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aNational Institute of Forensic Toxicology, P.O. Box 495, Sentrum, N-0105 Oslo, Norway
bNorwegian Institute of Public Health, P.O. Box 4404, Nydalen, N-0403 Oslo, Norway

Received 5 March 2002; received in revised form 19 June 2002; accepted 21 June 2002

Abstract

The main metabolites of morphine, morphine-3-glucuronide (M3G) and morphine-6-glucuronide (M6G), have been considered to

participate in some of the effects of morphine. There is limited knowledge of the pharmacokinetics and dynamics of morphine and the main

metabolites in mice, but mice are widely used to study both the analgesic effects and the psychomotor effects of morphine. The present study

aimed to explore pharmacokinetic differences between morphine and morphine-glucuronides in mice after different routes of administration,

and to investigate how possible differences were reflected in locomotor activity, a measure of psychostimulant properties. Mice were given

morphine, M3G or M6G by different routes of administration. Serum concentrations versus time curves, pharmacokinetic parameters and

locomotor activity were determined. Intraperitoneal administration of morphine reduced the bioavailability compared to intravenous and

subcutaneous administration, but not so for morphine-glucuronides. The two morphine-glucuronides had similar pharmacokinetics, but

morphine demonstrated higher volume of distribution and clearance than morphine-glucuronides. The present results demonstrated no

locomotor effect of M3G, but a serum concentration effect relationship for morphine and M6G. When serum concentrations and effect

changes were followed over time, there was some right hand shifts with respect to locomotor activity, especially during the declining phase of

the concentration curve and particularly for M6G.
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1. Introduction

Morphine causes a spectrum of effects ranging from

analgesia and respiratory depression to central nervous

stimulation and euphoria. The mechanisms by which mor-

phine produces its effects are not clear. In recent years,

considerable attention has been paid to the potential role of

morphine metabolites in the elicitation of pharmacological

responses. Morphine-6-glucuronide (M6G) causes analgesia

in animals (Gong et al., 1991; Paul et al., 1989) and has been

found to have antinociceptive effects in humans (Hanna et al.,

1990; Osborne et al., 1988). Conversely, morphine-3-glucur-

onide (M3G) is inactive in man (Penson et al., 2000) and has

in some studies been reported to possibly antagonize the

effects of morphine andM6G in rats (Gong et al., 1992; Smith

et al., 1990). Contradictory results are reported concerning

this possible functional antagonism (Hewett et al., 1993;

Lipkowski et al., 1994; Suzuki et al., 1993).

In humans, morphine is metabolized to M3G and M6G.

These glucuronides by far exceed the plasma concentration

of morphine shortly after as well single dose administrations

as during chronic treatment (Sawe et al., 1985). However,

we and others have reported that mice and rats produce no

or only trace amounts of M6G (Grung et al., 1998; Milne et

al., 1996). In, e.g., mice, the effects of morphine can be

studied undisturbed by M6G formation, which could other-

wise add its pharmacodynamic effects to the effects of

morphine.

The limbic and striatal dopamine (DA) neurons are

implicated in the locomotor stimulant effects of morphine

and other opioids in rats (Joyce and Iversen, 1979; Kalivas

and Duffy, 1987; Kalivas and Stewart, 1991), although it is

recognized that part of the opioid-induced motor stimulation
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is DA-independent (Cornish et al., 2001; Kalivas et al.,

1983). The dopaminergic system, specifically the dopami-

nergic mesocortical and mesolimbic systems, have been

shown to play a major role in reward (Shippenberg and

Elmer, 1998; Spanagel and Weiss, 1999; Wise and Bozarth,

1982) and, accordingly, locomotor activity can yield informa-

tion on the rewarding and reinforcing effects of drugs.

The pharmacokinetics of a drug is important both in the

design and interpretation of pharmacodynamic studies. The

pharmacokinetics of morphine and its metabolites in mice

have not been fully described although mice are widely used

in pharmacodynamic studies to elucidate the effects of

morphine. Accordingly, only few studies (Pacifici et al.,

1994, 2000) have addressed some of the pharmacokinetic–

pharmacodynamic relations in mice.

We have earlier (Grung et al., 1998, 2000; Mørland et al.,

1994) demonstrated that M6G can cause locomotor activa-

tion similar to morphine in mice. The present experiments

were designed to assess the pharmacokinetic differences

between morphine and the morphine-glucuronides in mice

with special emphasis on consequences of different routes of

administration and, subsequently, to explore if possible

pharmacokinetic differences were reflected as differences

in rewarding and reinforcing properties of morphine and

M6G measured by locomotor activity.

