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Abstract—The uptake of [n-methyl'*C]morphine by mouse kidney slices was saturable, reversible,
temperature- and pH-dependent, and was inhibited by strong metabolic poisons and by structural
analogs, thereby satisfying criteria for mediation by active transport processes. There were species
differences: rat kidney cortex slices took morphine up at rates similar to those of mouse kidney,
but guinea pig kidney cortex had lower uptake. Thin-layer chromatography (tlc.) of slice extracts
after incubation with [!*C}morphine did not indicate significant metabolism of morphine. Morphine
efflux after equilibrium uptake from 30nM or 10uM initial medium levels required 20 min for 50
per cent of the ['*Clmorphine to exit. The uptake at Smin was proportional to the equilibrium
level at 30 min from 5nM to 10 uM. No evidence for counter-transport was observed. Tissue/medium
levels of 10-12 at 39-90nM morphine (after 30 min at 37°) were reduced 50 per cent at pH 6:5 or
at 20°, or by mitochondrial enzyme inhibitors, e.g. rotenone. Narcotic antagonists and analogs (metha-
done, nalorphine and levorphanol) and quinine also reduced the uptake of morphine from medium
levels of 0-01 to 0-1 uM. However, at morphine concentrations above 10 uM, narcotic analogs or anta-
gonists up to 50 uM did not inhibit uptake. Transport system inhibitors, quarternary bases, reducing
agents and SH-oxidants also inhibited morphine uptake from 30 nM to 0-5mM. Phloretin, phloridzin
and atractyloside did not block uptake, while glucose, ouabain and NaF were very weak inhibitors.
The results suggest that uptake of morphine in kidney slices involves SH groups and mitochondrial
activity rather than glycolytic or ion-pump mechanisms. With a few exceptions, the characteristics
and inhibitor sensitivity of morphine uptake by kidney slices and of amino acid uptake by brain

slices appear similar.

The major excretory route for morphine is via renal
transport [1-3]. Active transport of morphine into
kidney slices from rats was shown by Bell [4] to be
energy dependent, pH sensitive, and saturable. Subse-
quently, Hug [5] extended these findings to dihydro-
morphine and related narcotics using dog kidney cor-
tex. As part of a program to determine whether speci-
fic transport processes exist for drugs of abuse into
brain tissue (see preliminary reports [6, 7]), we used
kidney tissues from the same mice, rats and guinea
pigs as positive controls for the various attempts to
modify brain uptake of the drugs. Although we were
not able to demonstrate that active transport of mor-
phine occurs in rodent brain slices [7,8], we con-
firmed the presence of transport processes for mor-
phine in kidney slices. In contrast, amino acids are
actively transported to higher tissue concentrations
by brain slices than they are in kidney tissue slices,
and we could study effects of various experimental
treatments on the transport characteristics of both tis-
sues. Results from the kidney slice experiments indi-
cated that a major portion of the energy for morphine
uptake was due to mitochondrial activity [9]. These
observations were extended to studies of the ener-
getics of active transport of amino acids in both kid-
ney and brain slices [10]. Here we report studies of

* Present address: Dept. of Psychiatry and Behavioral
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t1In this report, the term inhibitor is used to identify
those compounds that decrease morphine uptake into
slices, as well as specific inhibitors of enzymes.

factors affecting morphine uptake into kidney tissue
that seem to be remarkably similar to those control-
ling the active transport of amino acids into kidney
or bramn slices.

MATERIAL AND METHODS

Materials. Morphine (57 mCi/m-mole), labeled with
14C in the N-methyl group, was obtained from Amer-
sham-Searle. Morphine hemisulfate, from Mallinck-
rodt Chemical Works, was converted to the hydro-
chloride by reaction with BaCl, and CO,. The solu-
tion was dried under N,; the morphine HCI was re-
crystallized from ethanol and was assayed colorime-
trically with the same reagents and procedure used
for protein [4, 8] with authentic morphine hemisulfate
as a standard. Procedures for calibration of volu-
metric glassware and liquid scintillation spectrometry
were reported previously [8]. Radioactive amino
acids, uniformly labeled with '4C, were obtained from
New England Nuclear Corp. Nonradioactive com-
pounds were prepared in water, buffer, medium, or
solvent as indicated, and controls were added to the
experimental protocol to measure the effects of the
diluent, alone, on the uptake of the radioactive drug.
Concentrated solutions of the narcotics and their ana-
logs were kept dark and cold, or frozen, before use.
With some drugs, e.g. levorphanol, nalorphine, chlor-
promazine and quinine, the room was darkened dur-
ing the entire procedure to avoid photodecomposition
of the dilute compounds. Table 1 lists the various
drugs and inhibitorst used in this study; commercial
source, analytical data and formula weight used in
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calculating concentrations; and the method of solubi-
lization.

Methods. Mice, rats and guinea pigs were inbred
from strains derived from Swiss—Webster, Wistar and
Cayley varieties respectively. The mice were 6 to
10-weeks-old, the rats were 6 to §-months-old. and
the guinea pigs were 9-months-old when they were
used for these experiments. Some animals were in-
jected with morphine, from 40 mg/kg. i.p. to more
than | g/kg. s.c., to produce tolerance.* Animals ‘with-
drawn’ from morphine were given no injection for
18 hr prior to being killed: “chronic™ animals received
a last dose of 400 mg/kg, 1.p.. 2-3 hr before use; ‘acute’
animals received a single dose of 40 mg/kg. i.p. 1 hr
before they were killed. In all cases, both sexes were
used because no consistent effects were observed that
might be attributable to sex differences.

Kidneyvs were removed after the animals were de-
capitated: the renal tunic was removed; cach kidney
was rinsed in ice-cold incubation medium and divided
longitudinally opposite the hilum. In the case of
mouse tissue, the entire half-kidney was sliced trans-
versely, but rat and guinea pig kidneys were cleaned
of connective tissue, vessels, and the hard mass of
urinary collecting tubules bcfore the cortex and
medulla were dissected for slicing. The variations in
weight between right and left kidneys. and between
males and females were randomized in the distribu-
tion of the tissue slices into the incubation tlasks.

