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MELZACKA, M., T. NEI3ELHUT, U. HAVEMANN, J. VETULANI AND K. KUSCHINSKY. Pharmacokinetics of 
morphine in striatum and nucleus accumbens: Relationship to pharmacological actions. PHARMACOL BIOCHEM 
BEHAV 23(2) 295-301, 1985.--The pharmacokinetics of morphine was compared with its ability to increase striatal 
dopamine turnover (estimated by an increase in DOPAC concentration) and to produce the development of a muscular 
rigidity (estimated as a tonic activity in the electromyogram). After systemic administration of morphine (15 mg/kg IP), the 
concentration of morphine in blood plasma, striatum and substantia nigra showed a parallel time course with a maximum 
after 30 min; in the striatum, in addition, normorphine was found in a lower concentration, but with a similar time course. 
The elevation of striatal DOPAC, in contrast, commenced very rapidly and lasted for about four hours. The rigidity 
appeared later and disappeared earlier than the striatal DOPAC elevation. After unilateral intrastriatal injection of mor- 
phine (15 p.g), a small amount of the drug penetrated very rapidly to distant sites, such as the contralateral striatum and 
nucleus accumbens, as well as to the ipsilateral nucleus accumbens. The results suggest that the relationship between 
pharmacokinetics and pharmacodynamics of morphine, both after systemic and after local injection into the brain, is more 
complex than could be expected from previous findings. 

Morphine pharmacokinetics Striatal dopamine turnover Muscular rigidity 

IN many cases, attempts to correlate pharmacokinetic data 
of morphine with a pharmacological effect have been limited 
to studies about the relationship between cerebral concen- 
tration of morphine and its analgesic action, and the correla- 
tions found were poor [3,14]. This is not surprising, since an 
important part of morphine-induced analgesia is due to its 
action on the spinal cord [19], and in fact, in recent studies, it 
was found that there is a good correlation between 
morphine-induced analgesia and the drug's concentration in 
the spinal cord [1]. 

Another effect of  morphine, which is most pronounced in 
the rat and is due to supraspinal actions, is its effect on motor 
functions, namely akinesia and its more pronounced form, 
catalepsy, on one hand and muscular rigidity on the other; 
the co-existence of both signs is termed 'catatonia. '  In previ- 
ous studies, it was shown that the rigidity results from an 
interaction of  morphine with opioid receptors in the 
striatum, whereas catalepsy is most probably due to an ac- 
tion of  morphine in the nucleus accumbens (for reference see 
[8]). Furthermore, it was shown that morphine increases the 
dopamine turnover in the striatum, which effect is at least in 

part mediated by opioid receptors in the substantia nigra, 
perhaps with an additional involvement of opioid receptors 
located on dopaminergic terminals in the striatum [8]. In the 
present study it was tested if there is any correlation be- 
tween the concentration of  morphine (and its most important 
metabolite, normorphine) in various parts of  the basal gan- 
glia and the degree of  muscular rigidity and increase in 
dopamine turnover in the striatum after systemic adminis- 
tration of  morphine. Moreover, since unilateral injection of 
morphine into the striatum produces muscular rigidity as 
well [9], we investigated the concentration of morphine in 
striatum and nucleus accumbens on both sides after unilat- 
eral intrastriatal injection of  morphine (in order to obtain 
data on the spread of  morphine after injection), and the re- 
sulting muscular rigidity was tested. 