2. Materials and methods

2.1. Animals

C57BL/6J-Bom adult (7–8 weeks old), drug-naive, male

mice (14–24 g body weight at testing) from Bomholt,

Denmark were used for the experiments. The animals were

housed eight per cage in the animal vivaria at the Norwegian

Institute of Public Health, Oslo, Norway, at room temper-

ature of 22 ± 1 �C. The animals were kept on a 12/12-h light/

dark schedule with light period from 07:00 to 19:00 h. The

mice were housed in the vivaria for at least 5 days prior to

experiments. They had free access to food and water

throughout the acclimatization period. They were fasted

overnight before the experiments. Each animal was tested

once. The experimental protocol of this study was approved

by the Norwegian Review Committee for the use of Animal

Subjects.

2.2. Materials

Morphine hydrochloride (mol. wt. 375.9) was purchased

from Norsk Medisinaldepot (Oslo, Norway), morphine-6-b-
D-glucuronide dihydrate (mol. wt. 497.5) from Ultrafine

Chemicals (Manchester, England), morphine-3-b-D-glucur-
onide (mol. wt. 461.5) from Sigma (St. Louis, USA). The

drugs were dissolved in 0.9% saline. Acetonitrile from

Labscan (Dublin, Ireland) was HPLC-grade. All other

reagents were analytical grade.

2.3. Treatment

2.3.1. Pharmacokinetic studies

Each animal was given one bolus injection (80 mmol/kg)

of morphine, M3G or M6G. The three drugs were admin-

istrated by three different routes; one group of animals

received the drug as intravenous injections, one as subcuta-

neous injections and one as intraperitoneal injections. The

intravenous injections were given in total volumes of 0.1

ml/10 g mouse, the subcutaneous injections in total volumes

of 0.05 ml/10 g mouse and the intraperitoneal injections in

total volumes of 0.2 ml/10 g mouse.

2.3.2. Locomotor studies

Two groups with 12 animals in each group were injected

with morphine, one group with 40 mmol/kg and one with 80

mmol/kg. Another two groups with the same number of

animals were injected with the same doses of M6G. In each

of the four treatment group, half the animals (n = 6) received

the drug by intraperitoneal administration and the other half

by a subcutaneous injection. In addition, four animals

received M3G (40 mmol/kg) and another four saline,

respectively (two animals by the intraperitoneal route and

two by the subcutaneous route). The intraperitoneal injec-

tions were given in total volumes of 0.2 ml/10 g mouse and

the subcutaneous injections in total volumes of 0.1 ml/10 g

mouse.

2.4. Blood sampling and sample purification

In the pharmacokinetic studies, two to seven animals

were killed at each time point by heart blood sampling under

CO2–anesthesia. After 60 min at room temperature, the

blood was centrifuged for 10 min at 1670� g and serum

was stored at � 18 �C until analyses were preformed.

2.5. HPLC analysis

Morphine, M3G and M6G in serum were analyzed by

HPLC with ultraviolet and electrochemical detection

employing automated solid phase extraction described by

Svensson (1986) and Svensson et al. (1982) and modified

by Aasmundstad et al. (1993) with 50 ml serum. The limit of

detection was 0.5 mM for morphine, 0.4 mM for M3G and

0.2 mM for M6G, and the interassay variability was < 10%

for all components.

2.6. Pharmacokinetic calculations

Mean serum concentrations were calculated at each time

point. The serum drug half-lives, total clearance (CL) and

volume of distribution (VD) were calculated from the mean

serum concentrations obtained after intravenous adminis-

tration. These data were calculated using a noncompart-

mental pharmacokinetic data analysis by PK Solutions 2.0

software (Summit Resarch Services, Ashland, OH, USA).
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The data analysis of the three drugs were carried out with

the two terms option (absorption/distribution and elimina-

tion) and the elimination phases were determined from 30

to 60 min to the last concentration depending on what

gave the best curve fit. When M3G was formed as a

metabolite of morphine the three terms option (absorption,

absorption/distribution and elimination) was used with

elimination phases as above. Following intravenous ad-

ministration, the software calculated an initial concentra-

tion (not shown in figures). The areas under the serum

concentration versus time curves (AUC) were calculated

based on mean serum concentrations. To indicate the distri-

bution of the data, a range of AUC was calculated. A maxi-

mum AUC was calculated by using the mean concentration

values + S.E.M. concentration at each time point. Similarly,

the minimum AUC was calculated using the mean concen-

tration values–S.E.M. concentration values at each time

point.

