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concentration was increased from 2 to 12
mM, with 2 m�i CaCl2 present in the exter-
nal solution, there was a significant increase

in the MEPP frequency. Mn2� reduced the
MEPP frequency increase by more than

50%. Neither 50 �LM verapamil (Fig. 3) non
10 �LM D-600 (data not shown) reduced

MEPP frequency significantly in depolar-
ized preparations (8 cells). Higher concen-
trations of verapamil were not tested in
depolarized preparations because they re-
duced MEPP amplitude and increased the

resting MEPP frequency when added to
the normal (2 mM K) Ringer’s solution. Our
observations on the effects of the organic
“Ca antagonists” at the neuromuscular
junction are similar to those of Gotgilf and
Magazanik (8); these findings further sup-
port the conclusion that the Ca channels in
presynaptic nerve terminals are not as sen-
sitive to the organic “Ca antagonists” as are

-5

[K’]0(mM) 2 12 2 12

FIG. 3. The effects of manganese and verapamil

on MEPP frequency in depolarized frog neuromus-

cular junctions

After each depolarization period with 12 msi K

Ringer’s solution, the preparation was rinsed with

control Ringer’s solution [containing (mM): NaC1, 116;

KCI, 2; MgCl�, 1.35; CaCl2, 2; and Tris-maleate, 5;

brought to pH 7.4 with NaOHI until MEPP frequency

returned to within 25% ofcontrol value. All data shown

in this figure are from a single cell; the bars, from left

to right, indicate the order in which the recordings

were made. Resting potential was -83 mV in 2 msi K,

and -55 mV in 12 mM K solution. Error bars indicate

± SEM. In this and all other experiments where

MEPP frequency was measured, the smallest MEPPs

discernible in high potassium were at least 2 times

larger than the baseline noise. Similar results were

obtained with verapamil in 5 other cells, and with

manganese in two of these cells.

the Ca channels in myocardial cells.
Verapamil and D-600 block Na channels

in synaptosomes. There have been many

reports suggesting that high concentrations
(200-500 jiM) of the organic “Ca antago-

nists” suppress Na conductance changes in
the squid axon (20), and reduce the action

potential amplitude in frog sciatic nerve
(21) and skeletal muscle (7). In experiments

employing the voltage-sensitive fluorescent
dye, CC5, to monitor membrane potential
changes (15), we obtained evidence that the
organic “Ca antagonists” also block Na
channels in synaptosomes.

When dye-treated synaptosomes are de-
polarized by either veratnidine, an alkaloid
that opens Na channels (22), or by high
concentrations of K, there is an increase in
CC5 fluorescence, and this increase appears
to be directly related to the membrane po-
tential (15). The venatndine-induced, but
not the K-induced, fluorescence change is
blocked by tetnodotoxin, indicating that the
former effect is due to the opening of Na
channels. As can be seen in Fig. 4, both
venapamil and D-600 depressed the verat-
nidine-induced fluorescence increase. In

control experiments (not shown) we ob-
served that neither verapamil nor D-600

had any effect on the fluorescence of non-
depolarized synaptosomes incubated in Na
+ 5K solution; also neither drug affected

the fluorescence change induced by K-de-
polarization. Furthermore, block of the ye-
natnidine-induced fluorescence by venapa-
mu was independent of the concentration
of veratnidine used, over a veratnidine con-
centration range of 10-500 �i�i; thus vera-
pamil does not appear to inhibit fluores-
cence by simply interfering with the bind-

ing of veratnidine to synaptosomes.

