). These data indicate that the higher 52
°C nociceptive stimulus intensity contributed, in part, to decreasing morphine’s efficacy in
tolerant rats. However, nociceptive stimulus intensity was not the only factor altering the
maximum efficacy of morphine. Many investigators have tested neonatal and infant rats
using a 50 °C tail immersion temperature [1,8,11]. Yet, even when P17 rat pups were tested
at 49 °C, morphine’s maximal efficacy was limited to 67 %MPE at the maximum 1000 mg/
kg morphine dose (Fig. 1). These results indicated that high doses of morphine elicited
antinociception in tolerant rats through a non-μ receptor mechanism.

Stoller et al. Page 4

Brain Res. Author manuscript; available in PMC 2011 August 22.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



The hypothesis was tested that high doses of morphine stimulate κ opioid receptors to elicit
antinociception in tolerant rats. A dose of nor-BNI demonstrated to block κ receptor agonist-
mediated antinociception [30] was shown in our study to completely block morphine
antinociception in tolerant rat pups (Fig 4A). Additionally, morphine-infused rats
demonstrated cross-tolerance to the κ receptor agonist, U50,488 (Fig 5). These results
indicate that high doses of morphine elicit antinociception by stimulating κ opioid receptors.
The κ receptor is fully developed and functional by P17 [16]. κ receptor agonists elicit
antinociception, although not to the same degree as μ or δ receptor drugs [19]. If morphine
was acting through κ receptors, this could explain why it was necessary to decrease the
temperature of the water bath in order to demonstrate an increase in the efficacy of
morphine. Interestingly, κ receptor agonists like U50,488 and dynorphin A (1–17) are often
tested at a tail-immersion temperature of 49 °C [13,35].

High concentrations of morphine bind to δ and κ receptors [5]. Yet, the δ receptor antagonist
naltrindole [29] was inactive in both non-tolerant and tolerant rats (Fig 4B). Accordingly, δ
receptors are not fully developed in the brain and spinal cords of rats until P21 [16]. In adult
rats, both μ and δ receptors are functional, and it has been unknown whether high doses of
morphine can elicit antinociception through δ receptors. Recently, it was demonstrated that
high doses of morphine elicit antinociception in μ knockout mice by stimulating κ, but not δ,
opioid receptors [37]

Finally, a previous study demonstrated that fentanyl tolerant infant rats were desensitized to
morphine as P50 juvenile and P90 adult rats [32]. In addition, in utero exposure to morphine
led to a decrease in morphine’s antinociceptive potency in infant and juvenile rats [14]. This
led to the possibility that the decrease in morphine’s antinociceptive efficacy induced by
continuous morphine administration might result in desensitization after their recovery from
the morphine treatment. Yet at P21, morphine-infused rats were no different from saline-
infused rats, although desensitization could develop later in life (Fig. 5). However, in the
absence of biochemical and behavioral data, conducting these studies would be based on
speculation and yield possibly limited results.

Influence of chronic morphine exposure on brain and spinal cord μ receptors
Both [3H]naloxone and DAMGO-stimulated [35S]GTPγS binding levels were measured in
the brains and spinal cords of P17 rat pups The μ receptor was expressed in numerous brain
regions, as demonstrated using [3H]naloxone binding (Table 1). Furthermore, the
widespread distribution of DAMGO-stimulated [35S]GTPγS binding indicates that the μ
receptor was functionally active by P17. Finally, autoradiographic examination of
[3H]naloxone and [35S]GTPγS binding indicate that the μ receptor was distributed
anatomically in a fashion similar to adult rats [22,23].

Yet, [35S]GTPγS binding revealed that chronic infusion of P17 rats with morphine failed to
desensitize μ receptors in any region of the brain or spinal cord (Table 1). Adult rats treated
chronically with morphine or heroin resulted in μ receptor desensitization in the thalamus,
periaqueductal gray, and brain stem [12,21,23]. One major difference with the previous
studies was that desensitization in adults occurred after 12 days of morphine infusion and 34
to 40 days of heroin self-administration. A longer morphine exposure might be needed to see
desensitization in rat pups. However, μ receptor desensitization cannot explain the decrease
in morphine’s antinociceptive efficacy in tolerant P17 rat pups.

