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Different distribution of morphine and morphine-6f-glucuronide
after intracerebroventricular injection in rats

*!Takashi Okura, '"Masanori Saito, 'Misato Nakanishi, 'Noriyuki Komiyama, 'Aki Fuijii, 'Shizuo

Yamada & 'Ryohei Kimura

"Department of Biopharmacy, School of Pharmaceutical Sciences, University of Shizuoka, 52-1 Yada, Shizuoka 422-8526, Japan

1 We investigated the distribution of morphine and morphine-6f-glucuronide (M6G) in the brain

and spinal cord after intracerebroventricular (i.c.v.) injection of each drug in rats.

2 The cerebrospinal fluid (CSF) concentration of M6G was 5-37 times greater than that of
morphine 10, 60 and 120 min after the i.c.v. injection. The apparent elimination clearance of M6G
from the CSF was 10 times lower than that of morphine.

3 The intrathecal CSF concentration of M6G measured by the microdialysis method was 29-79
times greater than that of morphine, and M6G was rapidly distributed into the intrathecal space after
the i.c.v. injection.

4 M6G was detected in the cerebrum, brainstem, cerebellum and spinal cord at concentrations 2—21
times higher than morphine after the i.c.v. injection of each drug. The distribution volume of M6G in
rat brain slices was three times lower than that of morphine, and close to the extracellular fluid space
in the brain regions corresponding to the vicinity of the opioid receptors.

5 These brain distribution characteristics of M6G, namely, low clearance from the central nervous
system, localization in the extracellular fluid and rapid distribution into the intrathecal space, may

contribute to the potent analgesic effect of M6G after i.c.v. injection.
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Introduction

Morphine-6f-glucuronide (M6G), an active metabolite of
morphine in humans, has been shown to be over 100-fold
more potent than morphine when administered centrally in rats
and mice (Paul ef al., 1989; Gong et al., 1991; Frances et al.,
1992), although M6G binds preferentially to the wp-opioid
receptor with similar affinity to morphine (Abbott & Palmour,
1988; Paul et al., 1989; Frances et al., 1992). It has been
hypothesized that the significantly greater analgesic potency of
Mo6G is mediated by distinct receptors that are not activated by
morphine, possibly splice variants of the p-opioid receptor
(Pasternak & Standifer, 1995). Osborne er al. (2000) have
reported that the relative efficacy of M6G is two to four times
higher than that of morphine in the rat locus coeruleus;
however, there has been no evidence so far to indicate that a
unique receptor for M6G functionally mediates highly potent
pharmacological effects in the central nervous system.
Although it has been reported that the blood—brain barrier
permeability to M6G is 32—57 times lower than that to
morphine (Bickel et al., 1996; Wu et al., 1997), subcutaneously
(s.c.) administered M6G has been detected at concentrations
two to four times higher than morphine in the brain
extracellular fluid space corresponding to the vicinity of the
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opioid receptors (Aasmundstad et al., 1995; Stain-Texier et al.,
1999). Indeed, the analgesic potency of M6G has been shown
to be almost equal to that of morphine following s.c.
administration (Paul ez al., 1989). There might not be a
significant difference in the analgesic potency of morphine and
M6G based on their concentrations at the target sites in the
brain. Payne et al. (1996) have demonstrated in sheep that
intracerebroventricular (i.c.v.) and intrathecal administration
of lipophilic opioids such as methadone and naloxone
produces a different cerebrospinal fluid (CSF) distribution
from that of hydrophilic opioids including morphine. The
distribution of centrally administered M6G may differ from
that of morphine, because the I1-octanol/buffer partition
coefficient of M6G is 187 times lower than that of morphine
(Wu et al., 1997). The potency of the analgesic effects after the
i.c.v. injection of morphine and M6G can be affected by their
pharmacokinetics in the brain and spinal cord. We hypothe-
sized that the differences in the analgesic effects after a central
administration of morphine and M6G are attributed, at least
in part, to different distributions in the central nervous system.
To clarify the distribution of morphine and M6G after the
i.c.v. injection, we investigated the CSF pharmacokinetics in
the ventricle and intrathecal space, as well as the distribution in
the brain and spinal cord tissues in rats. We also determined
the brain distribution volume of these substances using the
brain slice uptake method.
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Methods
Animals

Male Sprague—Dawley rats weighing about 250 g were housed
three to four per cage with free access to food and water and
maintained on a 12 h light/dark cycle in a room with controlled
temperature (24+1°C) and humidity (55+5%). This study
was conducted according to guidelines approved by the
Experimental Animal Ethical Committee of the University of
Shizuoka.