The methods of the slice preparation, incubation
and determination of amino acid uptake, ion content.
ATP levels, dry weight and swelling followed the
same procedures as have been used in this laboratory
for brain slices [8,9. 117]. Briefly. 0-42-mm thick slices
were prepared with a Mcllwain-Mickle tissue slicer.
After the slices from half of a mouse kidney were
incubated in 45 to 5ml of oxygenated medium for
30min at 37, the labeled morphine or amino acid
was added for the experimental incubation period.
The HEPES-2 medium contained [19mM NaCl,
50mM KCIL 075mM CaCl,, 12mM MgSO,,
1-0mM NaH,PO,. 1'0mM NaHCOj; 10mM glu-
cose and 25mM N-2-hydroxyethylpiperazine-N'-2-
ethanesulfonic acid (HEPES); 12 mM NaOH adjusted
the pH to 7-35. which increased the Na™ concen-
tration 10 132 meqg, 1.

* Animals were injected cvery 12 hr. and the morphine
dose/kg was increased daily: 40, 80. 160. 240mg.. i.p.
240 mg. s.c.. 320 (3 days), 1 g, s.c. {3 days).

. N Teeorr, T DEGuzMaN and A, Lairia

T T T T T T T T/ ]
|
(1]
~& .
.\. : ] —
/M= 12.328¢70.00383mg * e
\l'\d 7
[
ol
L1 o 1 1 i A ] L
% 20 80 20 160 200 500

TISSUE WEIGHT - MG
Fig. 1. Uptake of morphine by kidney tissue is dependent
upon tissue mass. Slices were equilibrated for 30 min at
37 before the addition of morphine['*C] to a final con-
centration of 3-17 x 1078 M for a 30-min uptake incuba-
tion. Varying amounts of tissue were placed in the flasks
(from 37 to 500 mg). The minimal T/M, 2-01, was obtained
experimentally by incubating 500 mg tissuc. A lincar fit
of the data yiclds zero T/M at 375 mg; however. a better
fit. r (wWtAT/M)) = (—) 0916, was obtained with 24 points.
TM = [2:328¢ U00383me) - sing the v = ae®™ formula
(solid line).

The medium was filtered from the slices after incu-
bation; the tissue was frozen and weighed. In some
cases. the frozen tissue was homogenized in 3%, perch-
loric acid (PCA) (w/v) for determination of ions or
ATP. In most cases the tissue mass was dissolved
in { N NaOH at 60° for 10-20 min. This was acidified
with HC1 and was rinsed into tT76 scintillation fluid
with sufficient water to form a thixotropic gel [8].
The tT76 scintillator contained 8 g of 2.5-diphenylox-
azole and 150 mg of 2.2°-p-phenylencbis(4-methyl-5-
phenyloxazole)/l. of toluene, and 860 ml Triton X-100.
Corrected dis./min were measured with an Intertech-
nique/Teledyne SL-30 liquid scintillation spectro-
meter with a Multimat 8K-bit computer. The count-
ing efficiency for '*C varied from 92 to 78 per cent
with a background of 45 cpm.

Calculations of the results were based upon a tissue
water content of 0-8 ml/g of fresh weight for both
brain and kidney:

(dis./min in tissuc/tissuc wet weight) 0.8

- - —=T/M
dis./min/m] medium at the start of incubation

Whenever more than 10 per cent of the radioactivity
was removed from the medium by the tissue mass

Table 1. Substances tested for ceffect on uptake of morphine by kidney slices

Compound Formula wt Source Grade* Effectt
General metabolic and glucose transport inhibitors
QOuabain octahydrate 729 Mann US.P. wl
KCN 651 Fisher Reagent ml
NaN; 65-02 Matheson, Coleman Reagent ml
& Bell
Fluoroacetic acid 78-04 CalBiochem A wl
Phloretini § 2743 K & K 95 0
Phloridzin} 4364 K &K 99 0
TAc| 186 Sigma 98-5 ml
NaF 42 Fisher Reagent wl
Dimethyl ketone 58-1 Fisher Reagent ml
Ethano! 461 95 (vol”,) ml
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Table |-—continued

Compound Formula wt Source Grade* Effectt
Bases
Choline chloride 1396 Sigma 99% wl
TEA bromide 2102 K & K 99 wl
Hexamethonium bromide 3622 Sigma 98 wl
Decamethonium bromide 418-4 K &K 99 ml
Hemicholinium tribromide 5744 Aldrich 98 ml
Succinylcholine chloride dihydrate 3973 Sigma 98 wl
Procyclidine hydrochloride 3234 Burroughs Wellcome 100 sl
Quinine hemisulfate hydrate from 391-5 Sigma US.P. sl

(diquinine dihydrate monosuifurate)
Narcotic analogs and antagonists

DL-Methadone hydrochloride 3459 Mallinckrodt US.P. sl
Levorphanol-L-tartrate dihydrate 4435 Roche 98-3 sI
Dextrorphan-d-tartrate hydrate 4255 Roche 99 sk
Nalorphine hydrochloride 3478 Merck US.P. sk
Naloxone hydrochloride 3638 Endo 99 wl
Transport system inhibitors
Probenecid 2854 Sigma 99 wl
Amantadine hydrochloride 1877 Aldrich 100 ml
Atractyloside. potassium 839-0 CalBiochem A 0
Valinomycin 1111-4 CalBiochem A sl
Respiratory uncoupling agents
2-Nonyl-hydroxyquinoline-n-oxide} 2874 Sigma 98 sl
Quinacrine dihydrochloride, dihydrate 5089 Sigma 99 sl
Oligomycin 424, 394 Sigma (15A, 85B) sl
Amobarbital 2263 Sigma 99 wl
Chloramphenicol.§ 3231 Sigma 98 wl
Gramicidin D (in HAc) 2000 CalBiochem 95 wl
Oxidative substrates and endogenous amines
Glucose 180-2 Fisher Reagent wl
1.-Glutamic acid 147-1 CalBiochem A wi
pL-Lactic acid, sodium (syrup) 112-06 Sigma 60 mS
2-Ketoglutaric acid 146-1 Sigma 98 mS
Oxaloacetic acid 132:07 Sigma 100 wl
Pyruvic acid 881 Sigma 96 sS
Succinic acid, sodium trihydrate 159-1 Sigma 98 mS
L-Alanine 89-1 CalBiochem A 0
L-Lysine hydrochloride 1827 CalBiochem A wi
L-Cadaverine, dihydrochloride 1752 CalBiochem A wl
SH-reagents
DTE 154-3 Pierce 100 ml
NEM 1251 Mann 100 sI
PCMB. sodium 3792 CalBiochem A ml
CPZ, hydrochloride 3553 Smith, Kline & 99 sl
French
Electron transport (redox) enzyme inhibitors
2,4-DNP 1841 K & K 100 ml
Methylene blue 371 Sigma 97 ml
PMS 3063 DAJAC (Borden) 100 sl
Ascorbic acid 1761 Fisher US.P. ml
Antimycin-A, 1138 5486 CalBiochem 99-5 sl
Rotenone § 3944 Sigma 92 sl
Malonic acid 104-1 Sigma 98 wi

* Per cent composition where numerical data are shown.