In the present study, the μ receptor was not downregulated based on the [3H]naloxone
binding experiment. The issue has been more clouded in adult animals, probably reflecting
differences in species, animal strains, and in the methods of infusing and injecting animals
with morphine. Chronic infusion of morphine at 40 mg/kg/day or repeated bolus dosing
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failed to downregulate the μ receptor in some studies [18,20,26], while other groups reported
a significant up-regulation of the μ receptor [4,40]. Petruzzi and colleagues concluded that
genetic traits contribute to tolerance when chronic morphine treatment downregulated the μ
receptor in inbred C57BL/6J mice, but not DBA/2J mice [17]. However, μ receptor
downregulation cannot account for the profound decrease in the antinociceptive efficacy of
morphine in tolerant P17 rat pups.

In summary, this study provides evidence that high doses of morphine stimulate κ opioid
receptors to elicit antinociception in tolerant rat pups. Yet the loss of morphine’s efficacy
cannot be attributed to either μ receptor desensitization or downregulation, suggesting that
non-opioid mechanisms might be involved. This and other laboratories have demonstrated
that the adenylyl cyclase and phosphatidylinositol cascades, as well as various Ca++ and K+

channels, contribute to the expression of morphine tolerance [6,9,24,25,34]. These and other
mechanisms could be investigated to determine their possible contribution mediating the
decrease in morphine’s efficacy in tolerant neonatal and infant rats.

4. Experimental Procedure
Source of rat pups

Nulliparous female Sprague Dawley rat dams were purchased from Zivic Miller
(Zedianople, PA, U.S.A.). Litter sizes were culled to 10 pups per dam (five males and five
females). The animals were allowed food and water ad libitum and were housed at the
Virginia Commonwealth University Medical Center animal care facilities with a 12-h light-
dark cycle (0700-light, 1900-dark). The Institutional Animal Care and Use Committee at
Virginia Commonwealth University approved the experiments. The laboratory and IACUC
committee at VCU follows the NIH guide for the care and use of laboratory animals (NIH
Publications No. 8023, revised 1978) to minimize pain and distress in laboratory animals.

Surgical implantation of osmotic minipumps
Alzet® osmotic minipumps were surgically implanted as previously described [32]. P14 rat
pups, weighing 30 g, were anesthetized with isoflurane USP (Henry Schein, Inc. Melville,
NY, U.S.A.) for implantation of Alzet 1003D osmotic minipumps with a delivery rate of
1μL/h. The rat pups received either saline-filled or morphine-filled pumps. The surgical
incisions were sealed with Vetbond Tissue Adhesive (3M Animal Care Products, St. Paul,
MN, U.S.A.) and swabbed with 10% povidone iodine (General Medical, Prichard, WV,
U.S.A.). Morphine sulfate concentrations were adjusted to a delivery rate of 2 mg/kg/h [27].

Warm Water Tail-Immersion Test
Seventy-two hours after pump implantation, the rats were assessed for morphine
antinociception using the warm water tail immersion test. The rats were gently restrained,
and the distal third of the tail was immersed in a warm water bath. Varying temperatures of
water were tested, including 52°C and 49°C. Base-line (control) latencies of 2 to 4 s were
used, while a 10 s maximum (test) cut-off time was imposed to prevent tissue damage of the
tail. Antinociception was quantified as the percentage of maximum possible effect (MPE),
as represented by the formula
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Morphine Antinocicepetive Testing
Saline- and morphine-infused rats were injected with morphine 30-min before testing in the
warm water tail withdrawal assay. Morphine dose response curves were generated using 4 to
6 rats per dose. For the studies assessing the role of the δ opioid receptor, the δ antagonist
naltrindole was dissolved in deionized H2O and was injected (3 mg/kg; s.c.) 5 min prior to
morphine injections. For the studies assessing the role of the κ opioid receptor, the κ
antagonist nor-binaltorphimine (nor-BNI) was dissolved in deionized H2O and was injected
(10 mg/kg; s.c.) 3 h prior to morphine injections. For cross-tolerance studies, the κ receptor
agoinist, U50,488 was dissolved in deionized H2O and was injected i.p. 15 min prior to the
tail immersion test.