METHOD 

Male albino Wistar rats (TNO/W 70 of F. Winkelmann, 
Borchen, F.R.G.) of 220-270 g were used. Morphine hydro- 
chloride (E. Merck, Darmstadt, F.R.G.) was dissolved in 
saline and administered either intraperitoneally (IP) or into 

1Requests for reprints should be addressed to U. Havemann, Max Planck Institute for Experimental Medicine, Department of Biochemical 
Pharmacology, Hermann-Rein-Str. 3, D-3400 G6ttingen, F.R.G. 
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FIG. 1. Time courses of the concentration of morphine (MO) in blood plasma, substantia 
nigra and striatum, measured in an extract with perchloric acid ('acid extract') after 
administration of 15 mg/kg morphine 1P. Means of 2-3 values_+S.E. Abscissa: time after 
morphine injection (rain), ordinate: concentration of morphine in plasma (/xg/ml) and in 
substantia nigra and striatum (tzg/g tissue). 

the left striatum. The doses were expressed as the free base. 
At predetermined time-intervals after morphine administra- 
tion, the animals were killed by cervical fracture and subse- 
quent decapitation, the brain taken out and the striatum, 
and in some experiments also the nucleus accumbens and the 
substantia nigra of both sides, were isolated; furthermore, 
blood plasma was obtained from some of the animals. 

Dopamine, 3,4-dihydroxyphenylacetic acid (DOPAC), 
morphine and normorphine were estimated by using high 
performance liquid chromatography (HPLC). 

Estimation o f  Dopamine and DOPAC in an 'Acid Extract' 

Both catecholamines were extracted after homogeniza- 
tion of the brain in 200-500/xl of 0.4 M perchloric acid and 
centrifugation at 20,000 g for 30 min at about 4°C. The super- 
natant was analysed by using HPLC. The chromatograph 
(BCMA JNI,  ERC GmbH, Alteglofsheim, F.R.G.) was 
equipped with a Nucleosil 3C-18 (Machery-Nagel, Diiren, 
F.R.G.) reversed-phase column and an electrochemical de- 
tector with glassy carbon working electrode and an Ag/AgCI 
reference electrode. The detector was adjusted to 0.5 nA 
with an oxidation potential of 0.8 V. The mobile phase con- 
sisted of 0.02 M sodium citrate buffer, pH=4.2,  containing 
0.2 mM octane-l-sulfonic acid and 10% methanol. 

Estimation o f  Morphine and Normorphine in a 
'Neutral Extract' 

The extraction was performed according to Kupferberg et 
al. [11]. Brain tissue was homogenized in 500 ~zl of saline 
solution at about 4°C. To the whole homogenate or to I ml of 
plasma, 0.2 g of solid NazCO:~ was added and 1 ml of a lfF~ 
solution of n-butanol in chloroform. This mixture was sha- 
ken mechanically for 20 min and centrifuged for 15 min at 
12,000 g. The (upper) inorganic phase was removed by suc- 
tion and 500 /zl of the remaining organic phase was trans- 
ferred into another tube containing 500/xl of 0.01 N HC1. It 
was shaken mechanically for l0 min, centrifuged for 10 min 
at 12,000 g, and 10-25 /xl of the upper, acid phase was 
analysed by using HPLC as described above. The mean re- 
coveries of morphine were 86.5% and that of normorphine 
73.3%. 

For intrastriatal injections of morphine the skull was 
fixed in a David Kopf stereotaxic apparatus under pen- 
tobarbital anesthesia and a permanent guide cannula was 
implanted unilaterally (above the left striatum), the tip being 4 
mm above the injection site desired. After 3-5 days, the drug 
was slowly injected (<0.25 td/min, total volume 1.5 p J) 
through a fine cannula (outer diameter 0.4 ram) into the head 
of the caudate nucleus, applying the coordinates given by 
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FIG. 2. Time courses of striatal DOPAC concentration (estimated in an 'acid extract') after administration 
of saline or of morphine ( 15 mg/kg IP) and of the striatal concentration of morphine (MO) and normorphine 
(NMO), both estimated in 'neutral extract' after injection of morphine (15 mg/kg IP). Abscissa: time (min) 
after morphine injection, ordinate left scale: striatal DOPAC concentration (/~g/g tissue), ordinate right 
scale: striatal morphine concentration (txg/g tissue). Mean values_+S.E., significances: *a<0.05; **a<0.01; 
***a<0.001 for DOPAC concentration of morphine-treated rats vs. saline-treated rats at the same time 
(Student's t-test). 