The results described above suggest that
the organic “Ca antagonists” block Na
channels at concentrations similar to those
required for Ca-channel blockade in syn-
aptosomes. If this were true, one would
expect veratnidine-induced 45Ca uptake to
be inhibited more effectively than K-stim-
ulated 45Ca uptake by the organic “Ca an-
tagonists.” Indeed, this is shown in Fig. 1,
where the inhibition of veratnidine-stimu-
lated (upper curve) and potassium-stimu-
lated (lower curve) Ca uptakes are com-
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FIG. 4. Suppression, by verapamil and D-6t%J, of

teratridine-induced CC5 fluorescence changes in syn-

aptosomes

Results from two experiments are shown (filled

versus open symbols). Veratridine-induced fluores-

cence increase was measured as the increment in syn-

aptosome fluorescence (SF) due to the addition of 80

zM veratridine, in the presence [i�F (Drug)] or absence

[�F (Control)] of verapamil or D-600, and expressed

as:

Veratridine-induced fluorescence increase

i�F (Drug)
= X100.

i�F (Control)

pared as a function of verapamil concentra-
tion. Whereas verapamil inhibits K-stimu-

lated uptake only by blocking the voltage-

sensitive Ca channels, it inhibits veratni-
dine-stimulated uptake both by directly
blocking the Ca channels, and (as indicated
in Fig. 4) by reducing the depolarization (a
function of the Na permeability) which

opens the Ca channels. It should be noted
that in this type of experiment, all of the
veratnidine-stimulated Ca uptake appears
to be mediated by Ca channels, since it is
effectively blocked by La3� (data not
shown).

DISCUSSION

Pinched-off presynaptic nerve endings
retain many of the metabolic, osmotic, and
transport properties of intact neural tissue
(cf. 9, 10). Previous studies have shown that
Ca uptake into synaptosomes is mediated
by voltage-sensitive Ca channels, similar to
the Ca channels observed in many types of
excitable cells (5). We have taken advan-
tage of the synaptosome preparation to ex-
amine the effectiveness of the organic “Ca

antagonists” in blocking Ca influx into neu-
nonal tissue.

The organic “Ca antagonists” have been
found to inhibit a wide variety of mem-
brane-related processes, including muscle

end-plate sensitivity to acetylcholine (23),
K-conductance (7, 24-26) and Na-stimu-
lated Mg efflux (27). There are also indica-

tions that Na channels may be blocked by
these drugs (7, 8, 20, 21) and that neuronal
Ca channels may be relatively insensitive
to them (6-8). Our results provide direct
evidence that the organic “Ca antagonists”

do not selectively block Ca influx into syn-
aptosomes. Rather, these agents, at concen-
trations of 50-100 �tM, seem to inhibit volt-
age-dependent Na as well as Ca channels.

Thus, ionic currents blocked by high con-
centration of these drugs cannot be equated
with “Ca currents.” This contrasts with the

identification of all TTX-blocked currents
as “Na currents” (28).

There are reports that even in the heart,
the action of the racemic (±) mixtures of
the organic “Ca antagonists” may not be
limited to the Ca channels (17, 24, 25).

Nevertheless, mark�’d inhibition of the Ca
conductance in cardii�c muscle is observed

with concentrations of these drugs on the

order of 10_6 to i0� M (2, �4, 25); in vascular
smooth muscle, concentrations below i07

M may be effective (6). This ‘ontrasts with
the much higher concentrations (10�-10�
M) of the “Ca antagonists” needed to block,

to a comparable degree, Ca uptake by syn-
aptosomes, and Ca-currents (20) and Ca-
dependent membrane processes in neural

tissues (6-8). This suggests that neuronal
Ca channels may be pharmacologically dif-
ferent from the Ca channels in cardiac and
smooth muscle, with respect to receptor
sites for “Ca antagonists,” just as neuronal
Na channels may be pharmacologically dif-

ferent from cardiac Na channels with re-
spect to sensitivity to TTX (29). The dif-
ferential sensitivity of the Ca channels in
nerve and muscle to the organic “Ca antag-
onists” may have an interesting pharma-
cological consequence: it may allow vera-

pamil and D-600 to inhibit Ca-dependent
processes in myocardial or vascular tissue
at doses having virtually no effects on neu-
nonal activity. This may partially explain
the usefulness of the organic “Ca-antago-

nists” as target-specific agents in the treat-
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ment of arterial hypertension, hyperkinetic
heart function and coronary artery disease
(2).
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tion after incubation of the drug with brain
homogenates, and after its injection in vivo.

