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ABSTRACT. b/lorphine-3-glucuronide (M3G), the primary metabolite of morphine in humans and rats, has 
been reported to antagonize morphine-induced pharmacologic effects. The present experiment was conducted to 
evaluate the effect of prior systemic M3G exposure on morphine disposition and antinociceptive response in male 
Sprague-Dawley rats. Saline (N = 6), low dose M3G (0.15 m&r, N = 7), or high dose M3G (0.30 mg/hr, N = 
6) was infused for 720 min prior to the administration of morphine by i.v. bolus (2 mg/kg). Tail-flick latencies 

in response to hot water (50”) were assessed prior to and for 180 min after the morphine test dose. M3G exposure 
had no significant effect on morphine pharmacokinetics, although a disproportionate increase in M3G concentrations 
was observed fo:lowing the morphine i.v. bolus dose in rats infused with high dose M3G. Morphine-induced 
antinociception, expressed as the percent of maximum response (%MPR), was maximum 15 min after morphine 

administration and returned to baseline by 180 min. A pharmacokinetic-pharmacodynamic model was 
constructed to relate tail-flick latencies to morphine serum concentrations. In saline-exposed rats, the 

antinociceptive response to morphine was characterized by a sigmoidal E,,, model, with an EC50 of 328 ng/mL, 
a Hill coefficient (y) of 4.5, and a half-life for the offset of pharmacologic effect of 11 min. No statistically 
significant differences in the intensity or duration of morphine-induced response were detected between saline- 
and M3G-exposed animals. These results suggest that systemic formation of M3G is unlikely to contribute 
significantly to the development of tolerance to morphine antinociception. BIOCHEM PHARMACOL 53;10: 
1451-1457, 1997. 0 1997 Elsevier Science Inc. 
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Morphine elimination in humans is due primarily to con- 

jugation with glucuronic acid in the liver to form M3GS 
and M6G [l, 21. D urin c ronic administration of oral g h 

morphine, both glucuronide metabolites accumulate to a 
greater extent than morphine, with a metabolite-to-parent 
AUC ratio of 34.0 and 3.9 for the 3- and 6-glucuronides, 
respectively [3]. Due to their unusual lipophilicity [4], 
morphine glucuronides may be able to cross the blood- 
brain barrier [5,6] and produce pharmacologic effects in the 
central nervous system. While M6G possesses potent anal- 
gesic properties and may (contribute to morphine analgesia 

[5, 7, 81, M3G has been reported to antagonize the effects 
of morphine and M6G and, potentially, to play a role in the 
development of tolerance (i.e. loss of antinociceptive re- 
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sponse at a fixed systemic morphine concentration during 
continuous morphine administration) [9-l 11. However, 
existing studies are limited by the fact that high systemic 

concentrations of M3G were utilized, or the metabolite was 
administered directly into the central nervous system. Neither 
situation mimics the delivery of M3G to the brain after 
systemic formation from morphine. 

The objective of the present experiment was to evaluate 
the effect of prior M3G exposure on morphine disposition 
and antinociceptive response in rats. Rats were exposed to 
M3G for a period of 12 hr prior to the morphine test dose, 

since tolerance has been shown to develop within that time 
period during constant morphine infusion [12, 131. The rat 
was selected as an animal model due to its similarity to 
humans in terms of morphine metabolism, with the major 
elimination route being the formation of M3G. An addi- 
tional advantage of this animal model is the absence of 
M6G formation [14, 151, which would complicate interpre- 
tation of the dynamic response. 

MATERIALS AND METHODS 

Animals 

Experiments were performed with male Sprague-Dawley 
rats (Hilltop Laboratory Animals Inc., Scottdale, PA) 
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weighing between 290 and 365 g. All rats were housed in 

temperature-controlled rooms with a 12-hr light/day cycle, 

and were acclimated for a minimum of 5 days prior to 

experimentation. Implantation of silicone rubber cannulae 

in the right jugular and right femoral veins was performed 

under light ether anesthesia the day prior to the experi- 

ment. Rats were allowed free access to food and water 

throughout the experimental period. All procedures in- 

volved in the animal experimentation were approved by 

the Institutional Animal Care and Use Committee of The 

University of North Carolina at Chapel Hill. 

