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Uptake of opioid drugs by rat cerebrocortical brain slices

(Received 24 January 1986; accepted 1 July 1986)

It is widely accepted that opioid drugs elicit analgesia by
binding to specific cell-surface receptors in the CNS [1, 2].
The uptake of morphine into brain slices has been reported
by previous workers (3. 4], but the extent to which these
drugs can penetrate into the intracellular compartment of
neural cells has been little investigated. It is known that
the endogenous opioid peptides may be internalized by
neurons as a result of receptor recycling [5,6]. and it is
possible that opioid drugs may also be translocated across
neuronal membranes in this fashion. In some cases their
action may involve an intracellular receptor. The present
study was designed to establish the extent to which opioid
drugs are able to penetrate the intraceliular compartment of
brain cerebrocortical slices. For this purpose radiolabelled
morphine, etorphine (p-receptor agonists) and ethyl-
ketocyclazocine (EKC*; K-agonist/u-antagonist) were
employed as the opioid drugs.

Materials and methods

Brain slices (approx. 1.0 X 0.5c¢m and 0.3 mm thick),
were prepared from the cerebral cortex of adult Sprague—
Dawley rats using a blade and recessed guide [7]. Individual
slices were preincubated in 4.1 ml of Krebs-Tris medium
of composition (mM); NaCl 138, KCl 5.0, MgSO, 1.0,
CaCl; 1.2, NaH,PO, 1.2, Tris-=HCI 20, glucose 10, pH 7.4.
The incubation was carried out at 37° in 5 ml glass beakers.
Each beaker carried a gassing line which delivered pure
oxygen into the medium. After 30 min preincubation,
200 gl [*H]opioid compound was added to each beaker
(final concentration see results, final sp. act. 0.9 Ci/mol).
Also, 200 gl ["*Cl]inulin, dissolved in Krebs-Tris medium
(final concentration 0.05 mg/ml, final sp. act. 10.9 Ci/mol)
was added 10 sec later. The period of incubation was ter-
minated by the removal of the slices from the incubation
beakers. After draining well the final wet weight of tissue
was measured. Each slice was either dissolved in 1 m! of
1 M NaOH and an aliquot taken for radioactivity counting
to determine total uptake. or homogenized by hand in 1 ml
of 0.32M sucrose. centrifuged at 10,000 g in a micro-
centrifuge for 2 min, and an aliquot of the supernatant
taken for radioactivity counting. In the latter case, the
pellet obtained was resuspended in 500 gl trichloroacetic
acid (TCA) (10%) and recentrifuged. An aliquot of this
supernatant was also taken for radioactivity measurement.
The radioactivity in an aliquot of the incubation medium
from each beaker was also determined by liquid scintillation
counting.

The Inulin Space (1.S.) (ul/100 mg final wet weight) was
calculated as follows:

dpm ["*Clinulin/100 mg final wet weight

1.S. = — - - -
dpm [**Clinulin/ul incubation medium

*Abbreviations used: EKC. ethylketocyclazocine: 1.S..
inulin space: TCA. trichloroacetic acid.

The total volume of 100 mg final wet weight slice was taken
as 80 = 1 [8]. The “non-inulin™ space was the difference
between the total volume of the tissue and the 1.S.

The tissue/medium (T/M) ratio for the drug was taken
as the ratio:

dpm in "non-inulin™ space

dpm in same volume of incubation medium

Using the specific radioactivity of the drug in the medium
it was possible to estimate the concentration of the drug in
the intracellular space.

Ethylketocyclazocine methane sulphonate and etorphine
HC! were the kind gifts of Sterling-Winthrop and C-Vet
Ltd. respectively. Morphine sulphate was purchased from
Macfarlan Smith Ltd. The radioactive compounds were all
obtained from Amersham International.

Results and discussion

As shown in previous detailed studies, the cquilibration
of inulin between the incubation medium and the L.S.
(inulin space) occurred within 15 min [8. 9]. The half-time
for inulin uptake was close to 5min. which is in good
accordance with another report [9]. The mecan value for the
I.S. was calculated from all measurements after equi-
libration of the inulin within the slices. The [.S. was
46.3 = 1.2 41/100 mg final wet weight (mean = SEM, N =
30). The "non-inulin™ space was calculated to be 33.7 1/
100 mg final wet weight. assuming that 80% of the slice
weight was water and 20% solids [8]. This was identical to
the value for the non-inulin space calculated using the total
volume of tissue determined by employing *H,0 (0.4 uCi/
incubation), following the same experimental procedure.

The accumulation of EKC (10 uM) was maximal after
45 min, when the T/M for the drug was 38. The maximal
uptake was 12.9 nmol/100 mg final wet weight of slice.
Morphine uptake at 10 M, was maximal after 20 to 30 min,
at a final T/M ratio of 2.9. Etorphine accumulation at
10 uM followed a similar time scale to that of morphine
uptake but the final T/M was 15. The maximal uptakes of
morphine and etorphine were 1.0 and 3.1 nmol/100 mg
final wet weight, respectively (Fig. 1). In experiments where
cerebrocortical slices were incubated under similar con-
ditions and exposed to 10 uM of these opioid drugs for
15 min, inhibitory effects were observed on Ca® uptake
and amino acid neurotransmitter release [10]. The intra-
cellular concentration of morphine, etorphine and EKC
would be 21. 122 and 228 uM respectively in thesc
conditions. This suggests that sufficient drug would be able
to translocate the cell membranc in order to have an effect
at putative intracellular site(s) of action.