Drugs

[*H]sucrose (377.4 GBgmmol™') and morphine hydrochloride
were purchased from Dupont-NEN Co. Ltd (Boston, MA,
U.S.A.) and Takeda Chemical Industries, Ltd (Osaka, Japan),
respectively. M6G was synthesized from morphine as de-
scribed previously (Yoshimura et al., 1968; Carrupt et al.,
1991). All other chemicals were purchased from commercial
sources.

CSF pharmacokinetics of morphine and M6G and their
distribution in the brain and spinal cord after the i.c.v.
injection

The rats were anesthetized with pentobarbital (50 mgkg™'i.p.)
and their heads were placed in a stereotaxic apparatus (SR-6,
Narishige Scientific Instrument Lab., Tokyo, Japan). A guide
cannula (AG-8, EICOM Corp., Kyoto, Japan) was inserted
into the left lateral ventricle (posterior: 0.9 mm and lateral:
1.5mm to the bregma as a reference and 3.9 mm ventral to the
brain surface). The cannula was then anchored with dental
cement to metallic screws placed in the skull. The animals
were allowed to recover from the surgery for 2-3 days.
Morphine (50nmol) or M6G (50nmol) was administered
with [*H]sucrose (5kBq), a CSF bulk flow marker, through
the cannula using a stainless steel needle (EICOM Corp.,
Kyoto, Japan). Then, 10.60 and 120 min later, an aliquot
of CSF (approximately 100 ul) was taken by cisternal puncture
using a syringe (25G; Terumo, Tokyo, Japan) (Chou & Levy,
1981). Immediately after collecting the CSF, the rats were
killed by taking blood from the descending aorta. Then, the
brain and spinal cord were removed, and the brain was
separated into the cerebrum, brainstem and cerebellum.
These brain regions and the spinal cord were weighed and
homogenized in a three-fold volume of 0.01mM phosphate
buffer (pH 2.0). The homogenate was centrifuged at 4800 x g
for 20min at 4°C. The supernatant and CSF sample were
stored at —20°C until the drug concentration was determined.
The plasma from the rat blood was separated by centrifuga-
tion, and stored at —20°C.

Distribution of morphine and M6G in the intrathecal
space after the i.c.v. injection

The intrathecal distribution of i.c.v.-injected morphine and
M6G was determined by the microdialysis method (Marsala
et al., 1995). The dialysis probe was constructed from
Cuprophan hollow fibers (i.d., 0.2mm; MW cutoff, 12,500;
RENAK-E, RE-10M, Kawasumi Chemical Industries Ltd,
Tokyo, Japan). The fibers were coated with epoxy glue, except

for a 4-cm region in the middle of the fiber. Nichrome wire
(0o.d., 0.1 mm; Unique Medical Co. Ltd, Tokyo, Japan) was
then passed through the fiber and both ends of the fiber were
attached to pieces of polyethylene tube (PE-10; Natsume
Seisakusho Co. Ltd, Tokyo, Japan). The probe was inserted
through an incision in the cisternal membrane of the rats and
slowly passed caudally 9 cm into the intrathecal space to leave
the uncoated section of the catheter at the Th11-L2 spinal
segments. The two PE-10 ends of the dialysis probe were
externalized on the top of the head. The rats were allowed to
recover from the surgery for 3 days. The dialysis probe was
perfused with Ringer’s solution (147mm NaCl, 4mm KCl,
2.4mm CaCl,, pH 7.3) at a constant rate of 5 ulmin™'. After a
stabilization period of 1h, the in vivo recovery was estimated
by retrodialysis (Bouw et al., 2001). The dialysis probes were
perfused with Ringer’s solution containing morphine (2 uM) or
M6G (2 um) with [PH]sucrose (6.7 kBqml™") for 1 h. The in vivo
drug recovery was calculated by measuring the loss of drug
from the perfusion solution according to the following
equation:

in vivo recovery = (C;