Materials 

Morphine (as the sulfate salt; Research Biochemicals Inc., 

Natick, MA) and M3G (Sigma Chemical Co., St. Louis, 

MO) were dissolved in normal saline for administration. 

Nalorphine hydrochloride was purchased from the Sigma 

Chemical Co. as an analytical standard. All reagents and 

solvents were obtained from commercial sources. 

Experimental Design 

On the day of the study, low dose M3G (0.15 mg/hr; N = 

7), high dose M3G (0.30 mg/hr; N = 6), or normal saline 

(N = 6) was infused through the femoral vein cannula (1 

mL/hr) for the duration of the experiment. After 720 min 

of exposure, morphine was administered as a 2 mg/kg i.v. 

bolus. Antinociceptive effect was evaluated prior to the 

M3G infusion (-720 min) and immediately prior to 

(0 min) and at timed intervals after (7.5, 15, 30, 45, 60, 

120, and 180 min) the morphine bolus dose. Rats exposed 

to normal saline (N = 2) or M3G (N = 3) but not 

receiving morphine were included as additional controls to 

evaluate baseline antinociception throughout the experi- 

ment. Antinociception was measured with the standard hot 

water-induced tail-flick test. Rats were placed in Plexiglas 

restraining cages 30 min prior to tail-flick testing. The 

distal 5 cm of the tail was immersed in water (50”), and the 

time to withdrawal of the tail was measured in duplicate. A 

cutoff time of 15 set was used to minimize tissue damage. 

Antinociception was expressed as percent of maximum 

possible response (%MPR): 

fluorescence detection described previously [16]. Briefly, 

serum samples (50-200 p,L) in which nalorphine hydro- 

chloride was added as an internal standard were alkalinized 

with ammonium sulfate buffer (pH 9.3) prior to solid-phase 

extraction. Following recovery of the analyte molecules by 

elution with methanol, the eluent was evaporated to 

dryness, and the residue was reconstituted in the mobile 

phase (10% acetonitrile in trifluoroacetic acid, 0.1% aque- 

ous solution) prior to injection onto the HPLC system. 

Chromatographic separation was achieved on a reverse- 

phase column with constant-flow (1 mL/min) gradient 

elution (increasing acetonitrile content from 7 to 14% in 

0.1% trifluoroacetic acid). Fluorescence of the column 

eluent was monitored continuously at an excitation wave- 

length of 214 nm and an emission cutoff of 370 nm. Under 

these conditions, the retention times for MIG, morphine, 

and the internal standard were 5, 8, and 15 min, respec- 

tively. Standard curves constructed in blank rat serum were 

linear (r2 > 0.999) up to 3000 ng/mL, with a detection 

limit of 37.5 ng/mL. The assay was reproducible, with 

intra-day coefficients of variation for morphine and M3G of 

4.9 and 7.2%, respectively. 

PK-PD Analysis 

Morphine concentrations in a central compartment (vol- 

ume = V,) were described by either 1 or 2 pharmacokinetic 

compartments with first-order elimination from the central 

compartments (k 1o) and intercompartmental flux accord- 

ing to the usual distribution rate constants (k,,, k, ,). A 

separate effect compartment was necessary to account for 

the delay observed in onset of antinociception relative to 

the pharmacokinetic profile. The effect compartment was 

linked to the central compartment by a first-order rate 

constant (k,,); disappearance from the effect compartment 

was characterized by the first-order elimination rate con- 

stant k,,. The effect compartment model, originally devel- 

oped by Sheiner et al. [17], requires the following assump- 

tions: (1) first-order processes govern the onset and offset of 

pharmacologic effect; (2) the amount of drug distributing to 

the effect compartment is negligible relative to the total 

body load of the drug; and (3) clearances into and out of the 

effect compartment are equal so that (V, * k,,) = 

(V,, * k,.,). Antinociceptive effect was related to morphine 

%MPR = 
Test latency - Baseline latency 

*loo (1) 
co&en&ations in the effect compartment (C,) with the 

Cutoff time - Baseline latency following sigmoidal E,,, equation: 