Re-establishment of morphine’s efficacy
P14 rats were implanted with saline-filled or morphine-filled pumps as previously described.
Seventy-two hours later, the pumps were surgically removed to allow the rats, now P17, to
undergo spontaneous morphine withdrawal. The rats were anesthetized with isoflurane USP
and the initial incision was swabbed with 10% povidone iodine, washed with 70% ethanol
USP, and reopened with sterile scissors. The minipumps were removed from the
subcutaneous space using sterile forceps. The incision was resealed with Vetbond Tissue
Adhesive and washed with 10% povidone iodine. After five days of spontaneous
withdrawal, the antinociceptive efficacy of morphine was determined using the warm-water
tail-withdrawal test as described previously.

Tissue preparation for autoradiography
To assess the activity of the μ receptor during morphine tolerance, P14 rats were implanted
with vehicle- or morphine-filled pumps as previously described. After seventy-two hours,
the rats were sacrificed by decapitation. The brains were removed and immersed in
isopentane at -35 °C, and then stored frozen at -80 °C to be used for autoradiography.
Coronal sections (20 μm) were cut on a cryostat at -20 °C and thaw-mounted onto gelatin-
coated slides. Sections were cut at five levels to include the following regions: 1) caudate
putamen 2) thalamus/amygdala, 3) periaqueductal gray 4) parabrachial nucleus, 5) cervical
spinal cord. Slides were dried under a vacuum and stored at -80 °C until use.

Agonist-stimulated [35S]GTPγS binding autoradiography
Slides were incubated in assay buffer (50 mM Tris-HCl, 3 mM MgCl2, 0.2 mM EGTA, 100
mM NaCl, pH 7.4) at 25 °C for 10 min. Slides were then incubated in assay buffer with
GDP (2 mM) and adenosine deaminase (9.5 mU/ml) for 20 min at 25 °C. Sections were then
incubated in assay buffer with 2 mM GDP, 9.5 mU/ml adenosine deaminase, 0.04 nM [35S]
GTPγS, and 10 μM DAMGO at 25 °C for 2 h. Basal [35S]GTPγS binding was assessed in
the absence of DAMGO. Slides were rinsed in twice for 2 min each in cold Tris buffer (50
mM Tris-HCl, pH 7.4) and once in deionized H2O for 30 s. Slides were dried overnight and
exposed to Kodak MR film for 24 h in film cassettes containing [14C] microscales
(Amersham, Arlington Heights, IL) for densitometric analysis.

[3H]Naloxone autoradiography
Sections were equilibrated in assay buffer for 15 min at 25 °C. Slides were then incubated in
2 nM [3H]naloxone in assay buffer for 1 h at 25 °C. Slides were rinsed three times for 2 min
each in 50 mM Tris (pH 7.4) buffer at 4 °C, then for 30 s in deionized H2O at 4 °C.
Nonspecific binding was assessed in the presence of 10 μM naltrexone. Slides were dried
and exposed to Kodak MS film for approximately 10 weeks. All film cassettes included a
[3H] microscale (Amersham) for calibration of results.
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Analysis of data
Dose-response curves were analyzed by least-squares linear regression analysis followed by
calculation of 95% confidence limits (CL) by the method of Bliss [3]. %MPE values for the
morphine-tolerant rats were compared to those of tolerant rats treated with naltrindole or
nor-BNI by two-factor ANOVA followed by the Tukey’s post hoc test. Autoradiographic
films were digitized with a Sony XC-77 video camera and analyzed densitometrically using
the NIH IMAGE program for Macintosh computers. For [35S]GTPγS autoradiography,
resulting values were expressed as nanocuries of [35S] per gram of tissue and were corrected
for [35S] from [14C] standards based on incorporation of [35S] into sections of frozen brain
paste [21]. Net agonist-stimulated [35S]GTPγS binding was calculated by subtracting basal
binding (obtained in the absence of agonist) from agonist-stimulated binding. For
[3H]naloxone binding, nonspecific binding was subtracted from total binding, and resulting
values represent specific picocuries of [3H]naloxone binding per gram of tissue. Data are
reported as mean values ± SE of triplicate sections of brains from ten treated and control
animals. For the statistical comparisons between vehicle- and morphine-treated rats, an
ANOVA was performed and followed by the Tukey’s post hoc test.
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Abvbreviations