The content of radioactivity in the fraction

diminished after rupturing the synapto-
somes (6).

In the course of our work on the charac-

tenization of cellular transport mechanisms
for drugs, we previously described processes
for active transport of benzomorphans in

leukocytes (7-10) and mediated uptake of
chloroquine and other basic drugs in the
isolated retina (1 1). The transport carrier
in leukocytes also recognized methadone
with a Km of 20 ELM. Our initial observations

suggested that the transport of methadone
in synaptosomes occurs in part by media-

tion (12). Subsequently, we presented pre-
liminary evidence for the active nature of
the mediated transport component (13).
This paper describes the characterization
of methadone transport in synaptosomes
utilizing experimental criteria which allow
a distinction between drug binding and

transport, and resolve various forms of the
latter process.

MATERIALS AND METHODS

Materials. d,l and 1- 1 14C-Methadone,

14C-inulin, the tissue solubiizer Protosol
and the scintillation mixture Omnifluon
were obtained from New England Nuclear
Corporation, Boston, Mass. 2-’4C-5,5-di-
methyl-2,4-oxazolidine-dione,2 was kindly
provided by Dr. H. N. Christensen, Depart-
ment of Biological Chemistry. The unla-
beled drugs used in this study were gifts

from Dns. H. H. Swain and H. J. Woods,
Department of Pharmacology, The Univer-
sity of Michigan.

Isolation of synaptosomes. The scheme
of the isolation procedure is shown in Fig.
1. Both the enriched synaptosomal prepa-
ration and a further purified synaptosome
fraction were used in this study. The latter
was obtained according to Autilio et al.
(14), by density gradient centnifugation of
the crude mitochondrial suspension at
25,000 x g for 60 mm, as a layer at the
interface of 7.5% and 10% Ficoll. However,

� The abbreviations used are: ‘4C-DMO, 2-#{176}C-5,5-

dimethyl-2,4-oxazolidine-dione; ESP, enriched synap-

tosomal preparation; DNP, 2,4-dinitrophenol.

C - PURIFIED SYNAPTOSOMES

U

(GRADIENTS: PERCENT FICOLL)

FIG. 1. Outline of procedure for the isolation of

synaptosomes

predominantly the ESP fraction was uti-
lized, and its detailed characterization in-
cluding electron microscopy and the con-
tent of marker enzymes has been carried
out and reported previously (15).

Viability of isolated synaptosomes. Syn-
aptosomal content of potassium and so-
dium, and the uptake of oxygen were inves-
tigated after various times of incubation,
reflecting experimental conditions encoun-

tered in this study. The ions were deter-
mined by flame photometry as described
earlier (9). The rate of oxygen consumption
was measured utilizing a YSI, model 53,
oxygen electrode with air as the saturating
gas. The procedure has previously been

applied in our laboratory to measure the
respiration of various cellular suspensions

(16).
Synaptosomal volume and intracellular

pH. Synaptosomal volume was estimated
by subtracting inulin space from the total
water space. The former was determined
by incubating aliquots of the synaptosomal
suspension containing approximately 1 mg

protein/mg with 0.4 mg (0.1 �.tCi) of 14C-
inulin. After incubation for 5 mm at 20#{176},

the suspension was centrifuged for 4 mm at
8,000 x g and the supernatant removed.
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ment of arterial hypertension, hyperkinetic
heart function and coronary artery disease
(2).

ACKNOWLEDGMENTS

We thank Drs. B. K. Krueger, R. F. Rakowski and

C. M. Rovainen, and Mr. E. S. Schweitzer for helpful

comments, and Mrs. A. Guinn for typing the manu-

script.

REFERENCES

1. Reuter, H. Divalent ions as charge carriers in

excitable membranes. Prog. Biophys. Molec.

Biol. 26: 1-43, 1973.