Blood (0.15 to 0.30 mL) was withdrawn from the jugular 

vein immediately after pharmacologic assessment, and two 

E 
%MPR = mAX 

*Cl 

EC& + c: 
(2) 

additional blood samples were taken at 3 and 90 min 

post-dose. Samples were centrifuged for 10 min, and the 

serum was harvested and stored at -20” pending analysis. 

Morphine and M3S Analysis 

where E,,, is defined as the maximum response, EC+ is the 

concentration in the effect compartment producing 50% of 

E mdX, and y is the Hill coefficient describing the shape of 

the concentration-response curve. 

The relevant pharmacokinetic and pharmacodynamic 

Serum morphine and M3G concentrations were quanti- 

tated with a sensitive and specific HPLC method with 

parameters were generated for each rat by nonlinear least- 

squares regression analysis (PCNONLIN version 3.0; Sta- 
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FIG. 1. Morphine serum concentration versus time profiles after 
a 12-hr infusion of saline (0; N = 6), low-dose M3G (A; N = 
7), or high-dose M3G (0; N = 6). Data are presented as 
means + SD. Estimates of pharmacokinetic parameters are 
compiled in Table 1. 

tistical Consultants Inc., Apex, NC) and by standard 

noncompartmental methods. The AUC and the AUE were 

calculated for each rat with the linear trapezoidal method. 
Parameter estimates were obtained by simultaneous fitting 

of the effect versus time and morphine concentration versus 
time data. Assessment of the goodness of fit of the model to 
the observed data was based on Akaike’s Information 
Criterion (AIC), residual plots, coefficients of determina- 
tion, and standard error of the estimates. 

Differences in parameter estimates among the three 
experimental groups were tested for statistical significance 
with ANOVA. Statistical significance was defined as a 
I’ value < 0.05. All parameter estimates are reported as 

means ? SD. 

RESULTS 

Mean serum morphine and M3G concentration versus time 
profiles are presented in Figs. 1 and 2, respectively. Mor- 
phine concentration-time profiles were almost superimpos- 
able between the saline-, low dose M3G-, and high dose 
M3G-exposed rats, with an elimination half-life of approx- 

imately 13 min. Although mean morphine concentrations 
appeared slightly greater starting 30 min post-dose in the 
high dose M3G-exposed rats, no statistically significant 
differences were observed among the groups for any of the 
morphine pharmacokine,tic parameters. The pharmacoki- 
netic parameter estimates are summarized in Table 1. A 
two-compartment pharmacokinetic model was necessary to 
describe the serum morphine concentration-time profile in 
two of the saline-, four of the low dose M3G-, and two of 
the high dose M3G-ex.posed rats; a one-compartment 

system was sufficient for the remaining animals in the 

experiment. Based on the steady-state M3G concentrations 

observed after 720 min, mean + SD systemic clearances of 
the preformed metabolite were 13.1 5 2.8 and 14.8 -C 1.6 
mL/min/kg in the low and high M3G dose groups, respec- 
tively. No morphine was detected in serum during M3G 

infusion. 
Following administration of morphine in saline-treated 

rats, conversion to the metabolite resulted in peak M3G 
concentrations of 530 ng/mL, with a mean ? SD AUC 
ratio of parent to metabolite (corrected for differences in 

molecular weight using a 1.6174 ratio) of 1.3 + 0.6. An 
estimate of the fraction of morphine metabolized to M3G 
was obtained by calculating the metabolite AUC obtained 
after parent administration in the saline-exposed rats and 

using the systemic clearance of M3G determined from 

steady-state M3G concentrations. Based on these results, 
about 22% of morphine was converted to M3G over the 
180-min experiment. Disproportionate increases in M3G 

maximum concentration (C,,,) and AUC were observed 
following the morphine i.v. bolus dose in the high dose 
M3G-exposed group, even when steady-state M3G concen- 
trations were taken into consideration. 