%MPE percent maximum possible effect

P14 postnatal day 14

P17 postnatal day 17

P21 postnatal day 21

ED50 50% effective dose

s.c subcutaneous

CL confidence limits

Nor-BNI nor-binaltophamine
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Figure 1. Morphine antinociception in opioid-naïve and morphine tolerant P17 rats tested in the
52 °C tail-immersion assay
Rats remained naïve (●) or were surgically implanted with 1003D osmotic minipumps
infusing isotonic saline (■, 1 μl/h) or morphine (▲, 2 mg/kg/h). Seventy-two hours later
baseline latencies were obtained in the 52 °C tail-immersion test before treatment with
morphine s.c. for test latencies for dose-response curves 30-min later. Morphine produced
the same degree of antinociception in naïve and saline-infused rats. The antinociceptive
efficacy of morphine was reduced to 27% MPE at the highest dose tested in the morphine-
infused rats. n=6 rats per dose per treatment group.
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Figure 2.
(A) Influence of water bath temperature on baseline withdrawal latencies in chronic
morphine infused P17 rats. Rats were infused with morphine (●, 2 mg/kg/h) for 72-h from
implanted osmotic minipumps. Baseline latencies were then obtained by testing individual
groups of rats at different water bath temperatures. As the temperature of the water bath was
increased, the baseline tail withdrawal latencies increased. n=6 rats per temperature.(B)
Antinociceptive effects of morphine at different water bath temperatures. Rats were
infused with morphine (▧, 2 mg/kg/h) for 72-h from implanted osmotic minipumps.
Individual groups of P17 rats were then treated with morphine (100 mg/kg, s.c.) and then
tested with different water bath temperatures 30-min later. As the temperature of the water
bath was increased, the tail withdrawal latencies increased. n=6 rats per temperature.
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Figure 3. Morphine antinociception in opioid-naïve and morphine tolerant P17 rats tested in the
49 °C tail-immersion assay
Rats were infused with isotonic saline (■, 1 μl/h) or morphine (▲, 2 mg/kg/h) for 72-h from
implanted osmotic minipumps. Baseline latencies were then obtained in the 49 °C tail-
immersion test before treatment with morphine s.c. for test latencies for dose-response
curves 30-min later. The antinocicpetive effect of morphine was reduced in the morphine-
infused rats to 67% MPE at the highest dose tested. n=6 rats per dose per treatment group.
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Figure 4.
(A) Role of κ opioid receptors in mediating the antinociceptive effects of morphine in
tolerant rat pups. Rats were infused with isotonic saline (1 μl/h) or morphine (2 mg/kg/h)
for 72-h from implanted osmotic minipumps. On the test day, saline-infused rats received
either vehicle s.c. (●) or nor-BNI (■, 10 mg/kg, s.c.), while morphine-infused rats received
vehicle (○) or nor-BNI (□), 2.5-h before injection of morphine s.c. The rats were tested 30-
min after morphine s.c. in the 49 °C tail-immersion assay. nor-BNI pretreatment had no
effect of saline-infused rats, whereas in morphine-infused rats, pretreatment with nor-BNI
significantly attenuated morphine’s antinociceptive efficacy at high doses. n=6 rats per dose
per treatment group. *p<0.05 compared to morphine-infused rats pretreated with vehicle.
(B) Role of δ opioid receptors in mediating the antinociceptive effects of morphine in
tolerant rat pups. Rats were infused with isotonic saline (1 μl/h) or morphine (2 mg/kg/h)
for 72-h from implanted osmotic minipumps. On the test day, saline-infused rats received
either vehicle s.c. (●) or naltrindole (▲, 3 mg/kg, s.c.), while morphine-infused rats received
vehicle (○) or nor-BNI (△), 5-min before injection of morphine s.c. The rats were tested 30-
min after morphine s.c. in the 49 °C tail-immersion assay. Pretreatment with naltrindole had
no effect on morphine’s antinociceptive efficacy in both saline- and morphine-infused rats.
n=6 rats per dose per treatment group.
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Figure 5. Demonstration of cross tolerance to the kappa receptor agonist, U50,488 in morphine-
infused rats
Rats were infused with isotonic saline (1 μl/h) or morphine (2 mg/kg/h) for 72-h from
implanted osmotic minipumps. Baseline latencies were then obtained in the 49 °C tail-
immersion test before treatment with U50,488 i.p. for test latencies for dose-response curves
30-min later. U50,488 was less potent but fully efficacious in the morphine-infused rats
compared to saline-infused rats. n=6 rats per dose per treatment group.
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Figure 6. Re-establishment of the antinociceptive effects of morphine in P21 rats after chronic
exposure to morphine
Rats remained naïve, or were infused with isotonic saline (1 μl/h) or morphine (2 mg/kg/h)
for 72-h from implanted osmotic minipumps. On P17 the pumps were removed and the rats
were allowed to recover from the exposure to morphine for 5 days. On P21, naïve (○),
saline- (■) and morphine-infused (▲) rats were treated with morphine s.c. and tested 30-min
later in the 49 °C tail-immersion test. Morphine was fully efficacious in naïve, saline- and
morphine-infused rats. n=6 rats per dose per treatment group.