2. Fleckenstein, A. Specific pharmacology of calcium

in myocardium, cardiac pacemakers, and vas-

cular smooth muscle. Ann. Rev. Pharmacol.

Toxicol. 17: 149-166, 1977.

3. Katz, B. and R. Miledi. Tetrodotoxin-resistant

electric activity in presynaptic terminals. J.

Physiol. Lond. 203: 459-487, 1969.

4. Llinas, R., I. Z. Steinberg and K. Walton. Presyn-

aptic calcium currents and their relation to syn-

aptic transmission: voltage clamp study in squid

giant synapse and theoretical model for the cal-

cium gate. Proc. Natl. Acad. Sci. USA 73: 2918-

2922, 1976.

5. Blaustein, M. P. Effects of potassium, veratridine

and scorpion venom on calcium accumulation

and transmitter release by nerve terminals in

vitro. J. Physiol. Lond. 247: 617-655, 1975.

6. Hauesler, G. Differential effect of verapamil on

excitation-contraction coupling in smooth mus-

cle and on excitation-secretion coupling in ad-

renergic nerve terminals. J. Pharm. Exp. Ther.

180: 672-682, 1972.

7. Van der Kloot, W. and F!. Kita. The effects of the

“calcium-antagonist” verapamil on muscle ac-

tion potentials in the frog and crayfish and on

neuromuscular transmission in the crayfish.

Comp. Biochem. Physiol. 50: 121-125, 1975.

8. Gotgilf, M. and L. G. Magazanik. Action of calcium

channels blocking agents (verapamil, D-600 and

manganese ions) on transmitter release from

motor nerve endings of frog muscle. Neurophys-

iology 9: 415-421, 1977.

9. Bradford, H. F. Isolated nerve terminals as an in

vitro preparation for the study of dynamic as-

pects of transmitter metabolism and release, in

Handbook of Psychopharmacology. Vol. 1,

(Iverson, L. L., S. D. Iverson and S. H. Snyder,

eds). Plenum Press, New York, 1975, 191-252.

10. Blaustein, M. P., N. C. Kendrick, R. C. Fried and

R. W. Ratzlaff. Calcium metabolism at the

mammalian presynaptic nerve terminal: Les-

sons from the synaptosome, in Society for Neu-

roscience Symposia, Vol. II (Cowan, W. M. and

J. A. Ferendelli, eds). Society for Neuroscience,

Bethesda, Md., 1977, 172-194.

11. Nachshen, D. A. and M. P. Blaustein. The “cal-

cium blockers,” verapamil and D-600, block

both sodium and calcium channels in vertebrate

neurons. Neurosci. Abstr. 4: 582, 1978.

12. Hajos, F. An improved method for the purification

of synaptosomal fractions in high purity. Brain

Res. 93: 485-489, 1975.

13. Blaustein, M. P. and J. M. Russell. Sodium-cal-

cium and calcium-calcium exchange in inter-

nally dialyzed squid giant axons. J. Membrane

Biol. 22: 285-312, 1975.

14. Lowry, 0. H., N. J. Rosebrough, A. L. Farr and R.

J. Randall. Protein measurement with the Folin

phenol reagent. J. Biol. Chem. 193: 265-275,

1951.

15. Blaustein, M. P. and J. M. Goldring. Membrane

potentials in pinched-off presynaptic nerve ter-

minals monitored with a fluorescent probe: evi-

dence that synaptosomes have potassium diffu-

sion potentials. J. Physiol. Lond. 247: 589-615,

1975.

16. Kohlhardt, B., B. Bauer, H. Krause and A. Fleck-

enstein. Differentiation of the transmembrane

Na and Ca channels in mammalian cardiac

fibres by the use of specific inhibitors. Pflugers

Arch. 335: 309-322, 1972.

17. Bayer, R., R. Hennekes, R. Kaufmann and R.

Mannhold. Inotropic and electrophysiological

action of verapamil and D-600 in mammalian

myocardium. I. Patterns of inotropic effects of

the racemic compounds. Naunyn-Schmiede-

bergs Arch. Pharmacol. 290: 49-68, 1975.