Tail-flick latencies remained constant throughout the 
experiment in control rats not receiving morphine. The 

mean 5 SD AUE for control animals (N = 3) was -714 + 

1308 %MPR * min, which was not statistically different 
from 0. In treated rats, the infusion of M3G had no effect 

on the antinociceptive response: the difference in effect 
between the beginning and the end of the M3G infusion 
was -1.83 ? 6.48 %MPR and -1.35 +- 6.92 %MPR in the 

low and high M3G dose groups, respectively. The differ- 
ence between the start and end of the saline infusion was 
+1.62 2 5.83 %MPR. 

Serum M3G (nglml) 

I gh 
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FIG. 2. M3G serum concentration versus time profiles after a 
12-hr infusion of saline (0; N = 61, low-dose M3G (A; N = 7), 
and high-dose M3G (0; N = 6). Data are presented as means f 
SD. 
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TABLE 1. Noncompartmental and model-dependent pharmacokinetic parameter estimates 
(mean + SD) for morphine and M3G 

Parameter 
Saline 

(N = 6) 

Low dose High dose 
M3G M3G 

(N = 7) (N = 6) 

Morphine 

v, (L/kg) 
k,, (min-‘) 
k ,z* (min-‘) 
kZI* (min-‘) 
CLt (mL/min/kg) 

v,,t o-/k) 
MRTt (min) 

M3G 

Total C,, (pg/mL) 
Total C,,, (p&L) 
Total AUCmj, (kg * min/mL) 

Derived C,,,QII (pg/mL) 
Derived AUC,,,§II (pg . min/mL) 

2.69 t 1.07 
0.0511 2 0.0223 

0.179 -c 0.169 
0.112 -c 0.081 

108 ? 20 
3.72 ? 0.52 
35.3 -c 7.9 

NAS 
0.531 5 0.161 

36.8 ? 11.7 
0.531 ? 0.161 

36.8 2 11.7 

2.60 -+ 0.98 
0.0584 ? 0.0278 

0.136 + 0.090 
0.0932 ? 0.0250 

121 ? 21 
4.91 -+ 1.47 
42.8 ? 7.4 

0.611 + 0.111 
0.980 2 0.221 

123 ? 22 
0.369 + 0.124 

13.0 t 14.9 

3.09 ? 1.33 
0.0513 -+ 0.0378 
0.0871 ? 0.0193 

0.0831 + 0.0479 
103 ? 35 

4.34 + 1.86 
41.9 5 6.8 

1.04 t 0.16 
2.63 + 1.59 
306 5 155 
1.59 ? 0.80 
120 -+ 79 

* lntercompartmenral rate constants were determmed in two salme-, four low dose M3G-, and two high dose M3Gexposed rats. 
t CL, V,,, and MRT were determined using noncompartmental analysis. 
t NA: not applicable. 
(i Calculated as the difference between total C,,,,, (or total AUC,l,) and C,, (or AUC,,,, . 180 min). 
II r < 0.005 (ANOVA) 

Mean antinociceptive effect versus time profiles for 

saline- and M3G-exposed groups are presented in Fig. 3. 

The pharmacodynamic parameter estimates are summarized 

in Table 2. Following morphine i.v. bolus in saline-exposed 

rats, the antinociceptive response was maximal 15 min 

post-dose, and returned to baseline by 120-180 min post- 

dose. The Peakoh, was not affected by M3G; mean peak tail 

flick latencies ranged from 51.4 to 64.8 %MPR among the 

three experimental groups. Peak effects were observed 

between 7.5 and 45 min post-dose (Tpeak). The effect 

Effect (% MPR) 
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FIG. 3. Antinociceptive effect versus time profiles in saline (0; 
N = 6), low-dose M3G (A; N = 7), and high-dose M3G (0; 
N = 6) exposed rats. Also shown are data from control animals 
not receiving the morphine bolus (V; N = 5). Data are 
presented as means f SD. Estimates of pharmacodynamic 
parameters are compiled in Table 2. 