2.7. Locomotor activity

Each animal was tested individually in an activity cham-

ber of a Digiscan optical animal activity monitoring system

(Omnitec Electonics, Columbus, USA). The chamber size

was 20� 20 cm with infrared beam spacing of 2.5 cm. Each

animal was individually habituated in an activity chamber

for 90 min before injections. After habituation, the mouse

was gently removed from the activity chamber and injected

with morphine or M6G in another room. Immediately

following injection, it was gently returned to the same

activity chamber. Locomotor activity was measured for a

time period of 600 min following morphine and M6G

injections, respectively. Each animal’s score was expressed

as activity counts per 5-min period. A battery of different

activities was measured as an expression of locomotor

activity (Grung et al., 1998). Based upon our previous

study, we have focused on one activity, the total distance

traveled, to present our results.

2.8. Data analysis

Statistical analyses were performed with SPSS version

10.0 statistical software. Data are presented as mean ±

S.E.M. unless otherwise stated. Locomotor activity data

were compared by Student’s t test. P values of less than

.05 were taken as statistically significant.

3. Results

3.1. Pharmacokinetic studies

3.1.1. Administration of morphine

Fig. 1 shows the serum concentration versus time curves

of morphine and its metabolite M3G in mice receiving a

single dose of 80 mmol/kg morphine as intravenous, intra-

peritoneal or subcutaneous injections. The AUCs are given

in Table 1. The AUC for morphine following intraperitoneal

administration was only 47% of that following intravenous

administration. After subcutaneous administration, however,

the AUC was of the same magnitude as following intraven-

ous administration. The serum concentration of morphine

following the intraperitoneal injection reached a maximum

concentration (cmax) of approximately 12 mM after 10 min.

Following subcutaneous administration, a cmax of approx-

imately 18 mM was reached after 25 min. The initial

concentration following intravenous administration (calcu-

lated by PK solution software) was approximately 60 mM
(not shown in figure). There was no detectable amount of

morphine at 180 min after administration regardless of

administration route.

M3G was the main metabolite formed following mor-

phine administration. Fig. 1 shows that detectable quantities

of the glucuronide were found in plasma 5 min after

morphine administration independent of administration

route. Following intraperitoneal administration, the M3G

concentration was substantially higher than the concentra-

Fig. 1. Serum concentration versus time curves of morphine and its metabolite M3G following single dose administration of 80 mmol/kg morphine by

intravenous (iv), intraperitoneal (ip) and subcutaneous (sc) routes. Mean concentrations ± S.E.M. of groups of two to seven mice are given at each time point.

When S.E.M. bars are not visible, they are smaller than the plot symbol.
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tion of morphine already after 5 min. Table 1 shows the

AUCs of the serum concentration versus time curves of

M3G formed as a metabolite of morphine after the different

routes of administration. The AUC ratio of M3G to mor-

phine was about 10 following intraperitoneal administration

compared to about 5–6 after the two other administration

routes of morphine (Table 1). The serum concentration of

M3G following intraperitoneal morphine administration

reached a cmax of approximately 100 mM after 25 min.

Following the subcutaneous dose, a cmax of about 70 mM
was reached after 30 min and, following the intravenous

administration, a cmax of approximately 65 mM was reached

after 15 min. There were detectable concentrations of M3G

present during the entire experiment, however, less than 3

mM at 180 min.

No M6G was detected following the administration of

morphine by any route.

3.1.2. Administration of morphine-glucuronides

The left panel of Fig. 2 shows the serum concentration

versus time curves following a single dose of 80 mmol/kg

M3G as intravenous, intraperitoneal and subcutaneous

injections. There was no reduction in AUC when M3G

was administered by intraperitoneal or subcutaneous admin-

istration compared to intravenous administration (Table 2).