Stoller et al. Page 16

Brain Res. Author manuscript; available in PMC 2011 August 22.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 7.
(A) Distribution of DAMGO-stimulated [35S]GTPγS binding and [3H]naloxone binding
of μ receptors in opioid naïve P17 rats. Rats were infused with isotonic saline (1 μl/h) for
72-h from implanted osmotic minipumps. DAMGO-stimulated [35S]GTPγS binding or
[3H]naloxone binding was conducted on coronal brain sections from a group of 10 rats to
determine μ receptor activity and binding capacity within each brain region. The
representative autoradiograms reveal the anatomical distribution of μ receptor activity
localized in the (A) caudate-putamen, (B) thalamus/amygdala, (C) parabrachial nucleus, and
(D) the dorsal horn of the spinal cord. The grayscale bars indicate amount of [35S]GTPγS
incorporation and [3H]naloxone binding (nCi/g).
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Table 1
The effect of chronic morphine administration on DAMGO-stimulated [35S]GTPγS
activity and [3H]naloxone binding in morphine tolerant P17 rat brain

Rats were infused with isotonic saline (1 μl/h) or morphine (2 mg/kg/h) for 72-h from implanted osmotic
minipumps. Brains were removed and prepared as described in Methods for coronal sections to measure
DAMGO-stimulated [35S]GTPγS binding activity or [3H]naloxone binding. Exposed Kodak MR film was
analyzed using the NIH IMAGE program for densitometric analysis of 10 saline and 10 morphine-treated rats.

Net DAMGO-Stimulated

[35S]GTPγS binding (nCi/g) [3H]naloxone binding (nCi/g)

Region Saline Morphine Saline Morphine

Caudate putamen 121 ± 14 92 ± 17 3014 ± 262 2853 ± 142

Thalamus 153 ± 19 113 ± 10 3451 ± 185 3074 ± 219

Amygdala 110 ± 22 125 ± 19 2625 ± 192 2657 ± 176

Periaqueductal gray 117 ± 25 116 ± 19 2279 ± 137 2366 ± 132

Parabrachial nuclei 289 ± 8 254 ± 35 3880 ± 494 3700 ± 151

Spinal cord 246 ± 19 212 ± 16 1627 ± 91 1698 ± 62
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