_Coul)/Cin (1)

where Cj, is the drug concentration in the perfusion solu-
tion entering the probe and C,, is the drug concentration
in the outgoing dialysate. The recoveries for morphine,
M6G and [*HJsucrose were 36.4+3.2, 18.7+2.1 and
30.4+3.1%, respectively, and did not change significantly
during the 6-h experimental period. The drug concentrations
were corrected on the basis of the recovery of the probe
to determine the corresponding concentrations in the intra-
thecal CSF.

After the retrodialysis period, the perfusion solution was
changed to Ringer’s solution without drugs. A washout period
of 1 h before the drug administration was allowed to ensure the
complete removal of drugs from the probe. After morphine
(50nmol) or M6G (50nmol) was administered i.c.v. with
[*Hlsucrose (5kBq) through the cannula inserted into the left
ventricle as described above, the dialysate samples were
collected every 15min for 1h and then every 30 min for 2h
during the 3-h experiment. The samples were kept at —20°C
until analysis.

Brain slice uptake of morphine and M6G

The distribution volume of morphine, M6G and [*H]sucrose
was determined by the in vitro brain slice uptake technique
(Ballard et al., 2000). After the rats had been killed, the brain
was immediately removed and immersed in a cold Hanks/
HEPES buffer (1.3mm CaCl,, 5mm KCI, 0.3mm KH,PO,,
0.8mm MgCl,, 138mM NaCl, 0.3mm Na,HPO,, 5.6mm D-
glucose, 10mm HEPES, pH 7.4). Brain coronal slices (2mm
thick) were prepared using a rat brain matrix. The brain slices
were weighed and preincubated with Hanks/HEPES buffer for
10min at 37°C, and then transferred into Hanks/HEPES
buffer containing morphine (100 um) or M6G (100 um) with
[*Hlsucrose (9.25kBqml™"). After incubation at 37°C for 5, 10,
15, 30, 60 and 120 min, the slices were removed and blot dried
on filter paper and reweighed. The brain slices were homo-
genized in a three-fold volume of 0.01 M phosphate buffer (pH
2.0). The homogenate was centrifuged at 4800 x g for 20 min at
4°C and the supernatant was stored at —20°C until the drug
concentration was determined.
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Determination of morphine and M6G

The concentrations of morphine and M6G were measured by
high-performance liquid chromatography (h.p.l.c.) with
fluorometric detection (Venn & Michalkiewicz, 1990). Samples
of CSF, plasma and tissue homogenates were subjected
to solid-phase extraction using an Oasis MCX cartridge
(Waters, Milford, MA, U.S.A.) that was first prewetted with
methanol (1ml), followed by water (1 ml). The sample was
applied to the cartridge, the cartridge was washed with 1 ml of
0.1~ HCI and 1 ml of methanol, and morphine was then eluted
with ethyl acetate with 5% NH,OH. In the case of M6G
extraction, the samples were applied and the cartridge was
washed with 1 ml of 0.1 N HCI, 1 ml of methanol, ethyl acetate
with 5% NH,OH and acetonitrile with 5% NH4OH. Then,
M6G was eluted with 5% NH,OH. Both the morphine and
M6G elutions were dried under reduced pressure and the
residues were reconstituted in the h.p.l.c. mobile phase
(6.4% acetonitrile containing 0.1% TFA). The h.p.l.c. system
consisted of a pump (880-PU, Japan Spectroscopic Co.
(Jasco), Tokyo, Japan), a fluorescence detector (RF-535,
Shimadzu, Tokyo, Japan) and an integrator (C-R6A, Shimad-
zu, Tokyo, Japan). The h.p.l.c. analytical column used was a
Nucleosil C18 ODS (4.6 mm x 250 mm, 5 um particle size, GL
Sciences). Gradient elution was carried out at room tempera-
ture at a constant flow rate of 1.0mlmin~'. Solvent A was
0.1% TFA in water and solvent B was 0.1% TFA in 40%
acetonitrile. The initial concentration of acetonitrile was 6.4%.
After injecting the sample, the system was pumped isocrati-
cally for 2min, followed by a gradient from 6.4 to 20%
acetonitrile over 10min, followed by a gradient from 20 to
40% acetonitrile over 2min to wash the column. The column
eluate was monitored fluorometrically at the excitation and
emission wavelengths of 280 and 335nm, respectively. The
radioactivity of [’H]sucrose was measured using a liquid
scintillation counter.