+ Key: w = weak (effective at 1072-1073M); m = moderate (effective at 107%-1073M); s = strong (effective at
<107*M); I = inhibitor of uptake; and S = stimulator of uptake.

1 Soluble in alcohol.

2 Soluble in acetone.

1 Abbreviations: CPZ, 2-chloro, 10-dimethylaminopropyl phenothiazine (chlorpromazine); 2,4-DNP, 2,4-dinitrophenol;
DTE, dithioerythritol; IAc, iodoacetic acid; NEM, n-ethylmaleimide; PMS, n-methylphenazonium methyl sulfate (phena-
zine methyl sulfate); PCMB, p-chloromercuriphenyl sulfonic acid; TEA. tetraethylammonium bromide.

during the incubation, the final medium concen- Efflux of radioactive morphine was measured by
tration was determined by counting a sample of the filtering the radioactive medium from the slices
medium from each incubation flask. through a Hirsch funnel, rinsing with 2 ml of warmed,
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oxygenated medium, and transferring the slices to
fresh oxygenated medium that contained no radioac-
tivity. After an additional 2-120 min, the slices were
filtered from the washout medium and were frozen.
In some cases, nonradioactive morphine, naloxone,
CN~, ouabain, and other substances were in the
‘washout’ medium. During the course of these exper-
iments, one unexpected source of variation was traced
to the tissue/medium volume. Uptake was greater
with small masses of tissue in large volumes of
medium. The relationship is shown in Fig. 1. This
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Fig. 2. (a) Indicates the appearance of a developed 250 uM
Silica gel G plate under u.v. light. The following extracts
were spotted on the marked position: (1) solvent blank
from extract of 0-1 m-mole nonradioactive morphine sul-
fate; {2) extract of carrier (0-1 m-mole) + 1-88 x 10° dis./
min of morphine['*C]; (3) extract from rat brain slices,
1-5 x 10* dis./min (no carrier); (4) extract from rat kidney
slice homogenate, 3-44 x 10* dis./min (no carrier); (5) same
as No. 4 with addition of 0l m-mole carrier at start of
extraction; (6) extract of a PCA filtrate of mouse kidney
slices, 4-16 x 10*dis./min + carrier; (7) same as No. 6 with
addition of 1-88 x 10~ *dis./min of morphine['*C]. (b)
Shows the same plate, sprayed with 0-5%, Ptl, in 2%, KL
The solvent was ethylacetate-methanol-water-ammonium
hydroxide (85:10:3:2). Development time was 2-3 hr at 23°.
Recovery of applied dis./min in origin (O) spots was 1-6
per cent and in the area of morphine (sections labeled B)
was 82-93 per cent,
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contributed a small but significant variation among
results obtained with, for example, rat kidney cortex,
in comparison to data from the more uniform masses
of mouse kidney tissue. To avoid artifacts based on
this tissue/medium volume effect, the incubation
volume was kept constant at Sml in a 25-ml flask,
with 80-120 mg tissue slices.

Sodium and potassium concentrations of diluted
perchloric acid supernatants were measured with an
IL/343 flame photometer (Instrumentation Labora-
tories). ATP was determined with a du Pont Lumines-
cence Biometer [11].

Extraction and thin-layer chromatography of the
radioactive material from tissue. Our modifications of
the procedures of Misra and Mulé [12] have been
reported elsewhere [8]. In a typical experiment, 50 ml
of oxygenated HEPES-2 in a 250-ml flask contained
1 g of rat kidney cortex slices. To this was added
0-5mli of 01 mM morphine containing 12 x 107 dis./
min. After 30 min at 37" the slices were filtered,
frozen. weighed and homogenized in 3% PCA
(10 vol./g of tissue) as described previously [8] for
brain tissue. A sample of the PCA extract (4 ml) or
the homogenate was adjusted to pH 10, treated with
salt and phosphate buffer, and extracted with isopro-
panol in dichlorethane. The recovery of homogenate
radioactivity was 96-97 per cent in the organic
extract. Up to 93 per cent of the radioactivity applied
to the tlc. plates was recovered at the R, of mor-
phine (Fig. 2). Similar rcsults were obtained with
extracts from slices of mouse kidney and rat brain.

RESULTS

Characteristics of morphine uptake into and efflux from
kidney slices

Time course of uptake. Uptake was rapid in mouse
kidney slices (Fig. 3), and under certain conditions
was linear from 2 to 15 min after incubation started.
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Fig. 3. Time course of morphine uptake by kidney slices.
Mouse kidney slices 416 um thick were suspended in
HEPES-2 in ice-water (control) or in a boiling water bath.
The temperature of the medium in the heated test tubes
rose to 95” within 1 min, and 10 min later the tubes were
cooled in ice-water. Then the medium was decanted and
the slices were transferred into 5 ml of freshly oxygenated
HEPES-2; the radioactive morphine was added after tem-
perature equilibration (i.e. after shaking for 30 min at 37').
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Fig. 4. Rate of morphine uptake into kidney slices is tem-
perature dependent. The media in these experiments con-
tained 31 nM morphine['*C]. Data from 2 to 10 min after
the morphine addition (three to four time intervals, three
incubations/interval) were used to calculate renal uptake
(V) in pmoles/ml of tissue vol/min. Key: rat kidney cortex
(C0); mouse kidney (O). Estimated standard errors of aver-
ages plotted were less than 3 per cent.
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In rat kidney slices, uptake was due to renal cortical
tissue because rat kidney medulla and collecting
tubule regions did not take up morphine (ie.
T/M = 1) at medium levels above 107 M. Equilib-
rium in mouse or rat kidney slices was reached after
46 (14, S. D)) min in 177 control incubations that
were stopped at S5-min intervals up to 90min at
3-1000 nM. Similar results were obtained with guinea
pig renal cortex tissue, but the uptake was not as
high.