appeared to be more sustained in the high dose M3G- 

treated rats compared with the two other groups. This 

difference may be explained by the larger morphine con- 

centrations observed in that group starting at 30 min 

post-dose. Indeed, when normalized for differences in mor- 

phine concentration, the ratios of AUE over morphine 

AUC were similar among the groups (Table 2). The 

sigmoid E,,, model with effect compartment described 

well the data in the three groups, with mean EC5O values 

ranging from 252 to 369 ng/mL, mean y ranging from 3.0 to 

4.5, and half-life for the effect compartment of 9-12 min. 

No statistically significant differences were observed be- 

tween groups in any of the pharmacodynamic parameters 

estimated from the PK-PD model. Individual tail flick data 

are plotted against predicted morphine concentrations in 

the effect compartment in Fig. 4. The effect versus concen- 

tration relationship did not differ between treatment 

groups, further indicating a lack of effect of M3G on 

morphine dynamics. 

DISCUSSION 

Previous experiments in this laboratory quantitated mor- 

phine-induced antinociception with hot-water induced 

tail-flick during a 12-hr constant-rate i.v. infusion [12]. 

During morphine infusion, maximal effect was achieved 

after 180 min and decreased thereafter despite sustained 

morphine concentrations. This observation suggests the 

development of significant tolerance, which was nearly 

complete at the end of the 12,hr infusion. A PK-PD model 

was constructed to describe the dynamic response relative 

to morphine concentrations. Antinociceptive response to 

morphine was characterized by an EC5O of 389 ng/mL, a Hill 
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TABLE 2. Pharmacodynamic parameter estimates (mean f SD) based upon PK-PD modeling 
and non-compartmental analysis of the tail-flick and concentration-time data 

Parameter 
Saline Low dose M3G High dose M3G 

(N = 6) (N = 7) (N = 6) 

E max*t (%MPR) 100 100 100 
E&t hs/mL) 328 2 161 369 2 231 252 -t 95 
l,‘,t (mu-‘) 0.0657 4.53 + + 3.92 0.0269 0.0566 4.48 t + 4.91 0.0286 0.0765 3.01 2 ? 0.0367 2.79 

Peak,,, (%MPR) 56.8 2 19.2 51.4 -+ 27.2 64.8 + 15.9 
T (mm) peak 15.0 -c 0.0 21.4 -+ 11.8 26.3 2 16.3 
AUE,,, (%MPR * min) 2638 2 1007 2116 I! 1367 3159 ? 762 
AUE,,o/AUC,s, (%MPR/ng/mL) 0.180 2 0.070 0.157 5 0.076 0.188 ? 0.083 

* Em,, was fixed as the theoretical maximum, and was not determined as a parameter in analyzing the tail-flick data. 

t Paramel-er was obtained from the fit of the PK-PD model to tail-flick and serum morphine concentratmn data. 

coefficient (y) of 2.64, and a half-life for response onset of 

9 min. These results are in reasonable agreement with those 

obtained in the present experiment in which morphine was 

administered as an i.v. bolus. The PK-PD model for 
morphine tolerance incorporated a hypothetical partial 

agonist with a high affinity and low intrinsic activity, the 
accumulation of which was responsible for tolerance devel- 
opment. Concentrations of the partial agonist were linked 

to systemic morphine concentrations by a first-order rate 

constant, consistent with a biotransformation product 
formed under linear pharmacokinetic conditions. 