18. Del Castillo, J. and B. Katz. Changes in end-plate

activity produced by presynaptic polarization.

J. Physiol. Lond. 124: 586-604, 1954.

19. Katz, B. The Release of Neurotransmitter Sub-

stances, C. C. Thomas, Springfield, 1969.

20. Baker, P. F., H. Meves and E. G. Ridgway. Effects

of manganese and other agents on the calcium

uptake that follows depolarization of squid ax-

ons. J. Physiol. Lond. 231: 511-526, 1973.

21. Singh, B. N. and E. M. Vaughn Williams. A fourth

class of antidysrhythmic action? Effect of vera-

pamil on ouabain toxicity, on atrial and ventric-

ular intracellular potentials, and on other fea-

tures of cardiac function. Cardiovasc. Res. 6:

109-119, 1972.

22. Ohta, M., T. Narahashi and R. F. Keeler. Effects

of veratrum alkaloids on membrane potential

and conductance of squid and crayfish giant

axons. J. Pharmac. Exp. Ther. 184: 143-154,

1973.

23. Chiarandini, D. J. and P. J. Bentley. The effects

of verapamil on metabolism and contractility of

the toad skeletal muscle. J. Pharmac. Exp.

Ther. 186: 52-59, 1973.



586 NACHSEN AND BLAUSTEIN

24. Kass, R. S. and R. W. Tsien. Multiple effects of

calcium antagonists on plateau currents in car-

diac Purkinje fibers. J. Gen. Physiol. 66: 169-

192, 1975.

25. Nawrath, H., R. E. Ten Eick, T. F. McDonald and

W. Trautwein. On the mechanism underlying

the action of D-600 on slow inward current and

tension in mammalian myocardium. Circ. Res.

40: 408-414, 1977.

26. Suarez-Kurtz, G. and A. L. Sorenson. Effects of

verapamil on excitation-contraction coupling in

single crabs muscle fibers. Pflugers Arch. 368:

231-239, 1977.

27. De Weer, P. Axoplasmic free magnesium levels

and magnesium extrusion from squid giant ax-

ons. J. Gen Physiol. 68: 159-178, 1976.

28. Narahashi, T. Chemicals as tools in the study of

excitable membranes. Physiol. Rev. 54: 813-889,

1974.

29. Baer, N., P. M. Best and H. Reuter. Voltage-

dependent action of tetrodotoxin in mammalian

cardiac muscle. Nature 263: 344-345, 1976.



SYNAPTOSOMAL METHADONE TRANSPORT 589

The wet weight of pellet was determined to
the nearest 0.01 mg, and the radioactivity
in both the pellet and in an aliquot of the

supernatant was measured by liquid scm-
tillation spectrometry. Assuming that all of
the ‘4C-inulin in the pellet was extracellular,
the amount of extracellular water was cal-
culated and expressed on the basis of wet
weight. Total water was determined by the
difference between the wet and dry weights

of synaptosomal pellets prepared by cen-

trifugation as described above. The pellets
were transferred to tared glass fiber discs
and weighed to the nearest 0.01 mg. The

samples were then dried overnight at 105#{176}
and reweighed. The difference in the two
weights corresponded to the total water

content. The difference between total and
extracellular water was taken as the intra-
cellular aqueous space. A correlation factor
protein/wet weight allowed synaptosomal
volume to be expressed in terms of protein
content.

Intracellular pH was determined utilizing
‘4C-DMO according to the method of Wad-
del and Butler (17). Aliquots of the synap-

tosomal fraction corresponding to approxi-

mately 1 mg protein were incubated with
10 �Ci of ‘4C-DMO in a total volume of 1.2

ml or 10 mm at 20#{176}.The mixture was
centrifuged in conical polyethylene tubes
(capacity 1.5 ml) for 4 mm at 10,000 x g.
The supernatant was decanted and its ra-
dioactivity determined by liquid scintilla-
tion spectrometny. After removing residual
droplets of liquid in the centrifuge tubes by

blotting with filter paper, the pellet was
weighed, digested with Protosol and sub-
jected to measurement of radioactivity.
These results, together with the ratios wet
weight/protein, total water/wet weight and

the inulin space, were used to calculate the
intracellular pH according to the formula
described in the original publication of the
method (17).