Temperature dependence of uptake. During the
linear period after incubation at 31 nM medium levels
morphine uptake showed a sharp decrease from 14
pmoles/ml of tissue water/min at 37° to 4-6 pmoles/
ml/min at 16-20°. At 0-5" uptake was only 2 pmoles/
ml/min for the first 10 min. Similar effects were also
observed with slices from rat kidney cortex (Fig. 4).
If the slices were suspended in 5ml medium and
heated to 95° in a boiling water bath for 10 min, the
uptake of 30nM or 5uM morphine was markedly
reduced when the slices were transferred into fresh
oxygenated medium (Fig. 3).

Saturability of uptake. Measurement of the decrease
in T/M with increased M (Fig. 5A) indicated that the
morphine uptake might be mediated by at least two
mechanisms, one of which was saturable at concen-
trations less than 10"*M. A plot of M/T vs (—) log
M (initial medium concentration) is used to show a
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Fig. 5. (A) Morphine uptake by kidney=slices is saturable. Both initial (0 to 5-min, A) and equilibrium
(30-min. A) uptake of morphine decrease with respect to increasing concentrations of morphine in
the medium, becoming unsaturable at >10"*M (T/M = 3-7 + 0-2S.D.). Data points are averages
from 3 to 45 separate incubations at each concentration in HEPES-2. (B) Reciprocal plot of M/T
vs M. Prior loading of kidney slices with unlabeled morphine does not increase subsequent uptake
of radioactive morphine, nor does the efflux of ‘preloaded’ morphine. (1) The equilibration medium
was loaded with 1073, 1074, 107% 107 ¢ or 10~7 M unlabeled morphine, and the slices were incubated
for 30 min. Radioactive morphine (80 nM) was added and incubation continued for an additional
30 min. The uptake of the radioactive morphine ([0} decreased (curve 1, ‘Preload’) in parallel with
controls represented by the broken line, data taken from (A) above. (2) The equilibration medium
was loaded with the same concentrations but the slices were transferred after the first 30 min to fresh
medium containing 80 nM morphine['*C] for 30 min additional incubation. Separate experiments (e.g.
see Fig. 9) had indicated that 60 per cent of the morphine taken up by slices, from 1072 to 1078 M
exited in 30 min after one transfer into fresh medium. Therefore, the abscissa position for the uptake
data of the slices transferred from higher morphine concentrations (@, curve 2, ‘Preload and Transfer’)
was placed over the equivalent medium morphine concentration calculated from 80 nM + (60 per
cent of the unlabeled tissue morphine/tissue wt/5S ml of fresh medium volume). The concentration
of the unlabeled morphine in the tissue was determined from control experiments measuring uptake
for the first 30-min equilibration period, with a similar pattern of uptake vs concentration to those
data shown in A. The results indicate that this procedure causes inhibition of morphine uptake, with
apparent saturation at 5-10 uM. The efflux of large amounts of unlabeled morphine did not increase
the uptake of the radioactive morphine, and thus no evidence for counter-transport was observed
(with the exception of slices ‘preloaded” with 10™* M morphine, data point marked *). The star indicates
the only data point that shows evidence for counter-transport, i.e. higher uptake than control or pre-
loaded slices at the same medium concentrations; N = 9, t (independent) = 7-24, P < 0-025. Experimen-
tal data points are the averages of three separate incubations with approximately 100 mg of mouse
kidney slices.
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Fig. 6. The pH dependency of morphine uptake in the
presence and absence of glucose. Uptake at 5 and 30 min
in HEPES-2 medium, containing 10 mM glucose (solid
symbols and solid line), and in HEPES-G, containing no
glucose (dashed line, open symbols). The pH of the normal
HEPES buffer was changed with HCl or NaOH. NaCl
added at pH 62 did not change the uptake. Estimated
standard errors of data points (N = 6) were less than §
per cent.

distinct change in the type of uptake that occurs at
5x 1078M. A change in M/T vs (—-) log M is
obscrved when unlabeled morphine was equilibrated
for 30 min with the slices before small concentrations
of radioactive morphine were added (‘preload’) (Fig.
5B). At concentrations above [0”*M, morphine
uptake appeared to be unsaturable.

The pH, glucose and ion dependence of uptake. In
standard medium (HEPES-2) the uptake was optimal
at pH 74 to 8 (Fig. 6). In media lacking glucose
(HEPES-G) the uptake was enhanced above pH 7-4.
At pH 74, an increase or decreasc of Ca?™ or Mg~
had relatively minor effects. The optimal glucose con-
centration appeared to be | mM for uptake, although
the absence of glucose in incubations with morphine
below | uM did not inhibit uptake (Fig. 7). In the
presence of glucose, there was an inhibition of mor-

T T p T
of _

INCUBATION TIME, MIN

Fig. 7. Effect of varying the glucose concentrations on the
uptake of morphine. Each data point represents the aver-
age from three separate incubations with 0. 1, 5 or 10 mM
glucose in the HEPES medium, represented by (W), (O).
({2), and (@) symbols respectively. The sets of data are for
uptake of 0-2mM. 1 uM and 90 nM morphine.
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Fig. 8. K™ can stimulate morphine uptake in the absence

of glucose. The morphine concentration was 89 nM and

the incubation duration was 1S min at 37 . The potassium

was added as KCl and was present throughout the equilib-

ration and incubation period. The normal HEPES-2

medium contains 5mM K7*. Each point is the average
from three incubations.

phine uptake by K* addition to the medium. How-
ever, if the slices were incubated in HEPES-G +
(2-10 mM additional K *) there was up to a 20 per
cent increase in the uptake of morphine. At K™ con-
centrations above 20 mM the uptake was inhibited
(Fig. &) in HEPES-G

Oxygen dependence of morphine uptake. If the
medium was warmed to 37 and vigorously bubbled
with water-saturated N, for 10 min and then the slices
were cquilibrated for 30 min under N,. the 30-min
uptake of morphine was reduced below medium levels
from 107% to 1073 M. (To block uptake. it was not
sufficient to just pass N, over the surfacc of the
medium, particularly if the latter was still cold from
storage.) Tissues trecated in this manner never
regained any uptake capability if they were trans-
ferred to fresh, oxygenated medium after equilibration
under N,. Thus it appeared that even the unsaturable
uptake of morphine required viable kidney tissue.