Since M3G has been implicated as a morphine antago- 
nist, the present experiment was conducted to evaluate the 
potential contribution of M3G to the development of 

tolerance by assessing whether prior M3G exposure reduced 
the intensity and/or duration of pharmacologic response to 

acute administration of morphine. To ensure optimal de- 
velopment of potential tol.erance, M3G was administered as 
a continuous i.v. infusion for 12 hr prior to administration 
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FIG. 4. Antinociceptive effect versus calculated morphine con- 
centrations in the effect compartment in saline (0)-, low-dose 
M3G (A)-, and high-dose M3G (0) exposed rats. 

of the morphine test dose. As discussed above, a similar 

morphine infusion regimen has been shown to produce 

significant tolerance; the tail flick response 15 min after 

administration of a 2 mg/kg test dose of morphine in 

tolerant rats ( 12 hr after cessation of a 12-hr 2 mg/kg/hr 

morphine infusion) was only 25.7 + 9.0% (N = 3) of the 

response measured in naive rats after a 2 mg/kg morphine 

bolus. Therefore, if M3G formation from morphine con- 

tributed significantly to the development of tolerance, a 

similar decrease in peak effect would have been expected in 

the present experiment. 

M3G concentrations observed after 12 hr of infusion 

were within the range of M3G concentrations measured 

during administration of morphine at a rate of 2 mg/kg/hr 

[12]. The results reported herein demonstrated that sys- 

temic administration of M3G for 720 min had no effect on 

either baseline tail-flick latency or tail-flick response to 

morphine. These results are consistent with those of 

Hewett et al. [18] who showed that intrathecal M3G did not 

possess antinociceptive activity and did not decrease the 

antinociceptive response to morphine. Other investigators 

have reported that administration of M3G directly to the 
central nervous system results in a significant reduction in 

pharmacologic response to morphine or M6G [lo, 111. The 

mechanism of the putative interaction between M3G and 

morphine is unknown, since M3G binds poorly to opioid 

receptors [8]. 

Even though some data regarding the effect of centrally 
administered M3G on morphine antinociception supports 

the hypothesis that M3G is a morphine antagonist, the 
influence of systemic M3G (i.e. relevant to the situation in 

which M3G is formed from morphine) on analgesic re- 

sponse remains unclear. Using a cross-over design, Smith et 
al. [lo] administered intraperitoneal morphine either alone 
or 30-40 min after M3G in rats, and reported a significant 
reduction in morphine-induced antinociception. However, 
only a 5 to 7-day washout period between treatments was 

used, and the possibility of a carry-over effect was not 
tested. Ekblom et al. [9] reported lower tail-flick latencies to 
i.v. bolus morphine (10 mg/kg) in rats exposed to a 4-day 
i.v. infusion of M3G (1.4 mg/kg/hr) than in control 
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animals. Morphine could be detected in serum during the 
M3G infusion; the presence of morphine may have caused 
the development of tolerance, thereby contributing to the 
decrease in dynamic response observed after the test dose 
on day 4. No attempt was made to relate the antinocicep- 
tive response to systemic morphine concentrations. 

High doses of M3G administered directly to the spinal 

cord produced a hyperalgesia that apparently was not 

mediated by opiate receptors [19]. Thus, apparent antago- 
nism of morphine by high-dose M3G may represent central 
hyperexcitability that would not occur with M3G derived 
from typical doses of morphine. In contrast to these studies, 
Lipkowski et al. [20] reported that acute administration of 
M3G actually potentiated the effects of morphine. These 
authors administered a large (>9 mg/kg) bolus dose of M3G 

in conjunction with morphine, and reported a statistically 
significant elevation of antinociception as compared with 
rats receiving saline plus morphine. However, morphine 

concentrations were not determined, and the possibility 
that M3G altered morphine concentrations at the site of 

action, either through systemic or local inhibition of 
morphine clearance or distribution, cannot be discounted. 
In the present experiment, morphine-induced antinocicep- 
tion was characterized with a IX-I’D modeling approach, 
and no changes in dynamics could be detected in M3G- 
exposed rats with pharmacologically relevant systemic con- 
centrations of M3G. 