The time course of the accumulation of these opioid
drugs is incompatible with the characteristics of binding to
high-affinity sites on the plasma membrane surface. It 1s
likely that entry of EKC. morphine and ctorphine to the



Short communications

A 6o
@ 40 |-
£
S
Q
~
EY
0w 20 H
il A 1 ] | |
0 o 20 30 40 50 60 min
C

Morphine uptake (dpm x 107

1 1 l
¢} 20 40 60 80 100

L ] |
120 min

4577
B 300 -
=
o
= 200 |
£
o
Z
Q
x
2
[=%
g =
(8]
X
[V}
L [ L L J
0 © 20 30 40 50 60 min
D
100
" i
Q
>
€
Q.
h*]
[
g ol
(=%
3
)
[=4
£
[=%
a
°
w
[ ] ! L |
o o 20 30 40 50 60 min

Fig. 1. The time course of uptake of inulin and opioid drugs by cerebrocortical brain slices: (A) [**Clinulin

accumulation. Inulin space (1.S.) values (ul/100 mg final wet weight) are mean of 5 experiments, N =

10. Bars show SD values. (B-D) [*H|EKC, [*Hlmorphine and [*H]etorphine uptake respectively. EKC

was dissolved in H,O, morphine in incubation medium and etorphine in ethanol ( final concentration of

ethanol was 0.3%). The concentration of each opioid drug was 10 uM. The mean values from 2

experiments were corrected for accumulation of the opioid drugs in 1.S. and are expressed as dpm/
100 mg final wet weight slice. SD values are shown by the bars, N = 4.

intracellular space of the slices over this time scale is largely
due to passage across cell membranes since there would
not be enough drug binding sites on the surface membranes
to account for the large T/M ratios measured.

The uptakes of morphine and etorphine showed similar
temporal characteristics. The structures of these drugs are
also similar, and both are u-receptor agonists, therefore,
in further studies, the results with morphine were taken as
typical of both of these drugs. The uptakes of morphine
and EKC were measured over a concentration range from
10 nM to 10 uM (Fig. 2). It can be seen that for morphine
(10 nM to 10 uM) uptake was already maximal after 10 min,
whereas for EKC maximal uptake was not reached even at
60 min over this concentration range (Fig. 2). The fact that
10 nM morphine gave essentially the same result as 10 uM
morphine indicates that this drug could be crossing cell
membranes at pharmacologically relevant concentrations
as judged by the Kp values for receptor binding and by
the drug concentrations evoking in vivo pharmacological
responses, all of which are in the nanomolar range [11, 12].

The total uptake minus that accumulated in the inulin
space was not saturable at these concentrations as revealed
by the T/M ratio. Thus the average T/M at equilibrium,
60 min after the addition of morphine or EKC (10 nM to
10 uM), was 2.57 £0.08 and 42.2 2.3 respectively
(means = SEM, N = 12). These results are in good agree-
ment with those of Teller e al. [4) employing morphine.

The accumulation of these opioid compounds into the
intracellular compartment of the slices, as assessed by
homogenization in sucrose and by further treatment with
trichloroacetic acid (TCA), are also not saturated at the
concentrations employed. These observations suggest that
the translocation of the opioid drugs into the intracellular
compartment of neural cells is not facilitated by a specific
receptor protein, but is more likely to be due to the lipo-
philicity of these drugs.

It is likely that the lipid soluble drugs employed were
also sequestered into the membrane lipids, therefore slices
that had been incubated with varying concentrations of
morphine or EKC were homogenized in 0.32 M sucrose, to
lyse the cells and release non-sequestered opioid
compounds. Up to 50% of the drugs at 10 nM, 100 nM and
10 uM were released in this way. A further treatment
of the homogenized tissue with 10% TCA released an
additional 25-30% of the drugs. This may be due to lysis
of cells, nerve terminals and any lipid vesicles undisrupted
by homogenization in sucrose. These values are an under-
estimate of the released opioid compounds, due to loss of
material during the experimental protocol. Opioid drugs
that are sequestered into membrane lipids are unlikely to
be released by homogenization of the slices in sucrose.
TCA treatment may allow release of some of the seques-
tered drugs by changing the properties of the membrane
lipids. However, there is a substantial amount of morphine
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and EKC accumulated in the intracellular compartment of
cerebrocortical brain slices during these experiments.
Insummary, the concentration of opioid drugs associated
with the cerebrocortical brain slices at steady state was
much higher than the drug concentration in the incubation
medium. Compartmentation analysis with ['*Clinulin indi-
cated that the majority of each of these drugs was in the