Morphine exit and cffects of inhibitors of transport
on exit. Although morphine uptake was inhibited by
both cyanide and ouabain. at 1 to 5 x 107*M both
inhibitors could inhibit, and cyanide could also in-
crease exit. If the slices were incubated for short
periods in a concentration of CN~ that was mildly
inhibitory toward uptake, and the CN~ was washed
out during efflux, in some cases the exit of morphine
appeared to be retarded or decreased because some
of the morphine that did exit was rapidly taken up
again by the reactivated tissue. Thus. exit as well as
uptake could be inhibited. However, if rapid reuptake
of morphine (from unchanged efflux media) was
blocked by residual cyanide from the prior incubation
step. then it appeared that cxit was stimulated.

There was no difference in the time required for
50 per cent of the morphine to exit after 30 min of
incubation at 1077, 107° or 107* M. If slower exit
in unchanged media was indeed due to reuptake, it
did not increase in 10 to 100-fold higher cxternal
morphine concentrations. i.e. we did not observe evi-
dence for counter-transport (see also Figs. 9 and 14
below).
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Efflux of morphine from the slices was measured
in the presence and absence of morphine, antagonists,
methadone and other substances. When the incubated
slices were transferred into a single efflux solution,
the amount of morphine remaining in the tissue was
higher after 10-60 min than in slices that were trans-
ferred at frequent intervals. This occurred after incu-
bation at 3 10 9 x 1078 M for 30min at 37°. How-
ever, if the efflux incubation medium contained meth-
adone (3 uM), rotenone or nalorphine (1 uM), the exit
of morphine was more rapid. The most rapid exit
occurred with sequential transfers or in 1uM
rotenone. The results of these experiments are sum-
marized in Fig. 9. We were unable to determine
whether uptake or exit was more sensitive to a meta-
bolic inhibitor, and with these few exceptions most
experiments reported here are concerned only with
effects upon morphine uptake.

Effects of treatment in vivo and species differences
on morphine uptake. Slices of rat renal cortex equival-
ent in mass to those of mouse kidney took up mor-
phine at the same rate from 1M initial medium
levels, but slices from guinea pig renal cortex took
up less morphine at equilibrium (only 40-50 per cent
as much as the slices of the other two species) from
30nM or 2:5uM medium levels. The equilibrium
uptake of 30 nM morphine by renal cortex slices from
morphine-tolerant guinea pigs was further reduced
30 per cent from untreated controls. Such reduced
uptake was not affected by 10 uM methadone, levor-
phanol or nalorphine but was inhibited 75 per cent
by 1:5 uM rotenone, as in slices from untreated ani-
mals. Morphine uptake by kidney slices from rats
made tolerant to or withdrawn from morphine did
not show significant changes from controls.
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Fig. 9. Effects of morphine, methadone, nalorphine, and
rotenone on the efflux of morphine from kidney slices,
semilogarithmic plot. After 30 min of incubation in 35 nM
morphine['*C], the slices were transferred into fresh
HEPES-2 containing one of the following: (a) 35 or
80 M morphine. or 1 uM rotenone, or { uM nalorphine
(W): (b) 3 uM methadone (Q); or (¢) 88 nM morphine (A).
Efflux without additional drug in the exit medium is shown
by the line marked ‘control’ (®). If the slices were trans-
ferred to fresh media at each time point, the efftux followed
the same pattern as that in rotenone (a) (M). The left-hand
ordinate, marked in even intervals, is the log of the per-
centage of morphine{'*C] remaining in the slices; the
right-hand ordinate is the percentage of the mor-
phine[ *#C] remaining in the tissue. Data points are aver-
ages of six to nine incubations with estimated standard
errors less than 6 per cent.
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Fig. 10. Inhibition of morphine uptake by narcotic anta-
gonists and analogs. Test compounds were equilibrated
with the slices 30 min before 30 nM ['*C]morphine was
added for a 20-min incubation. The ordinate scale,
v”! = (morphine in medium/morphine in tissue volume)
= M/T. In contrast with these results, no inhibition of
107® M morphine uptake was observed with 5 x 107°M
levels of the antagonists or analogs. Data points are aver-
ages from six to twelve separate incubations with estimated
standard errors less than 7 per cent.

Inhibition of morphine uptake in kidney slices

Effects of narcotic analogs, antagonists and other
bases or alkaloids on morphine uptake into kidney
slices. Levorphanol, nalorphine, dextrorphan, metha-
done or naloxone was equilibrated with slices prior
to addition of ['“C]morphine (Fig. 10). Below | uM,
methadone was most effective in inhibiting the uptake
of morphine, with levorphanol and nalorphine next
most inhibitory, followed by dextrorphan, while
naloxone was least effective at any concentration.
Methadone inhibition was not complete or propor-
tional to concentration and essentially ceased at
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Fig. 11. Inhibition of 80 nM morphine uptake into mouse
kidney slices by some quaternary ammonium salts, amino
acids and bases. Nonstandard abbreviations are: TEA,
tetraethylammonium; HC-3, hemicholinium; DECA, deca-
methonium; HEXA, hexamethonium: SCC, succinylcho-
line; and CAD, cadaverine. All ‘inhibitors’ were equili-
brated with the slices at 37° for 30 min before [**C]mor-
phine was added for a 30-min incubation. Data points are
averages from three incubations. Control incubations with
addition of H,SO, at the concentrations used with
quinine, i.e. up to 504 of 0-1 N H,S0,, showed no effect
on uptake.
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from 80 nM medium levels by cyanide. In these exper-
iments, cyanide and morphine were added simultaneously.
The bars represent the range of the standard deviation
of the averages (@) from twelve incubations. There was
no significant difference between the effect of CN at 5 or
at 30 min on the morphine uptake; 50 per cent inhibition
of uptake was produced by 2-5 x 10°*M CN. but uptake
was not quite reduced to the level obtained with boiled
slice controls (-——---) even at 05 to 1 mM CN.