M3G as an iv. bolus [16]. In general, pretreatment with 

M3G did not affect morphine disposition. Concentrations 
of derived M3G were higher in the high dose M3G-exposed 
group compared with the concentrations of the derived 
metabolite observed in saline- and low dose M3G-exposed 

rats (Table 1). It has been reported that M3G is eliminated 
via urinary excretion (56% of dose administered) and, like 

morphine, undergoes enterohepatic recirculation [16, 22, 

231. During exposure to high dose M3G, competition for 

biliary transport with parent drug may occur, resulting in a 
larger fraction of the morphine dose being converted to 
M3G. Alternatively, the biliary and/or renal excretion of 
M3G may be capacity-limited, resulting in higher concen- 
trations of derived M3G in rats exposed to high concen- 

trations of preformed metabolite. 
In summary, no significant pharmacokinetic or pharma- 

codynamic interactions between M3G and morphine could 

be documented in a rat tail-flick model of antinociception. 
These data suggest that a significant contribution of sys- 

temically formed M3G to morphine pharmacodynamics, 

including tolerance development, is unlikely. 

References 

1. 

In an interesting and relevant study, Smith and Smith 

[21] examined the degree of antinociceptive tolerance to 
morphine in rats relative to circulating concentrations of 
morphine and derived M3G. Rats received differing mory 

phine infusion regimens to produce different morphine 
blood concentration versus time profiles over 96-192 hr. A 

statistically significant inverse relationship was observed 
between antinociceptive effect and the M3G:morphine 
plasma concentration ratio. These data suggest that the 
pharmacologic activity of morphine decreases as circulating 
concentrations of M3G (relative to morphine) increase. 
However, due to the slow accumulation of M3G during 
morphine infusion, as well as the manner in which mor- 
phine was administered, the M3G:morphine concentration 
ratio increased with time in all treatment groups. Similarly, 

the antinociceptive action of morphine decreased with 
time in all groups due to the onset and progression of 
tolerance. Thus, the apparent inverse relationship between 
antinociceptive activity and systemic M3G concentrations 
may have been an artifact of the pharmacodynamics (time- 
dependent decrease in activity, irrespective of M3G con- 
centration) and the pharmacokinetics (time-dependent 
increase in the M3G:morphine ratio due to slow M3G 
accumulation) of this system, rather than a cause-effect 
relationship between systemic M3G and loss of pharmaco- 
logic activity. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

A secondary objective of the present experiment was to 
assess the effect of prior M3G exposure on morphine and 
M3G disposition. The M3G clearance reported herein was 
similar to previously reported results after administration of 

9. 

10. 

11. 

Jaffe JH and Martin ER, Opioid analgesics and antagonists. 
In: Goodman &? Ghan’s The Phamological Basis of Thera- 
peutics (Eds. Gilman AG, Rall TW, Nies AS and Taylor P), 
8th Edn, pp. 485-522. Pergamon Press, New York, 1990. 
Sawe J, High-dose morphine and methadone in cancer 
patients: Clinical pharmacokinetic considerations of oral 
treatment. Clin Phmnacokinet 11: 87-106, 1986. 
Sawe J, Svensson JO and Rane A, Morphine metabolism in 
cancer patients on increasing oral doses-No evidence for 
autoinduction or dose-dependence. Br .l Clin Pharmaco2 16: 
85-93, 1983. 
Carrupt P-A, Testa B, Bechalany A, El Tayar N, Descas P and 
Perrissoud D, Morphine-6-glucuronide and morphine-3-glu- 
curonide as molecular chameleons with unexpected lipophi- 
licity. J Med Chem 34: 1272-1275, 1991. 
Yoshimura H, fda S, Oguri K and Tsukamoto H, Biochemical 
basis for analgesic activity of morphine-6-glucuronide-I. Pen- 
etration of morphine-6-glucuronide in the brain of rats. 
Biochem Phmcol 22: 1423-1430, 1973. 
Hand CW, Blunnie WP, Claffey LP, McShane AJ, McQuay 
HJ and Moore HJ, Potential analgesic contribution from 
morphine-6-glucuronide in CSF. Lancet ii: 1207-1208, 1987. 
Paul D, Standifer KM, Inturrisi CE and Pasternak GW, 
Pharmacological characterization of morphine-6-glucuronide, 
a very potent morphine metabolite. J Phamol Exp Ther 
251: 477-483, 1990. 
Pasternak GW, Bodnar RJ, Clark JA and Inturrisi CE, 
Morphine-6-glucuronide, a potent mu agonist. Life Sci 41: 
2845-2849, 1987. 
Ekblom M, Gsrdmark M and Hammarlund-Udenaes M, 
Pharmacokinetics and pharmacodynamics of morphine-3- 
glucuronide in rats and its influence on the antinociceptive 
effect of morphine. Biophann Drug Dispos 14: l-l 1, 1993. 
Smith MT, Watt JA and Cramond T, Morphine-3-glucuro- 
nide-A potent antagonist of morphine analgesia. Life Sci 47: 
579-585, 1990. 
Gong Q-L, Hedner J, Bjnrkman R and Hedner T, Morphine- 
3-glucuronide may functionally antagonize morphine-6-glu- 