Data analysis

The kinetic parameters for the elimination of morphine, M6G
and [*H]sucrose were determined from the following equation
(Ogawa et al., 1994) using the nonlinear regression analysis
program:

Cesp(1) = (dose/ Vd) xe ™ at ®

where Ccse(?), Vd and K are the cisternal CSF concentration
at time ¢, the volume of the distribution and the elimination
rate constant, respectively. Apparent elimination clearance
(CL) was calculated by multiplying K.; by Vd (K x Vd). The
elimination rate constants of morphine, M6G and [*H]sucrose
in the intrathecal space were calculated by linear regression
analysis of the last points belonging to the terminal phase. The
area under the concentration—time curve from time zero to the
last measured concentration at time ¢ (AUC,_,) was calculated
by the trapezoidal method from the experimental curve. The
extrapolated AUC,_,, was calculated by dividing the last
concentration by K.

The amount of uptake in the brain slices (4) was ex-
pressed as the ratio to the medium concentration (Cp).
The brain distribution volume (Vd,,.;,) and apparent uptake
rate constant (K,,,) were determined from the following
equation (Worboys et al., 1997) using nonlinear regression

analysis:

A/Cn = Vdprain (1 — e Farr?) (3)

Statistical analysis of data was determined by one-way
analysis of variance (ANOVA) and the Newman—Keuls test.
Statistical significance was accepted at P<0.05.

Results

Elimination of morphine and M6G from the CSF after
i.c.v. injection

The cisternal CSF concentrations of morphine and M6G were
18 and 97 um (10 min), 3.1 and 44 um (60 min), 0.57 and 21 um
(120 min), respectively, after the i.c.v. injection. The cisternal
CSF concentration of M6G was 5—37 times greater than that
of morphine. Figure 1 shows the time course of the percentage
dose of morphine, M6G and [*H]sucrose. The time profile of
the CSF concentration of M6G was similar to that of
[*H]sucrose. The AUC,_., of the cisternal CSF concentration
of M6G was 10 times greater than that of morphine (Table 1).
The elimination rate constants (K) for morphine, M6G and
[*H]sucrose were 0.0347, 0.0150 and 0.0119min~!, and the
distribution volumes (Vd) were 1935, 444 and 312 ul per rat,
respectively. The CLs from the cisternal CSF of morphine,
M6G and [*H]sucrose were estimated to be 67.2, 6.65 and
3.71 uplmin~"', respectively.

Distribution of morphine and M6G in the intrathecal
space after the i.c.v. injection

The CSF concentrations of morphine, M6G and [*H]sucrose in
the intrathecal space were measured by the microdialysis
method after the i.c.v. injection. The intrathecal CSF
concentrations of these drugs reached maximum levels 15—
30min (M6G and [*H]sucrose) or 30—45min (morphine) after
the i.c.v. injection, and the level decreased with time (Figure 2).
The peak concentrations of morphine and M6G were 1.0 and
66 um, respectively. The intrathecal CSF concentration of
M6G was 29-79 times greater than that of morphine. There
was no significant difference in the K, and elimination half-life
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Figure 1 Cisternal CSF concentration profiles of morphine, M6G
and [*H]sucrose after i.c.v. injection. Morphine (50 nmol) or M6G
(50 nmol) was coinjected with [*H]sucrose (5kBq) into the ventricle.
The rats were killed after 10, 60 and 120 min. Each point represents
the mean +s.e.m. of three (morphine and M6G) or six ([*H]sucrose)
rats. Solid lines were generated from Equation (2) using the
parameters listed in Table 1.
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Table 1 Pharmacokinetic parameters calculated from the cisternal CSF concentration of morphine, M6G and