In fact, the AUC of the concentration versus time curve

following intravenous administration was somewhat smaller

than following the two other routes of administration. The

maximal serum concentrations of M3G after intraperitoneal

and subcutaneous doses were similar (around 120 mM),

while the initial concentration following intravenous admin-

istration (calculated by PK solution software) was 180

mmol/l (not shown in figure). These concentrations were

higher compared to the M3G concentrations obtained as a

metabolite following injection of equimolar doses of mor-

phine given intravenously or subcutaneously, but similar

when compared to M3G concentrations after morphine

intraperitoneal (compare Fig. 1 and left panel of Fig. 2).

M3G was not detected at 180 min following subcutaneous

administration and only very low concentrations (� 3 mM)

were detected at the end of the experiment following the two

other routes of administration. No M6G or morphine was

detected at any time after the administration of M3G by any

route.

The serum concentration versus time curves following

M6G administration by intravenous, intraperitoneal and

subcutaneous injections are shown in the right panel of

Fig. 2. No marked differences in AUCs following subcuta-

neous and intraperitoneal administration routes were calcu-

Table 1

AUC of the serum concentration versus time curves of 80 mmol/kg

morphine and its metabolite M3G following three different routes of single

dose morphine administrationa

Route of AUCmean (AUCmin�AUCmax)
b

administration
Morphine

(mmol�min�l� 1)

M3G

(mmol�min�l� 1)

Ratioc M3G/

morphine

Intravenous 0.99 (0.88–1.10) 4.53 (3.61–5.45) 4.6

Subcutaneous 1.10 (0.88–1.32) 6.47 (5.63–7.32) 5.9

Intraperitoneal 0.47 (0.42–0.53) 4.94 (4.35–5.54) 10.5
a Numbers of analyzed blood samples at each time point were two to

seven.
b AUC denotes area under the serum concentration versus time curves.

AUCmean values were calculated as the AUC of the mean serum

concentrations. The range is shown in brackets (AUCmin�AUCmax).

AUCmin was calculated as the area of the curve made up of the mean

concentrations� S.E.M. at each time point and the AUCmax was calculated

as the area of the curve made up of the mean concentrations + S.E.M. at each

time point.
c Ratios are based on mean AUC values.

Table 2

AUC of the serum concentration versus time curves of single dose

administration of 80 mmol/kg M3G and M6G given by three different routes

of administrationa

Route of AUCmean (AUCmin�AUCmax)
b

administration
M3G (mmol�min�l� 1) M6G (mmol�min�l� 1)

Intravenous 3.35 (3.02–3.69) 5.31 (4.71–5.89)

Subcutaneous 5.21 (4.71–5.70) 4.40 (3.88–4.91)

Intraperitoneal 4.76 (4.32–5.20) 3.81 (3.36–4.26)

a Numbers of analyzed blood samples at each time point were two to

five.
b Abbreviations and explanations as in Table 1.

Fig. 2. Serum concentration versus time curves of single dose administration of 80 mmol/kg M3G and M6G, respectively. The drugs were administered by

intravenous (iv), intraperitoneal (ip) and subcutaneous (sc) routes. Mean concentrations ± S.E.M. of groups of two to four (M3G) and two to six (M6G) mice

are given at each time point, respectively. When S.E.M. bars are not visible, they are smaller than the plot symbol.
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lated (Table 2), but both areas tended to be lower than the

AUC following intravenous administration. The serum

concentration of M6G reached a cmax of approximately 80

mM 10–15 min following intraperitoneal injection, while

the cmax following subcutaneous administration was slightly

higher and approximately 100 mM. The initial concentration

following intravenous administration (calculated by PK

solution software) was approximately 260 mM (not shown

in figure). We found detectable concentrations of M6G

during the entire experiment, although lower than 4.0 mM
at 180 min. No morphine or M3G were detected at any time

point after the administration of M6G, by any route.

3.2. Pharmacokinetic data

The calculated pharmacokinetic data are presented in

Table 3. The half-lives of the three drugs determined from

mean serum concentrations were similar and within the

range of 25–28 min, while marked differences were

observed for VD and CL. VD and CL of both glucuronides

were similar. Morphine had 3.5–6.5 times higher VD and

CL values than the glucuronides.

3.3. Locomotor activity experiments

The locomotor activity expressed as mean total distance

traveled per 5 min, following administration of 40 and 80

Table 3

Pharmacokinetic dataa

Half-life (min) VD
b(l/kg) CLc (ml/min/kg)

Morphine 28 3.2 80

M3G 27 0.9 24

M6G 25 0.5 15

a The pharmacokinetic data are calculated based on mean concen-

trations following intravenous administration.
b VD denotes volume of distribution.
c Denotes total clearance.