Effect of M3G on Morphine Kinetics and Dynamics 1457 

12. 

13. 

14. 

15. 

16. 

17. 

curonide induced antinociception and ventilatory depression 
in the rat. Pain 48: 249--255, 1992. 
Ouellet DM-C and Pollack GM, A pharmacokinetic-phar- 
macodynamic model of tolerance to morphine analgesia 
during infusion in rats. .I Pharmacokinet Biophawn 23: 531- 
549, 1995. 
Kissin I, Brown PT, Robinson A and Bradley EL Jr, Acute 
tolerance in morphine analgesia: Continuous infusion and 
single injection in rats. Anesthesiology 74: 166-171, 1991. 
Kuo CK, Hanioka N, Hoshikawa Y, Oguri K and Yoshimura 
H, Species difference of site-selective glucuronidation of 
morphine. J Pharmacobiodyn 14: 187-193, 1991. 
Lawrence AJ, Michalkiewicz A, Morley JS, MacKinnon K 
and Billington D, Differential inhibition of hepatic morphine 
UDP-glucuronosyltransferases by metal ions. Biochem Phartna- 
co1 43: 2335-2340, 1992.. 
Ouellet DM-C and Pollack GM, Biliary excretion and en- 
terohepatic recirculation of morphine-3-glucuronide in rats. 
Drug Metab Dispos 23: 478-484, 1995. 
Sheiner LB, Stanski DF., Vozeh S, Miller RD and Ham J, 
Simultaneous modeling of pharmacokinetics and pharmaco- 
dynamics: Application to d-tubocurarine. Clin Pharmacol Ther 
25: 358-371, 1979. 

18 

19 

20. 

21 

22 

23 

Hewett K, Dickenson AH and McQuay HJ, Lack of effect of 
morphine-3-glucuronide on the spinal antinociceptive ac- 

tions of morphine in the rat: An electrophysiological study. 

Pain 53: 59-63, 1993. 
Yaksh TL, Harty GJ and Onofrio BM, High doses of spinal 
morphine produce a nonopiate receptor-mediated hyperesthe- 
sia: Clinical and theoretic implications. Anesthesiology 64: 
590-597, 1986. 

Lipkowski AW, Carr DB, Langlade A, Osgood PF and 
Szyfelbein SK, Morphine-3-glucuronide: Silent regulator of 
morphine actions. Life Sci 55: 149-154, 1994. 
Smith GD and Smith MT, Morphine-3-glucuronide: Evi- 
dence to support its putative role in the development of 
tolerance to the antinociceptive effects of morphine in the 
rat. Pain 62: 51-60, 1995. 
Horton TL and Pollack GM, Enterohepatic recirculation and 
renal metabolism of morphine in the rat. .J Phann Sci 80: 

1147-1152, 1991. 
Dahlstrom BE and Paalzow LK, Pharmacokinetic interpreta- 

tion of the enterohepatic recirculation and first-pass elimina- 
tion of morphine in the rat. .J Pharmacokinet Biopharrn 6: 
505-519, 1978. 