Fifkov~i and Margala [4]: AP: -1.25;  L: 2.6; V: 4.5. We 
selected this part of the caudate nucleus, because there is a 
higher density of opioid-specific binding sites than in the 
body or the tail of this nucleus [2,6]. Local injections of 
morphine into the striatum were performed slowly, in a 
manner reducing its spreading to other brain areas as much 
as possible [10,16]. 

The tonic activity in the EMG was recorded from the 
gastrocnemius-soleus (GS) muscle of the hindlimb of unan- 
aesthetized rats. The method used is described elsewhere 
[9]. The animals were put individually into ventilated polyac- 
ryl boxes and their hind-limbs hung through slots in the bot- 
tom of the box. The hind-limb studied (the left) was gently 
fixed with adhesive tape. The activity in the EMG was re- 
corded with pairs of percutaneously inserted, teflon-insu- 
lated stainless-steel fine wire electrodes (Cooner Wire, AS 
632 SS) sampling EMG changes from the muscle under in- 
vestigation. The signal was amplified, band-pass filtered (5 
Hz-to 10 kHz), rectified and fed into an integrator, which 
automatically reset after a predetermined voltage was 
reached. The reciprocal of the rest-time of the integrator was 
the measure of the activity in the EMG. The EMG was re- 
corded continuously and the values of the mean activity for 5 
min periods were calculated. In general, the values of the 
activity recorded in the EMG were expressed as the quotient 

of the values recorded of the largest activity found in all 
experiments of this study. 

RESULTS 

In the first series of experiments, 'acid extracts' were 
used for estimation of dopamine and DOPAC as well as of 
morphine and normorphine in the same sample. The re- 
coveries of dopamine and DOPAC were sufficiently high 
(86% and 89%) and, therefore, this method was used for the 
estimation of both substances. The recoveries of morphine, 
however, were less than 40% and normorphine was not de- 
tectable. Therefore, in the subsequent experiments, 'neutral 
extracts' were applied for estimation of both these drugs. 

Figure 1 shows the time course of changes in morphine 
concentration (measured in acid extract), after its intraperi- 
toneal injection, in the blood plasma and two regions of the 
brain: the striatum and substantia nigra. In all tissues the 
drug concentration increased rapidly within the first 10 min, 
and reached the peak approximately after 30 min, and then 
declined during the following 30 rain. After that time the 
morphine level in the substantia nigra stabilized at approx- 
imately 30% of the maximum concentration for at least 3 hr; 
the course of changes in the striatum was similar, although 
some decline was also observed between 60 and 120 min 



298 MELZACKA E T  AL.  

MOINMO (laglg tissue) 

o---.~ EMG act iv i ty ,  N=10 
o o MO conc.  in CN, N= 5 
x----,x NMO conc. in CN, N = 5 

EMG ac t iv i t y  
0.3 

-0.2 

1.6 

T 
1.2 ~ *" '~ 

0.4-  . 

0 . 2 - ~ "  .,~_ . . . . . . . . .  ~ . . . . . . . . . . . . . . . . . . .  
0 , , , , , , 0 

0 15 30 60 120 180 240 
( r a i n )  

FIG. 3. Time courses of morphine (MO) and of normorphine (NMO) concentrations, estimated in 
'neutral extract' in the striatum (CN) and of the tonic EMG activity after injection of morphine (15 
mg/kg IP). Abscissa: time (min) after morphine injection, ordinate left scale: striatal morphine concen- 
tration (/zg/g tissue), ordinate right scale: EMG activity. Morphine concentrations are indicated as 
mean values_+S.E., EMG activities as median values. 

after morphine administration. In the blood plasma the drug 
level continued to decline till 120 min after the injection and 
then stabilized at approximately 10% of the peak value. 