[*H]sucrose after i.c.v. injection in rats

Morphine
K (min~) 0.0347+0.0057"
11 (min) 19.943.3
Vd (ul) 19354 1607
CL (gl min") 67.2% 12,37
AUC, ., (% dosemin pl™") 1.49+0.27°

M6G [?H]sucrose
0.01504+0.0079* 0.01194+0.0020
46.2+24.4 58.4+9.8
444 4-102%%* 312424
6.65+3.82%** 3.71+£0.68
15.0+8.6 27.0+5.0

Each value represents mean+s.e.m. of three (morphine and M6G) or six ([*H]sucrose) rats. Pharmacokinetic parameters were calculated
from the data shown in Figure 1. Symbols show a significant difference from the values for morphine (¥*P<0.05, ***P<0.001) and

[*H]sucrose ("P<0.05, 1P <0.001).
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Figure 2 Intrathecal CSF concentration profiles of morphine,
M6G and [*H]sucrose after i.c.v. injection. Morphine (50 nmol) or
M6G (50 nmol) was coinjected with [*H]sucrose (5kBq) into the rat
ventricle. The intrathecal CSF concentration was measured by the
microdialysis method using a probe implanted into the intrathecal
space (Th11-L2). Each point represents the mean +s.e.m. of three

Table 2 Pharmacokinetic parameters calculated
from the intrathecal CSF concentration of morphine,
M6G and [*HJsucrose after i.c.v. injection in rats

Morphine M6G [PH sucrose
Ky (min~") 0.00723+0.00118 0.0128+0.0013  0.0119+4+0.0020
t1> (min) 102.0+20.0 55.4+5.1 69.4+15.2
AUC, ., (% 0.35640.060" 13.14+4.5%* 8.164+0.50

dose min ul~")

Each value represents the mean+s.e.m. of three (morphine,
M6G) or six ([*H]sucrose) rats. Pharmacokinetic parameters
were calculated from the data shown in Figure 2. Symbols
show a significant difference from the values for morphine
(**P<0.01) and [*H]sucrose (*P<0.05).

(t,2) among these drugs when calculated from the intrathecal
CSF concentration (Table 2). However, the AUC,_,, of the
intrathecal CSF concentration of M6G was 37 times greater
than that of morphine. The intrathecal CSF concentration of
M6G was at a comparable level to that of M6G in the CSF
taken by cisternal puncture and its AUC,_,, was similar in the
cisternal CSF (15.0% dose minul™') and intrathecal CSF
(13.1% dose min ul™"). On the other hand, the intrathecal CSF
concentration of morphine (Figure 2) was much lower than the
cisternal CSF concentration (Figure 1) early on, and then the

same level of morphine was detected in the cisternal and
intrathecal CSF 120 min later. The AUC,_., of the intrathecal
CSF concentration of morphine was four times lower than that
of the cisternal CSF concentration.

Distribution of morphine and M6G in the brain and spinal
cord after the i.c.v. injection

After the i.c.v. injection of morphine or M6G, the drug
concentrations in the cerebrum, brainstem, cerebellum and
spinal cord were measured 10, 60 and 120 min later. The M6G
concentration was 2.9—6.9 times greater than that of morphine
in the cerebrum (Figure 3a), 1.9-21 times greater in the
brainstem (Figure 3b), 3.9—14 times greater in the cerebellum
(Figure 3c) and 9.5-19 times greater in the spinal cord
(Figure 3d). The tissue to cisternal CSF concentration ratios of
morphine and M6G increased with time (Figure 4). The
concentration ratio for M6G was lower than that for morphine
except in the spinal cord after 10 min. Morphine was detected
in the plasma (0.02% dose ml™") 10 min after the i.c.v. injection
of morphine (data not shown). On the other hand, M6G was
not detected in the plasma after the i.c.v. injection of M6G.