acid transport into kidney slices was also blocked by
rotenone to the same extent as morphine uptake
(Table 4). Figure 16 shows the effect of antimycin-A
and oligomycin on morphine uptake in the presence
and absence of glucose. Whether glucose was present
or not, or was replaced with succinate (c¢f. Discussion),
the inhibition by antimycin-A remained the same, but
inhibition by oligomycin was reduced when glucose
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Fig. 15. Inhibition of 30-min morphine uptake into mouse
kidney slices by rotenone. Conditions are same as in Figs.
11 and 13: the inset shows that similar results were
obtained with rotenone on the equilibrium uptake of mor-
phine using 13nM, 130nM and |3 uM morphine levels
in the medium: 1077 M rotenone caused 50 per cent inhi-
bition of morphine uptake. Data points are averages from
three incubations at each rotenone concentration. The
rotenone solutions were prepared from clear, cold 100 mM
stock concentrates in acetone, by serial dilution. The final
rotenone solution added to each incubation flask was 75°,
(v/v) acetone in water. Acetone concentrations were kept
below 107* M in the medium. The room was darkened
for all of these incubations to prevent photodecomposition
of the rotenone.
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Table 4. Effect of rotenone on morphine and p-glutamate
uptake by kidney and brain slices

™M
Rotenonce  after o, of
(uM) 30 min*  control
Kidney slices
D-Glutamate (1 mM) 0 246 100
-5 062 253
Morphine (31 nM) 0 894 100
15 1-99 223
Brain slices
D-Glutamate (1 mM) 0 19-9 100
1-5 421 21
Morphine (31 nM) 0 26 100
15 25 96

* Slices were equilibrated with rotenone for 30 min at
37 before the radioactive D-glutamate or morphine was
added. Values are averages from six to fifteen incubations
with estimated S.E.M. less than 6 per cent.

was replaced by succinate. A maximal inhibition
obtainable with oligomycin was 64 per cent under
the latter conditions. Valinomycin, an inhibitor of K*
transport. was also examined in a similar set of exper-
iments, but no difference was obtained if glucose was
replaced in the medium by succinate (Fig. 16). Inhibi-
tion by nonyl-hydroxyquinoline n-oxide was similar
to that of antimycin-A.

In contrast to these strong inhibitors. other up-
coupling agents, ¢.g. amytal. quinacrine and chlor-
amphenicol. had a lesser effect. 2.4-DNP (sce Fig. 12)
caused up to 20 per cent less inhibition of the 5-min
morphine uptake than it did of the equilibrium
uptake at 30 min. Previously. Piccoli and Lajtha [13]
showed that 3 uM of 2,4-DNP reaches equilibrium
in 30 min in brain and it may require longer cquilib-
ration with such compounds to obtain constant inhi-
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Fig. 16. Extent of inhibition of 350 nM morphine by oligo-
myecin depends upon the presence of glucose or succinate.
while that due to antimycin-A and valinomycin does not.
Symbols used arc: solid, in HEPES-2 with glucose; open,
in HEPES (—) glucose. + succinate: triangles, antimy-
cin-A; squares, oligomycin: and circles valinomycin, If glu-
cose was absent. it required a 3-fold increase in the concen-
tration of oligomycin to producc the same inhibition as
when glucose was present. Data points arc averages from
three incubations.
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Morphine uptake into kidney slices

Table 5. Effects of inhibitors with Krebs’ cycle substitutions for glucose in HEPES-G medium: T/M

at 30 min
Additions Succinate Lactate  x-Ketoglutarate Glucose
(I mM) (1 mM) (I mM) (1 mM)
None 996 = 100%, 782%, 82:-8%; 1349
PMS (2:5 uM) 29-1% 579 233 50-1
PMS (2:5 uM) +
ascorbate (32 uM) 533 336 34-2 463
PMS (25 uM) +
ascorbate (32 uM) +
Rotenone (1-5 uM) 361 685 384 392
Rotenone (15 uM) 22:2 262 271
Malonate (50 mM) 103 165 12-5 154
Malonate (10 mM) 255 60-1 304 30:5
Malonate (10 mM) +
succinate (10 mM) 60-2 71-1 74-5 752
Chlorpromazine (10 uM)
(or, + PMS; or +ascorbate) 312 354

* Each value is the average of three incubations using mouse brain slices and 80 nM morphine-
['*C], as per cent of control, 996 T/M. Similar results were obtained with 30 nM and § uM morphine.
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bition of initial and equilibrium uptake. Chloram-
phenicol (107°-10"*M) had no effect on uptake,
while quinacrine at 80 uM inhibited uptake 58 per
cent (higher quinacrine concentrations interfered with
counting procedures). Inhibition of 31 nM or 1-:3 M
morphine uptake increased linearly from 15 per cent
at 107> M amytal to 45 per cent at 2mM. No effect
of gramicidin-D was observed that was not also pro-
duced by the acetic acid solvent.

Electron transfer traps and Krebs' cycle substitution.
Relatively mild reducing agents, such as ascorbate or
methylene blue, inhibited morphine uptake. Results
of the addition of various electron acceptor and sub-
strate substitutions are summarized in Table 5.
Phenazine methosulfate alone, or in combination with
ascorbate, inhibited morphine uptake strongly. Part
of the PMS inhibition with succinate was relieved by
ascorbate, but the reducing agent increased PMS in-
hibition with lactate. Partial reversal of rotenone inhi-
bition also occurred when PMS and ascorbate were
added to all substrates, being most notable with lac-
tate. Malonate inhibited uptake the least with lactate,
and its inhibition was partially reversed by additions
of succinate to all other substrates. Inhibition by CPZ
(using succinate or glucose) was not ameliorated by
PMS or ascorbate.