Fig. 3. Locomotor activity following morphine (left panels) and M6G (right panels) administration by intraperitoneal (ip) and subcutaneous (sc) routes

presented as mean total distance traveled per 5 min at each 5-min interval. The arrows indicate the time of drug administration following 90 min of habituation.

The time scales are given in relation to the moment of injection. In all groups, n= 6. S.E.M. bars were omitted for clarity.
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mmol/kg morphine and M6G by the subcutaneous and

intraperitoneal routes of administration are presented in

Fig. 3. Corresponding mean values of the area under the

activity curve (AUCla), maximum locomotor effect (Emax)

and the time to reach maximum effect (tmax) of the curves

are presented in Table 4.

The experiments revealed that following ip administra-

tion of 40 mmol/kg morphine, the Emax as well as the AUCla

were significantly smaller and approximately 45% and 34%

of the corresponding curve following subcutaneous admin-

istration, respectively (upper left panel in Fig. 3 and Table

4). Following the higher dose of morphine (80mmol/kg), the

AUCla, but not the Emax, was smaller (approximately 70%)

than corresponding values following subcutaneous admin-

istration (lower left panel in Fig. 3 and Table 4). When M6G

was administered, the Emax and the AUCla of the curves

following the two different routes of administration were

equal both for animals receiving 40 and 80 mmol/kg (right

panels Fig. 3 and Table 4). Further, there were no significant

differences in Emax or AUCla following subcutaneous ad-

ministration of 40 mmol/kg morphine compared to the same

dose of M6G. However, when the doses were 80 mmol/kg,

the AUCla following M6G administration was larger then

following morphine administration, while the corresponding

Emax were similar. M3G and saline did not induce increased

locomotor activity in C57B6J mice (data not shown).

The time to reach maximum effect (tmax) was signific-

antly shorter in the group receiving 40 mmol/kg morphine

intraperitoneally compared to the mice receiving the same

dose by subcutaneous administration (Table 4). In mice

receiving either the high dose of morphine or M6G (both

doses), there were no significant differences in tmax between

the two different administration routes of the same dose.

When comparing the groups receiving subcutaneous admin-

istration of either morphine (both doses) or M6G (both

doses), there were not any significant differences in tmax

(ranging from 52 to 73 min).

From the locomotor activity curves in Fig. 3, one can

read that subcutaneous morphine administration induced

locomotor activity increases that lasted for around 240 and

270 min following the dose of 40 and 80 mmol/kg, respect-

ively. M6G administration induced locomotor activity

increases that lasted longer, almost 360 min and at least

for 570 min following 40 and 80 mmol/kg, respectively.

Other locomotor activities than total distance traveled

showed the same pattern of activity changes as the total

distance traveled shown in Fig. 3 (data not shown).

Fig. 4 shows hysteresis plots of the association between

locomotor activity and serum concentrations of morphine

and M6G, respectively. Both plots were counter clockwise

plots and show that there was a delay in achieving loco-

motor activity response compared to the raise in serum

concentrations for both drugs, but most pronounced for

M6G. The maximum activity reached was in the same order

of magnitude and was reached at approximately the same

time for the two drugs. When the drug concentrations

declined to zero, the locomotor activity was still present

for a period of time, again most pronounced for M6G.

Table 4

Data from locomotor activity curves (total distance traveled) after different doses and administration routes of morphine and M6Ga

Morphine M6G

40 mmol/kg 80 mmol/kg 40 mmol/kg 80 mmol/kg

Intraperitoneal Subcutaneous Intraperitoneal Subcutaneous Intraperitoneal Subcutaneous Intraperitoneal Subcutaneous

AUCla
b (m) 187 ± 20 558 ± 64 * 587 ± 72 857 ± 28 * * 717 ± 78 784 ± 116 1290 ± 100 1215 ± 109y

Emax
c (m/5 min) 15 ± 2 33 ± 3 * 35 ± 4 39 ± 1 30 ± 3 32 ± 4 37 ± 3 38 ± 3

tmax
d (min) 42 ± 4 60 ± 4 * * 65 ± 6 60 ± 8 77 ± 11 73 ± 4 42 ± 3 52 ± 4

a Data presented as mean ± S.E.M., n= 6 in all groups.
b AUCla denotes area under the locomotor activity curve.
c Emax denotes maximum locomotor effect.
d tmax denotes the time to reach maximum effect. Other abbreviations as in Table 1.