A more detailed study was performed in the striatum, and 
all subsequent estimations of morphine and normorphine 
were performed by using 'neutral extracts.' In these studies 
(Fig. 2), it was found that normorphine was present together 
with morphine in this region: the changes in its concentration 
paralleled those in the concentration of the parent com- 
pound, but the tissue concentration of normorphine was only 
about 20% of the morphine concentration. The time course of 
the first phase of decline of both substances was roughly esti- 
mated to be 0.5 hr, whereas the subsequent phase showed a 
very slow decline. 

The striatal concentration of DOPAC was significantly 
increased as early as 10 min after morphine administration, 
and then a second, slow increase seemed to appear, with a 
maximum after 120 min. The DOPAC level declined after 
that time, but even after 240 min, it had not fully reached the 
control value (Fig. 2). The striatal concentration ofdopamine 
was not altered 120 min after administration of morphine 
(control value: 16.53-+ 1.45/xg/g tissue-+ S.E., after morphine 
injection: 16.82-+0.87 txg/g tissue-+S.E.). 

A comparison of the time course of striatal morphine con- 
centration and the degree of muscular rigidity (Fig. 3) shows 
that the tonic EMG activity set in with some delay as com- 
pared with the increase in the concentration of morphine. 
The maximum of muscular rigidity was observed 45-60 min 
after injection of morphine, after 120 min, it had declined by 
about 70%. Thus the latency in decline was even more 
pronounced than that of onset. 

In a few studies, the concentration of morphine was 
measured in the nucleus accumbens after systemic morphine 
administration. The results showed that the drug accumu- 
lated in this tissue more rapidly than in the striatum: the drug 
concentrations (/zg/g tissue__S.E.M.) were 1.91-+0.18 after 

15 min and 2.17-+0.21 after 30 min (N=3 for each value). No 
normorphine could be detected. 

In experiments applying intrastriatal injection of mor- 
phine, it has been found that of the 15 ~zg injected, about one 
half (8 tzg) were recovered from the injected (left) striatum 15 
min after the injection (Table 1), about 4 p~g after 30 min, and 
after 60 min, the value was slightly below 1/xg. In addition, a 
trace amount of normorphine was observed. In the con- 
tralateral (right) striatum, the total amount of morphine after 
15 min was by two orders of magnitude lower (80 ng) as 
compared with the injected striatum, and the drug level de- 
clined to less than 20 ng after 30 min and to an almost unde- 
tectable level after 60 min. The total amount of morphine 
both in the ipsi- and contralateral nucleus accumbens was 
similar and only slightly lower than in the contralateral 
striatum after 15 min, indicating an almost threefold higher 
concentration in the tissue, since the nucleus accumbens has 
a lower weight than the striatum. The amount of morphine in 
the nucleus accumbens of both sides was very low after 30 
min and close to the detection limit after 60 min. 
Semilogarithmic plot of the morphine concentrations in these 
four areas (not shown) suggested a monophasic decline in the 
injected striatum but a biphasic one in the non-injected 
striatum and in the nuclei accumbentes of both sides. 

DISCUSSION 

The muscular rigidity induced by systemic administration 
of morphine results from the drug interaction with striatal 
opioid receptors, whereas the morphine induced increase in 
the striatal dopamine turnover (reflected by elevated 
DOPAC concentration) is, at least in part, mediated by the 
opioid receptors located in the substantia nigra (though 
opioid receptors on the dopaminergic terminals in the 
striatum may possibly be also involved) [8]. Interestingly, 
the time courses of these phenomena after intraperitoneal 
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T A B L E  1 
TOTAL AMOUNT OF MORPHINE (MO) (ng), AFTER UNILATERAL 

INJECTION OF MORPHINE (15 p-g) INTO THE LEFT STRIATUM, 
FOUND EITHER IN THE LEFT (INJECTED) STRIATUM (CN), OR IN 

THE RIGHT (NON-INJECTED) STRIATUM OR IN THE LEFT OR 
RIGHT NUCLEUS ACCUMBENS (ACB). MORPHINE WAS 

ESTIMATED IN A 'NEUTRAL EXTRACT' 15, 30 OR 60 MIN AFTER 
INTRASTRIATAL INJECTION. MEAN VALUES -+ S.E. 