Determination ofprotein. An adaptation

of the method of Lowry et al. (18) was
utilized which was linear in the range 0.3
,.Lg-5 �g (19).

Experiments on cellular transport. The
basic procedure was similar to that de-
scribed in our recent work on synaptosomal

uptake of biogenic amines (15). Briefly, 50

�d aliquots of the synaptosomal suspension

in 0.32 M sucrose, pH 7.4, were added to 850
�il of buffer medium and the suspension was
incubated for 5 mm at 20#{176}under 02. The
uptake was initiated by the addition of 100
�il of buffer medium containing 0.05 �tCi of
radioactive methadone and sufficient unla-
beled drug to give the desired final concen-
tration. After 15-30 sec uptake was termi-
nated by filtering the sample on previously
washed Reeve-Angel, type 984H, glass fiber
filter discs. The ifiters were further proc-

eased for liquid scintillation counting by
digestion with Protosol as described (15).

Mean efficiencies of the counting procedure
for 3H and ‘4C, as determined by the
method of external standardization, were

55% and 85%, respectively.

Drug efflux was investigated utilizing a
quick dilution technique. Synaptosomal up-
take was carried out by incubating 50 �tl of
the suspension with 100 .tl of the 3H-labeled
drug, present at 5 jIM, for 5 mm at 20#{176}under

02. Drug exodus was initiated by rapidly
diluting the incubation mixture with 850 �d
of buffer medium. Exodus was terminated

after 5-120 sec by rapid filtration of the
samples. The filters were processed and
subjected to liquid scintillation counting as

outlined above and described previously

(15).
The composition of the basic buffer me-

dium used in the transport experiments
was: TRIS, 35 mM; NaCl, 100 nmi; KC1, 10

mM; MgSO4, 1.2 mM; KH2PO4, 1.2 mM;

NaHCO3, 1 mM; sucrose, 25 mM; glucose, 10

mM. The pH of the medium was adjusted
to 7.4 with HC1. The measured tonicity of
the medium was 317 mOsm.

RESULTS

Characteristics of synaptosomal prepa-
ration. The preparation (ESP) predomi-
nantly used in this work (Fig. 1) was highly
enriched in synaptosomes as determined by
electron microscopy and biochemical char-
acterization, involving the assay of acetyl-
cholinesterase, lactic dehydrogenase and
succinic dehydrogenase (15). Free mito-
chondria in the ESP represented less than

5% of all the vesicles present. Synaptosomal
content of potassium and sodium in the
preparation was 0.133 ± 0.03 ��Eq per mg
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FIG. 2. Resolution of synaptosomal methadone untake

Aliquots of the synaptosomal fraction were incubated in 900 �d of the standard buffer medium for 5 mm at

20#{176}.Uptake was initiated by the addition of 100 �l of buffer containing 0.05 zCi of “H-methadone and varying

amounts of unlabeled drug. Incubations were terminated after 30 sec by rapid filtration of the suspension. The

glass fiber discs (Reeve-Angel, 984 H) were quickly washed with 25 ml of ice-cold 0.9% NaCl (filtration time: 20-

30 sec). In the upper graph plotted are the total uptake of methadone (#{149})and the total uptake minus diffusion

(0). The diffusional constant of 3 pmol/mg protein per 30 sec corresponded to the slope of the linear portion of

total methadone uptake, obtained at high concentrations (>100 �tM) of the drug. The single reciprocal plot in

the lower graph was obtained by utilizing data for the saturable uptake component. Each point is the mean of

at least 12 determinations.
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