* Significant difference from intraperitoneal administration of the same dose of morphine ( P< .001 by Student’s t test).

** Significant difference from intraperitoneal administration of the same dose of morphine ( P< .01 by Student’s t test).
y Significant difference from the same dose of subcutaneous administration of morphine ( P < .05 by Student’s t test).

Fig. 4. Counter clockwise hysteresis plots of locomotor activity versus

serum concentrations of morphine and M6G. Results following subcuta-

neous administration of 80 mmol/kg morphine or M6G, respectively, are

given, n= 6 in each group. Numbers in brackets at plot symbols denotes the

time of the actual measurement (M6G time points shown in italics) and

arrows show the time series of the measurements.
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4. Discussion

We found that following intraperitoneal administration of

morphine the bioavailability was nearly 50% compared to

intravenous and subcutaneous administration, and that intra-

peritoneal administration was followed by higher concen-

trations of the metabolite M3G. M6G was never detected

after morphine administration. When M3G was given by the

three different routes, there were no marked serum concen-

tration difference, which was also the case when M6G was

given intraperitoneally or subcutaneously. The half-lives for

all three drugs were similar, but morphine had VD and CL

values approximately 3.5–6.5 times higher than both glu-

curonides.

These results indicated that morphine given intraperito-

neally is subject to substantial first pass metabolism in the

liver giving rise to high concentrations of M3G, which

were also found to rise earlier following intraperitoneal

injections of morphine compared to the other two routes of

administration. We are not aware of previous studies on

this first-pass metabolism of morphine given intraperito-

neally to mice. Studies in other species also seemed to be

lacking. However, it has been demonstrated that oral

administration morphine was followed by substantial

first-pass metabolism in several species (Milne et al.,

1996). Since the peritoneal cavity is drained mainly by

the portal circulation (Benet et al., 1996), it was not

surprising that the intraperitoneal route of administration

would lead to first-pass metabolism comparable to that

observed after oral administration.

The route of administration did not reduce the bioavail-

ability of M3G when this substance was injected intra-

peritoneally, indicating that there was no hepatic first-pass

metabolism of M3G. This seemed reasonable since the

elimination of morphine-glucuronides has been shown

almost exclusively to take place by renal secretion of

unchanged drug (Milne et al., 1996). This was also in

accordance with the findings in a study from our laboratory

with isolated guinea pig and rat hepatocytes demonstrating

that morphine-glucuronides were stable end products (Aas-

mundstad et al., 1993). There was a tendency that the AUC

following intraperitoneal administration of M6G was

reduced compared to intravenous, but not subcutaneous

administration. A possible minor first-pass metabolism in

the liver at the three-position of the molecule could explain

this reduction and, accordingly, the small distinction

between M3G and M6G.

We did not detect M6G following morphine administra-

tion. This was in agreement with results from other groups

(Oguri et al., 1990; Pacifici et al., 1995; Zuccaro et al.,

1997), and also in accordance with the low UDPGT activity

towards the 6-hydroxyl group of the morphine molecule

found in liver microsomes from mice (Kuo et al., 1991).

Morphine was not detected following the administration of

M3G or M6G. This indicated that there was no enter-

ohepatic circulation similar to what has been shown in dogs

(Garrett and Jackson, 1979). Our results concerning the

differences between VD and CL for morphine on one hand

and M3G and M6G on the other were in accordance with

previous observations for other animal species and man

(Milne et al., 1996). The low VD of the glucuronides were in

accordance with the lower fat solubility of morphine-glu-

curonides compared to morphine and explained the high

serum concentrations obtained for the glucuronides com-

pared to morphine.

The second part of our study addressed whether the

pharmacokinetic differences observed had importance to

the pharmacodynamic responses that could be observed as

locomotor activities. We found that the route of administra-

tion (subcutaneous and intraperitoneal) influenced the loco-

motor activity following morphine, but not M6G

administration. Following intraperitoneal administration of

40 mmol/kg morphine, both the AUCla and Emax were less

than 50% of the locomotor activity after subcutaneous

administration. Following the higher dose of morphine,

the reduction in AUCla was not as pronounced as after the

low dose and there was no difference in Emax. There were no

significant differences in AUCla and Emax of the locomotor

activity curves between intraperitoneal and subcutaneous

M6G for both doses tested, i.e., 40 and 80 mmol/kg. When

the locomotor effects of subcutaneous morphine and M6G

were compared, we found larger effects after M6G. The

difference was statistically significant for the 80 mmol/kg

dose measured as AUCla and was mainly due to a longer

duration of the increased locomotor activity following M6G

administration. M3G did not increase locomotor activity

different from saline.