time (rain) post injection into the left CN 
Brain 
Area 15 30 60 

left CN (injected) 8410 _+ 795 3815 -~ 480 850 _+ 185 
N=5 

right CN 79 -+ 21 13 -+ 1.8 3 _+ 1 
N=5 
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FIG. 4. The effect of morphine (MO) (15 ~g) or of saline, injected 
into the left striatum, on the tonic activity in the EMG of the ipsilat- 
eral gastrocnemius-soleus (GS) muscle and the MO concentration in 
the striatum (CN) after intrastriatal injection (estimated in a 'neutral 
extract'). Left ordinate: EMG activity, median values, right ordi- 
nate: MO concentration (/zg/g tissue), mean values_+S.E., abscissa: 
min after intrastriatal injection. Significances: *a<0.05; **a<0.01; 
• **c~<0.002 for EMG activity of morphine-treated rats vs. saline- 
treated rats at the same time (Mann-Whitney U-test). 

administration of  morphine are clearly different from the 
time course of morphine concentrations in those supposed 
target areas. 

Striatal Dopamine Turnover 

The increase in striatal DOPAC concentration reflecting 
an increase in dopamine turnover,  was very rapid and pre- 
ceded the rise in striatal and nigral concentrations of  mor- 
phine. A particularly high affinity of morphine to opioid re- 
ceptors may be responsible for such a rapid response. On the 
other hand, the decline of  striatal DOPAC concentration oc- 
curred more slowly than the disappearance of morphine from 
the striatum and substantia nigra. It might be argued that 
under the experimental conditions the equilibrium between 
tissue concentration of morphine and receptor  occupation 
had not been achieved, and that the observed decline in drug 
concentration was not reflecting the decrease in morphine- 
receptor interaction. 

The time required for transformation of  dopamine into 
DOPAC is relatively short and its clearance from the brain 
occurs very rapidly [ 18] resulting in an apparent t I/2 of about 
10 min for DOPAC. Accordingly,  this phenomenon cannot 
sufficiently explain the time-lag. 

Obviously, the tissue concentrations of morphine may not 
necessarily reflect the degree of  opiate receptor  occupation. 
Only a minor fraction of  morphine, present in micromolar 
concentrations in the brain, may be bound to opiate recep- 
tors, whose concentrations are lower by 2-3 orders of mag- 
nitude [15], and thus most of the drug must be either free, or 
unspecificaily bound. The degree of  receptor  occupation, 
and therefore the pharmacological effect, may be related di- 
rectly to the drug tissue concentration only under equilib- 
rium conditions, and this requires very rapid equilibration 
process.  The discrepancy between the time course of  mor- 
phine effects and morphine concentration in target brain 

areas suggests that at least one of the transfer processes is 
relatively slow. Alternatively, the discrepancy might occur 
because of  another action of the drug in another brain area, 
which modifies the effect generated from the region in which 
drug concentration is monitored. 

Another  possibility, that the discrepancy results from the 
combined action of the drug and its active metabolites,  does 
not seem to be important in the present experiment,  as the 
only active morphine metabolite,  normorphine, has a similar 
potency to morphine [12] and its concentration paralleled 
closely that of  morphine. 

A likely explanation seems to be that the slow decline of  
morphine-induced increase in striatal dopamine turnover 
might be due to re-distribution phenomena of  morphine be- 
tween various local or supraspinal compartments,  supplying 
opioid receptors being responsible for the increase of 
DOPAC for a certain time during morphine 's  clearance off 
the brain, so that the fractions of receptors occupied by mor- 
phine were higher than can be assumed from the surrounding 
tissue. 