intracellular compartment of the slice. This was confirmed
by the release of over 75-80% of these drugs by cell lvsis.
The uptake of morphine and EKC was not saturable over a
concentration range from 10 nM to 10 M. Tt was concluded
that the opioid compounds employed could penctrate the
cell membranes in the following order: EKC > ¢tor-
phine > morphinc.
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Fig. 2. The effect of concentration on the uptake of opioid drugs into the intracellular compartment of
cerebrocortical brain slices. (A-C) 10 nM, 100 nM and 10 uM [*H]morphine respectively. (D-F) 10 nM,
100 nM and 10 uM [PHIEKC respectively: ordinate, uptake is in dpm x 10 %/100 mg final wet weight:
abscissa, time in min. The values are mean from two experiments, corrected for accumulation of the
drugs in the inulin space 1.S. SEM values are shown by the bars where they are greater than the
dimension of the symbol, N = 4. @, Total uptake into slice; B, uptake into compartment released by
homogenization of slice in 0.32 M sucrose: O, uptake into compartment released by TCA treatment
added to uptake into compartment released by disruption in sucrose.
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High plasma protein binding as a parameter in the selection of betablockers for
lactating women

(Received 20 March 1986; accepted 30 June 1986)

Many studies have been performed to determine, simul-
taneously, plasma and breastmilk concentrations of drugs
after single or continuous doses in lactating women [1-5].
This has been the most frequently used approach in
previous studies of the transfer of drugs from blood to
breastmilk. It is generally considered that the main mech-
anism involved in drug transport from plasma to breastmilk
is passive diffusion. Most weak acids and bases enter milk
as the non-protein-bound, unionized forms to achieve con-
centrations that depend on the pH gradient between plasma
and milk, the protein binding and the partition coefficient
[1].

All these parameters are either known or may be esti-
mated by in vitro experiments, thus it should be possible
to forecast transfer of drugs into milk. The aim of this work
therefore was to investigate whether in vitro studies can
assist in the choice of drugs in lactating women, in order
to avoid the cost and complexity of clinical studies.

Betablockers are frequently prescribed as hypotensive
agents for young patients and are therefore often chosen
for the treatment of hypertension during lactation. Conse-
quently this class of compounds was selected for study.

Materials and methods

The milk binding of adrenergic beta-receptor antagonists
was studied by equilibrium dialysis using the Dianorn®
apparatus. The experimental conditions were 37°, pH = 6,
constant stirring at 20r.p.m. for 3.5hr, at which time
equilibrium was reached. Concentrations ranging from 0.25
to 250 ug/ml were used for each of the beta-blockers in
0.066 M phosphate buffer. They were prepared by isotopic
dilution of a constant amount of labelled compound mixed
with increasing amounts of unlabelled drug.

All labelled drugs [**Clacebutolol (6.4 Ci/mole, Specia).
['“C]bornaprolol (44 Ci/mole, Pharmuka), ['*C]butofilolol
(12 Ci/mole, CEA), [**C]pindolol (22.5 Ci/mole, Sandoz).,
[PH]propranolol (25,000 Ci/mole, Amersham), [*H]sotalol
(500 Ci/mole, CEA) have a chemical purity greater than
98%.

Ry values of the beta-adrenoceptor blocking drugs were
determined by thin layer chromatography (TLC), using
the following system of solvants: CHCl;/CH.OH/NH,OH,
80:20:1.5, v:v.

BP 35:24-p

Pooled human breastmilk was used (pH 6, 20 mM tri-
glycerides). Milk fat was obtained by centrifugation for
30 min at 5000 g and resuspended in phosphate buffer at
pH 6, then ultrasonicated.

Atequilibrium the bound (B) and free (F ) concentrations
were measured and a curve B = f(F ) was plotted. Since the
binding was not saturable in the range of drug con-
centrations studied, no association constant (K) or binding
sites concentration (N) could be derived from the data. The
only binding parameter that could be estimated was a
partition coefficient, NK, which relates the bound to free
drug concentrations,

B = (NK).F (1)

The data were fitted to equation (1) by a least squares
regression program.

Results

The six drugs differ significantly in lipophilicity, as indi-
cated by their R; values upon TL.C (Table 1). Their plasma
binding is also related to the R, values, i.e. the degree of
lipophilicity. )

Table 1 also summarizes the binding percentages
obtained for these drugs in whole milk, whey and fat. The
results indicate that the sum of binding percentages in whey
and fat at an equivalent concentration of triglycerides,
relative to milk, is superimposable to the percentage of
overall binding in milk. The binding to milk is noticeably
lower for the less lipophilic drugs, although they are highly
concentrated in milk. Furthermore it is apparent that the
bindings to both plasma and milk are positively correlated
with the degree of lipophilicity.

Figure 1 illustrates the effect of pH on the binding of
propranolol to milk. The milk binding, expressed in terms
of the binding ratio B/F is correlated positively with the
pH (r; = 0.986, a, < 0.01) and negatively with the log value
of the ratio of ionized to unionized drug, I/NI, assuming a
pK,0f9.5 (r, = 0.983, o>, < 0.01). As shown in Fig. 2, there
are linear relationships between the R, value and the log
value of VK product of the drug, both in serum and in
breast milk. The slopes of the respective curves, which
exhibit this relationship in serum and in breastmilk, were
not significantly different (P > 0.20).