Uptake of morphine and M6G in brain slices

Figure 5 illustrates the time course of the brain slice to medium
concentration ratio for morphine, M6G and [*H]sucrose. The
slice to medium concentration ratio for morphine increased
with time and reached a level of 1.1mlg~' after 120min,
whereas that for M6G increased rapidly and reached the
equilibrium level within 30 min. The calculated brain distribu-
tion volume (Vdyain) of M6G (0.360mlg™") was significantly
lower than that of morphine (1.10mlg~') (Table 3). There was
no significant difference in Vdy,;, between M6G and
[*H]sucrose, an extracellular marker. The apparent uptake
rate constant (K,,,) for M6G was significantly greater than
that for morphine or [*HJsucrose.

Discussion

In this study, the distribution of i.c.v.-injected morphine and
MO6G was investigated in the brain and spinal cord of rats. To
measure the elimination of morphine and M6G from the CSF,
rats were injected i.c.v. with morphine and M6G, and then the
drugs remaining in the cisternal CSF were determined. The
cisternal CSF concentration of M6G was 5-37 times higher
than that of morphine and its AUC,_., was 10 times greater

British Journal of Pharmacology vol 140 (1)
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Figure 3 Concentrations of morphine and M6G in the cerebrum
(a), brainstem (b), cerebellum (c) and spinal cord (d) after i.c.v.
injection in rats. Morphine (50 nmol) or M6G (50 nmol) was injected
into the ventricle. The rats were killed after 10, 60 and 120 min. Each
column represents the mean +s.e.m. of three rats.

than that of morphine. M6G diffused less from the CSF than
morphine, since the distribution volume of M6G (0.44 ml) was
four times lower than that of morphine (1.9 ml). M6G in the
plasma was below the limit of detection after the i.c.v.
injection, unlike morphine, indicating that little M6G was
transported across the blood—CSF barrier and/or the blood—
brain barrier. The apparent clearance of M6G from the CSF
was one-tenth that of morphine and comparable to the
clearance of [*H]sucrose. Sucrose, like inulin, is a relatively
nondiffusible and metabolically stable compound and is used
as a marker of CSF bulk flow (Payne er al., 1996). The
clearance and distribution volume of [*H]sucrose are compar-
able to those of ["*Clinulin reported by Kitazawa et al. (2000).
These findings suggest that the elimination of M6G from the
CSF was mainly due to the CSF bulk flow, and that a
relatively small amount of M6G was eliminated by transport
across the blood—CSF barrier, diffusion into the brain
parenchyma and transport across the blood—brain barrier.
The CSF half-life of morphine after i.c.v. injection (19.9 min) is
shorter than that after s.c. injection (34.1 min), as described by
Stain-Texier et al. (1999), whereas those of M6G are similar
after i.c.v. (46.2min) and s.c. (41.9min) injection. l.c.v.-
injected morphine must be transported from the CSF to the
blood more rapidly than s.c.-administered morphine, because
a steeper CSF—blood concentration gradient exists after i.c.v.
injection. The similar half-lives of M6G after i.c.v. and s.c.
injection may indicate that M6G is eliminated by a route
independent of the CSF-blood concentration gradient, like
CSF bulk flow. Another elimination route of i.c.v.-adminis-
tered drugs is metabolism in the brain. M6G, a metabolic end
product, is thought to be metabolically stable, because the
hepatic extraction ratio of M6G was lower than that of
morphine (Evans & Shanahan, 1995; Stain-Texier et al., 1998).

Ummenhofer et al. (2000) have demonstrated that the spinal
cord distribution volume and clearance into the plasma after
intrathecal administration of morphine in pigs were lower than

b

o

110 min
21 60 min
E=R4 120 min

Cerebrum to CSF
concentration ratio
(mLg™)
Brainstem to CSF
concentration ratio
(mLg")

Morphine MBG Morphine M6G

(2]
Q

Cerebellum to CSF
concentration ratio
Spinal cord to CSF
concentration ratio
1
(mLg™)

Morphine M6G

Morphine M6G

Figure 4 The ratios of the concentrations in the cerebrum (a),
brainstem (b), cerebellum (c) and spinal cord (d) to the CSF
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Figure 5 Time course of the rat brain to medium concentration
ratio of morphine, M6G and [*H]sucrose. Slices were incubated at
37°C in medium containing morphine (100 um) or M6G (100 M) in
the presence of [*H]sucrose (9.25kBqml~"). Each point represents
the mean +s.e.m. of three (morphine and M6G) or six ([*H]sucrose)
experiments. Solid lines were generated from Equation (3) using the
parameters listed in Table 3.