There was a close relationship between the pharmacoki-

netics of morphine with respect to bioavailability and the

locomotor activity. The lower bioavailability of 80 mmol/kg

morphine (48%) when administered intraperitoneally was

reflected in reduced locomotor activity (approximately 30%)

following ip compared to subcutaneous administration of the

same dose of morphine in the pharmacodynamic study. The

Emax of the locomotor activity curves after the high dose of

morphine were equal following the two routes of adminis-

tration even though the cmax was about 30% lower following

intraperitoneal compared to subcutaneous administration.

We have earlier showed that the locomotor activity following

80 mmol/kg morphine intraperitoneal gave rise to a maximum

effect in dose response studies (Grung et al., 1998). Because

of the possibility of a ceiling effect we also measured the

locomotor activity after 40 mmol/kg morphine by intraper-

itoneal and subcutaneous administration. We found again a

marked decrease of AUCla (66%) after intraperitoneal com-

pared to subcutaneous administration and at this dose also the

Emax after intraperitoneal was reduced compared to subcuta-

neous administration (55%). The pharmacodynamic con-

sequence of the pharmacokinetic differences between

intraperitoneal and subcutaneous administration thus became

clearer when the dose was lowered, demasking a ceiling

effect.
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For M6G the lack of difference in bioavailability between

intraperitoneal and subcutaneous routes of administration of

80 mmol/kg, M6G was reflected in equal activities with

respect to locomotor activity measured as AUCla and Emax.

Reducing the dose to 40 mmol/kg did not reveal any con-

cealed pharmacodynamic differences because of possible

ceiling effects. To our knowledge, there are no previous

studies on the locomotor activity of M6G comparing differ-

ent routes of administrations.

Our data indicated that on dose basis, morphine and

M6G were equipotent with respect to giving rise to the same

Emax following subcutaneous administration of both doses

of the two substances. However, in serum, the concentra-

tions following subcutaneous administration of the two

drugs were very different. The cmax following M6G admin-

istration was approximately 5.5 times that of morphine

administration. This may indicate that M6G passes the

blood–brain barrier (BBB) to a lesser degree than mor-

phine. This is in agreement with previous studies that in

different ways have studied the passage through the BBB

(Bickel et al., 1996; Mignat et al., 1995; Aasmundstad et al.,

1995). In rats, it was shown by microdialysis that the

concentration difference between morphine and M6G in

the extracellular fluid of the brain (ECF) was much smaller

than the corresponding difference in plasma (Aasmundstad

et al., 1995). If this also applies to mice, morphine and M6G

concentrations in the ECF in our study would have been

approximately equal. Since M6G has been shown to have

comparable affinities for the m receptor (Frances et al., 1992;

Pasternak et al., 1987; Paul et al., 1989), this may explain

the equal potencies of the two substances. This similarity in

potency following systemic administration was in agree-

ment with another study where place preference was studied

(Abbott and Franklin, 1991), and with a study where

analgesic effects of morphine and M6G were compared

(Frances et al., 1990).

If one focuses at administration by the subcutaneous

route, to avoid the disturbance of low bioavailability fol-

lowing intraperitoneal administration, the locomotor activity

of both 80 mmol/kg morphine and M6G rose rapidly as the

serum concentrations rose. However, there was a time delay,

depicted by the counter clockwise hysteresis plot between

the two curves (Fig. 4). The most probable explanation for

this was that it takes time to distribute the drugs to their

effect compartment, the brain, due to the crossing of the

BBB. The time delay between the cmax and Emax to reach the

maximum locomotor activity was in the same order of

magnitude (approximately 35–40 min) following 80

mmol/kg morphine and M6G. This was in agreement with

the study by Aasmundstad et al., in rats, which showed that

M6G reached the peak ECF concentration at the same time

as morphine (Aasmundstad et al., 1995). The peak concen-

tration of both morphine and M6G in cerebral ECF was

equally delayed (40 min) compared to the maximum con-

centration in serum. This was in agreement with our finding

that tmax of the locomotor activity was equal following

morphine and M6G. The delay between the cmax in serum

and Emax of the locomotor activity in our study was also of

the same order of magnitude (35–40 min) as shown in the

aforementioned study.