DISCUSSION

Mode of morphine entry into kidney slices. Morphine
appears to enter the kidney by at least three indepen-
dent mechanisms. First, we obtained evidence for
entry by diffusion, shown by uptake in boiled tissue
with T/M > 1, although transport mechanisms were
inactivated. Second, concentrative mechanisms,
requiring metabolic energy and inhibited by specific
mitochondrial enzyme poisons, as well as general
metabolic inhibitors, appeared to derive energy from
Krebs’ cycle intermediates substituted for glucose.
The uptake of morphine from 5 x 1077 to
5 x 1073 M appeared to satisfy criteria for active
transport processes via concentrative, energy-depen-
dent mechanisms. Third, unsaturable uptake was

Be I3 4D

observed in loading experiments at concentrations
above 10”* M. The tissue/medium levels under these
conditions were relatively constant at 3 to 4-fold the
external medium concentrations. This type of mor-
phine uptake occurs with brain slices [8], with other
drugs in both brain and kidney [6,7], and at mor-
phine concentrations greater than 10™°M with liver
slices (unpublished results). Hug [5] also showed that
this occurs with dog kidney uptake of dihydromor-
phine.

Indirect evidence for a fourth type of morphine
uptake, binding (inherent to carrier-mediated concen-
trative mechanisms described above), was obtained in
experiments with morphine concentrations lower than
50nM in which analogs inhibited uptake and pre-
vented reuptake. However. when the medium mor-
phine concentrations were more than 1 gM, the inhi-
bition by the analogs was no longer observed. If all
of the morphine uptake was due to binding, we could
have expected to observe evidence for some stoichi-
ometry between the tissue mass and amount of mor-
phine removed from the medium, with a T/M de-
creasing sharply to a constant value within at most
two orders of magnitude change in medium concen-
tration. Even with a weak affinity of morphine for
the tissue, when the medium concentration was in-
creased 100-fold, binding sites would have been rela-
tively saturated and additional uptake would have
stopped, unless the morphine in the tissue was
removed to another compartment by a carrier or con-
version to a metabolite. Moreover. the efflux time for
the exit of 50 per cent of the tissue load of morphine
would have varied inversely with the initial medium
concentration if the morphine were bound internally
in the slice. Instead, the efflux time was uniform after
varous loads. We did not observe any evidence for
morphine metabolism, and the T/M did not decrease
so sharply with increments in M that we could deter-
mine what the number of binding sites were per g
of tissue. Therefore. although both binding and trans-
port processes are saturable, and binding is a first
step in carrier-mediated transport, the degree of satur-
ability is greater when only binding is involved, and
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we observed no evidence other than limited structural
analog competition to suggest that morphine uptake
in kidney involved binding alone.

Type of inhibition of uptake. Our results with mor-
phine generally are in accord with what had been
previously reported by Bell [4], Hug ¢r «f. [1] and
Hug [5] for dihydromorphine in kidney. Because the
characteristics of morphine uptake into brain slices
appeared to be different from those reported for
dihydromorphine [8], we decided to reinvestigate
morphine uptake in kidney slices. particularly from
mice, using various inhibitors of transport and
enzyme activity. Some of the inhibitory compounds
had been shown to interfere effectively with dihydro-
morphine uptake into dog kidney slices, c.g. IAc,
24-DNP, FAA and NaCN [ 17, nalorphine, probenc-
cid. levorphanol and dextrorphan [5]; or into choroid
plexus, ¢.g. decamethonium and hexamethonium [5].
Some potentially inhibitory compounds were shown
to be accumulated in rat and chicken kidney slices
(hexamethonium and tetracthylammonium) during
investigations of the binding of organic bases [14].
Many of the others had been used in our laboratory
to study energy requirements for amino acid transport
in brain slices [10,11].

The presentation of drug uptake data in pseudo-
Lineweaver—Burk format is not entircly valid for
morphine uptake by kidney slices for the following
reasons. First, the choice of a baseline would be arbi-
trary since boiled tissue, tissue incubated under N,
atmosphere, or CN-treated tissue cach showed a dif-
ferent reduction of morphine uptake. Although boil-
ing the slices undoubtedly destroyed membranes and
reduced the equilibrium uptake to a T/M of <3, incu-
bation under N,. which might be considered a milder
treatment. caused much greater inhibition to a T/M
of 0-8. Second. the uptake of morphine was not due
to passive binding. Thus the effects of inhibitors of
such uptake might appear to be noncompetitive when
examined with standard graphical analyses (i.c. reci-
procal plotting of T/M vs I), but the inhibitor could
be acting on an entirely different component of the
uptake process, c.g. depleting the available energy
required to concentrate the morphine within the tis-
sue. At present we have too little information con-
cerning the degrec of coupling of energy-producing
and carrier systems to simply reduce them to a single
component for graphical analysis. Third, some inhibi-
tors (e.g. 24-DNP) had little effect on the initial rate
of morphine uptake but decreased the equilibrium
levels.

Fuactors controlling morphine uptake: competition for
carrier by structural analogs and other organic bases.
The concentrative uptakc was sensitive to potent
mitochondrial enzyme poisons such as rotenone or
antimycin-A. However, the bulk transport (from
medium levels above 107 °M) of morphine did not
show the same sensitivity to inhibition by analogs
or pharmacological antagonists as did morphine
uptake from medium concentrations below 1077 M.
Methadone may be a stronger inhibitor of morphine
uptake than levorphanol or nalorphine at relatively

*The common admixture of quinine with heroin may
block the excretion of morphine in vivo and amplify the
effects of the illicit drug.
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low concentrations due to the extremely high altinity
of the tissue for mcethadone [15]. Furthermore,
although levorphanol and nalorphine appeared to be
more potent than dextrorphan in blocking morphine
uptake. the relative lack of inhibition of morphine
uptake by naloxone indicates that. for the kidney slice
experiments. we were probably not observing sterco-
specific. receptor-type binding.

Differences in inhibition of morphine uptake by
various organic bases may be duc. in part, to their
accumulation to different levels in kidney slices. Mc-
[saac [14], for example. showed that 10 uM TEA was
accumulated by rat kidney 4- to 5-fold above the
medium. while 10 M decamethonium was accumu-
lated only 1-5 to 2-5-fold. In accord with his obsecrva-
tion. we observed that TEA was about twice as effec-
tive as decamethonium in inhibiting morphine uptake
by mouse kidney. The same compound may also be
more inhibitory toward one type of organic base than
another. Wherecas Mclsaac demonstrated that quinine
sulfate at 0-2 mM inhibited 107" M TEA uptake by
50 per cent. in these experiments the morphine uptake
was twice as sensitive: 0-8 uM  quinine inhibited
80 nM morphine uptake by 50 per cent.* Further-
more. some differences between our findings and
those reported by previous investigators  who
measured drug effects on renal morphine uptake may
be due to a peculiarity of the sensitivity of the tissue
from a particular species. For example, we observed
decreased uptake in guinea pig kidney slices in com-
parison with tissuc from mice or rats.