Table 3 Parameters demonstrating the uptake of
morphine, M6G and [*H]sucrose in rat brain slices

Morphine M6G [?H Jsucrose
Kapp (min™") 0.0300£0.0059 0.138+0.035%*"  0.04040.007
Vdprain (mlg™") 1.104£0.06"  0.3604+0.079***  0.2354+0.012

Each value represents the mean+s.e.m. of three (morphine
and M6G) or six ([*H]sucrose) experiments. K,p, and Vdprain
were calculated from the data shown in Figure 5. Symbols
show a significant difference from the values for morphine
(**P<0.01, ***P<0.001) and [*H]sucrose (*"P<0.01,
TP <0.001).

those of fentanyl, alfentanil and sufentanil. The intrathecal
kinetics of morphine can be explained by its hydrophilicity
because morphine is 129—1737 times more hydrophilic than
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fentanyl, alfentanil or sufentanil. Since M6G is even more
hydrophilic than morphine, its hydrophilicity might lead to the
small distribution volume and low clearance after i.c.v.
injection. In addition, there is a possibility that an active
transport system participates between the CSF and blood
located at the blood—CSF barrier. King et al. (2001)
demonstrated that i.c.v.-administered morphine was trans-
ported to the blood by P-glycoprotein. Huwyler ez al. (1996)
reported that M6G was a substrate for P-glycoprotein in
porcine brain capillary endothelial cells, whereas the absence
of mdrla-encoded P-glycoprotein did not enhance the
antinociceptive effects of M6G in mdrla(—/—) knockout mice
(Lotsch et al., 2000). In the present study, transport of M6G
across the blood—CSF barrier by P-glycoprotein or other
transporters was negligible, because the apparent clearance of
M6G was extremely low and no M6G was detected in the
plasma.

The distribution of morphine and M6G in the intrathecal
space after the i.c.v. injection was measured by the micro-
dialysis method. The intrathecal CSF concentration of M6G
was 29-79 times greater than that of morphine after the i.c.v.
injection and its AUC,_,, was 37 times greater than that of
morphine. The intrathecal CSF concentration of M6G was
close to the cisternal CSF concentration. On the other hand,
the intrathecal CSF concentration of morphine was much
lower than the cisternal CSF concentration early on, and then
the same level of morphine was detected in the cisternal and
intrathecal CSF 120 min later. The CSF collected by cisternal
puncture is thought to correspond to the ventricular CSF (Seki
et al., 1994). These data suggest that M6G is distributed more
rapidly than morphine from the cerebral ventricle to the
intrathecal space after i.c.v. injection. Opioid-induced analge-
sia is due to actions at several supraspinal and spinal sites
(Reisine & Pasternak, 1996). Coadministration of morphine at
both spinal (intrathecally) and supraspinal (i.c.v.) sites results
in a synergistic analgesic response, with a 10-fold reduction in
the total dose of morphine being necessary to produce
equivalent analgesia at either site alone (Yeung & Rudy,
1980). Taken together, i.c.v.-administered M6G can access and
activate opioid receptors at the dorsal horn of the spinal cord,
and the activation of opioid receptors at both the spinal and
supraspinal levels may lead to a synergistic increase in
analgesia.

Higher concentrations of M6G were detected in the
cerebrum, brainstem, cerebellum and spinal cord, compared
with morphine after the i.c.v. injection. This result indicated
that a relatively high concentration of M6G remained in the
central nervous system after the i.c.v. injection. The ratio of
brain tissue to the cisternal CSF concentration of M6G 10—
120 min after the i.c.v. injection, which may reflect the transfer
from the CSF to the brain or spinal cord tissues, was
consistently lower than that of morphine in all regions, being
consistent with the lower distribution volume of M6G
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