Muscular Rigidity 

The time course of muscular rigidity was different both 
from the time course of  the effect of  morphine on striatal 
dopamine turnover and of morphine concentration in the 
striatum. 

It developed rather slowly, so that its peak appeared later 
than the peaks of striatal DOPAC and morphine concentra- 
tions. The decline of  rigidity appeared 45 min later than that 
of  morphine concentration, although much earlier than the 
normalization of dopamine turnover in the striatum. 

This peculiar time course of  rigidity might be a result of  
interference of  a dopaminergic activation with the rigidity. 
The activation of the dopaminergic neurones probably oc- 
curs via opioid receptors in the substantia nigra and is likely 
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to antagonize the rigidity [16], which in fact can be inhibited 
by dopaminergic drugs [17]. Furthermore, there is evidence 
that the receptors mediating the activation of dopaminergic 
neurones are slightly more sensitive to morphine than those 
mediating rigidity [7]. If these assumptions are valid, then 
the dopaminergic activation should induce a delay and an 
earlier termination of the rigidity, which in fact was 
suggested by the results. 

In t ras t r ia ta l  In j ec t ions  

The decline of morphine from the striatum after slow intra- 
striatal injection was rapid: only approximately one half of the 
injected drug was present in the tissue after 15 min, and after 
1 hr only 10% of the dose was present. There was a good time 
correlation between the changes in striatal morphine concen- 
tration and the degree of muscular rigidity, which appeared 
without a lag phase after intrastriatal morphine injection. 
This shows that in principle, a relatively rapid dissociation of 
morphine from its receptors in the striatum is possible, con- 
firming many observations in in-vitro-preparations. Never- 
theless, the rate-limiting step in the speed of decline of the 
rigidity might be the clearance off the tissue injected. If this 
is the case, the rate of dissociation of morphine from its 
receptors might even be underestimated. 

From the rapid loss of morphine from the striatum in- 
jected, the question arises about the fate of the disappearing 
drug. Morphine appeared in minute quantities, but rather 
rapidly, in the contralateral striatum and both ipsi- and con- 
tralateral nuclei accumbentes. This observation and the fact 
that the concentrations both in the ipsilateral and contralat- 
eral nuclei accumbentes were similar suggests that the drug 
was not spreading only by passive diffusion through the tis- 
sue, although this might be relevant near the injection site, 
since morphine is a hydrophilic substance with a slow local 
diffusion rate [13]. A considerable portion of morphine was 

probably transported by convection via blood or extracellu- 
lar fluid to distant sites. 

N u c l e u s  A c c u m b e n s  

Accumulation of morphine in the nucleus accumbens 
proceeded more rapidly and up to a higher concentration 
level than in the striatum, the maximal concentration being 
observed already after 15 min. Since previous studies have 
suggested that opioid receptors in the nucleus accumbens 
play an important role in the development of akinesia and 
catalepsy [8], the present findings seem to be in good agree- 
ment with the particularly rapid onset of akinesia following 
systemic administration of morphine. 

Conc lus ions  

Relationship between the concentration of morphine in 
certain brain areas and its pharmacological effects is more 
complex than previously expected, particularly after sys- 
temic drug administration. The apparent discrepancies may 
be caused by slow equilibration processes as well as by 
mutually antagonistic, pharmacological effects of simulta- 
neous stimulation of opioid receptors in various brain areas, 
with slight differences in receptor affinities. The importance 
of opioid receptors in a certain brain area for a specific 
pharmacological response may be evaluated by investigating 
the effect of local injection and the correlation between the 
local drug concentration and the resulting effect. However, it 
remains necessary to prove that either the drug does not 
penetrate into other brain areas in significant amounts during 
the experiment, or otherwise that the transfer of the drug to 
distant areas is not pharmacologically relevant under the ex- 
perimental conditions and for the parameters studied. This 
underlines the importance of control injections into areas 
adjacent to the region studied, if possible in different direc- 
tions in relation to the brain area studied. 
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