Of the other compounds examined. choline is taken
up to high levels by kidney tissue yet appears to be
a very weak inhibitor of morphine uptake in compari-
son with hemicholintum or TEA. This suggests that
the renal morphine uptake may be poorly controlled
by the intracellular organic base concentrations. In
addition, loading of slices with up to 50 uM nalor-
phine. levorphanol, dextrorphan or naloxone had no
effect on 10 M morphine uptake. despite the fact that
nalorphine. levorphanol annd dextrorphan are all
accumulated much above medium levels of 107 M
by kidney tissuc [S]. Indecd. Hug has shown that
mM nalorphine is required to inhibit } of the dihyd-
romorphine uptake from 10 M medium levels in dog
kidney slices, an “inhibitor substrate’ index of 100 for
33 per cent inhibition. In the present study. a 100-fold
higher concentration of nalorphine inhibited uptake
of 30 nM morphinc by 75 80 per cent. This apparent
sensitivity of the morphine uptake by kidney slices
at low concentrations to inhibition by analogs and
antagonists (4l low concentrations) is suggestive of
a competition for binding sites but is not necessarily
indicative of inhibition of the transport process for
the following reasons.

First, for binding precedent to transport, inhibition
diminishes as the absolute morphine concentration in
the medium increases. provided that the effect of such
competitive inhibition is primarily upon a first step
in the total uptake process. This was observed in
these experiments. Second. however, binding may also
occur within the tissue to terminate uptake, as shown
by Holm [16] for decamethonium. If the internal
binding of the first (analog or antagonist) compound
is at a sitc where the morphine must finally bind,
inhibition of uptake would be expected to increasc
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Table 6. Comparison of characteristics of morphine and amino acid uptake in mouse or rat brain

and kidney
Brain Kidney
Amino acid Morphine Amino acid Morphine
uptake uptake uptake uptake
Saturable + - + +
Temperature sensitive + + + +
High-affinity components + + + +
Low-affinity components + + + +
Inhibited strongly by:
Anoxia + - + +
#M mitochondrial poisons + - + +
mM general poisons + — + +
Depletion of glucose + — — -
mM solvents - — + +
mM SH-oxidants + — + +
pH change + + + +
mM ouabain + — — —

exponentially as the concentration of the analog or
inhibitor increases. Such was the case with relatively
low concentrations of levorphanol (below 3 uM) but
did not occur consistently with the other analogs or
antagonists. Third, furthermore, the finding of a uni-
form exit time for efflux of various loads of morphine
does not support the hypothesis of internal binding
sites.

In this study we did not attempt to increase the
concentration of morphine analogs and antagonists
above 50 uM because above this concentration they
begin to interfere with tissue respiration [4], and
other functions in a nonspecific manner {17]. More-
over, the increase in efflux of morphine after addition
of CN, rotenone, methadone or nalorphine did not
indicate any structural specificity to suggest that the
narcotic or antagonist was competing with morphine
for some internal binding site. Thus, despite some
apparent stereospecificity among the analogs inhibit-
ing 1078 M morphine uptake, it appears that mor-
phine is not bound in the kidney slice by passive
effects (i.e. an affinity of association with binding sites
in competition with structural analogs) but that active
metabolic processes retain an internal, diffusible pool
of the drug.

Role of mitochondrial metabolism in renal morphine
uptake. Morphine uptake is metabolically sensitive,
i.e. if the kidney tissue was heated to 95° for 10min
or poisoned with strong inhibitors of mitochondrial
function, the slices no longer took up morphine, even
from 107® M medium levels. This is quite different
from the relative insensitivity of morphine uptake by
brain slices [8]. In fact, the lowest T/M values (80
per cent inhibition) were obtained with three treat-
ments that block mitochondrial energy production:
complete anoxia (under N,), in the presence of more
than 1puM rotenone, 1 mM cyanide or 50mM
malonate, regardless of the substrate replacing glu-
cose as a source of energy for uptake. An inhibitory
effect of glucose on morphine uptake was observed
in this study, but inhibitors of glucose transport or
of glycolysis had little or no effect on morphine
uptake, although they stimulate amino acid uptake
by rat renal cortex [18,19]. Because some of the glu-
cose-transport inhibitors, as well as atractyloside,

were inactive, we cannot show positive evidence of
their penetration into the tissue. Therefore, we cannot
directly demonstrate the glucose requirements for
morphine transport into kidney slices.

We were able to maintain uptake of morphine from
30nm to 10 uM medium levels with various Krebs’
cycle substrates: succinate and x-ketoglutarate being
most efficient. Inhibition caused by malonate was
reversible by succinate, while that due to rotenone
was partially reversed with PMS and ascorbate. These
effects suggest that transport of morphine requires
mitochondrial, rather than glycolytic, activity. The
reduction of inhibiton by oligomycin when succinate
was substituted for glucose also suggests the possi-
bility that phosphorylated intermediates other than
ATP may be used for active transport. The inhibition
of uptake by K* ion and the relative resistance of
the morphine uptake to ouabain (in comparison to
brain amino acid transport) suggest that ion flux may
not be a driving force for renal morphine transport.

Comparison of morphine uptake by kidney slices and
amino acid uptake by brain slices. Comparison of the
results of these experiments with those using brain
slices [&] indicates that morphine uptake in kidney
is very different from that in brain but has many
characteristics that are similar to those of amino acid
transport in brain (Table 6). However, the kidney slice
uptake of morphine is much more sensitive to inhibi-
ton by alcohol, acetone or K* and is much less sensi-
tive to NaF, CPZ and ouabain than is the brain slice
uptake of amino acids, while the mass of amino acids
that can be taken up by brain slices is much greater
than that of morphine, amino acids or TEA into kid-
ney tissue (i.e. the capacity at equilibrium for valine
or leucine in brain is more than 5-10 mM from 2 mM
medium). Despite these differences, certain aspects of
mitochondrial function appear to be required for
transport in both tissues.
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