In morphine-treated mice the locomotor activity past Emax

fell relatively parallel to the serum concentration, but with an

even greater time delay than between the maximum concen-

trations and effects. When the serum concentration reached

zero, the locomotor activity was low and approached zero in

about 90 min. One explanation for this time delay might be

that the half-life of morphine in ECF was greater than in

serum. This was in agreement with previous studies in rats

reporting t1/2 from 30 to 32 and 44 to 48 min in serum and

ECF, respectively (Bouw et al., 2000; Aasmundstad et al.,

1995). The time delay could also be explained in a pharma-

codynamic manner; the binding of morphine to its receptor

initiated intracellular processes that had a duration that was

longer than the presence of morphine in ECF. Bouw et al.

(2000) have estimated that 85% of the delay in antinocicep-

tive effect of morphine in rats could be explained by the

transport of morphine across the BBB. Their results also

indicated a possible involvement of pharmacodynamic fac-

tors in explaining some of the delay.

In the first time period after passing Emax, the locomotor

activity of M6G fell approximately parallel with the serum

concentrations but with some delay. However, when the

serum concentrations approached zero at 180 min, the

locomotor activity was still high and only slowly descend-

ing, not even reaching zero at the end of the experiment 600

min after the drug injection. Clearly, the shape of the

locomotor activity curve differed from what was seen with

morphine. This indicated that M6G might have a longer

half-life in ECF than morphine in agreement with what had

been found in rats (Aasmundstad et al., 1995). The binding

of M6G to another receptor than morphine; a specific M6G

receptor or a splice variant of the m receptor (Brown et al.,

1997; Pasternak, 2001) might also explain or at least

contribute to the difference. A difference between the

locomotor activity curve shapes in the descending part of

the curve was previously also shown in mice though not as

pronounced as in our study (Uchihashi et al., 1996). The

doses used by Uchihashi et al. were, however, much lower

than those we tested. The longer duration of M6G effects

compared to morphine had also been shown in mice when

studying analgesic effects (Paul et al., 1989).

The limbic and striatal DA neurons are implicated in the

locomotor stimulant effects of morphine and other opioids

in rats (Joyce and Iversen, 1979; Kalivas and Duffy, 1987;

Kalivas and Stewart, 1991). The relatively close temporary

relationship between morphine serum concentrations and

locomotor activity suggested that there was a close relation-

ship between morphine concentrations in serum and ECF.

This also indicated that the DA concentration or the DA

effect paralleled the morphine concentrations in ECF rel-

atively closely, in accordance with close temporal connec-

tions between ventral striatum DA-release and locomotor
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activation in this strain of mice (Murphy et al., 2001). This

probably also applies for M6G although the temporary

relationship might be somewhat different especially in the

late phase of the locomotor activity.

In the pharmacokinetic part of the study, we had only

given very high doses of the three substances to assure us

that they would be easy to detect in serum. The dose was so

high that one could argue that circulatory effects could arise

that would affect pharmacokinetic parameters. However, we

had earlier administered up to 120 mmol/kg morphine and

M6G without the animals behaving any different than

following smaller doses (Grung et al., 1998). In pharmaco-

kinetic studies, it is desirable to examine the fate of the

studied substance in one subject. The amount of serum

needed for the HPLC-analysis did not allow us to take serial

blood samples of each mouse. Consequently, we had to use

mean serum concentrations from several animals per time

point to draw the concentration time curve, which increased

the uncertainty in the data. For the purpose of this study,

however, in comparing morphine with the glucuronides, we

found that the uncertainty was acceptable. Addition of urine

samples would have made the study more comprehensive if

one wanted to fully explore the detailed pharmacokinetics of

the drugs. However, this was not the aim of this study.

In conclusion, the behavioral parameter locomotor activ-

ity was closely related to serum concentrations of morphine

following morphine administration both with respect to

response and time course. The same was to some extent

the case for M6G, although there was a considerable

discrepancy in the later time periods with respect to an

increased ratio between locomotor activity and M6G con-

centration. This might indicate important differences in

intracerebral pharmacokinetics and/or dynamics with

respect to locomotor activity between morphine and M6G.
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