Amino Acid Neurotransmitter Candidates: Sodium-Dependent

High-Affinity Uptake by Unique Synaptosomal Fractions

Abstract. Glutamic and aspartic acids and glycine are accumulated by high-
affinity uptake systems into synaptosomal preparations in central nervous tissue.
Sodium is required by these high-affinity transports, but not by the low-affinity

transports for these and other amino acids.

The sodium-requiring amino acid

uptake systems label unique synaptosomal fractions. Observations suggest that
these amino acids serve specific synaptic functions, presumably as neurotransmit-

ters.

Several amino acids, especially glu-
tamic and aspartic acids and glycine,
have been suggested as neurotransmit-
ter candidates in the central nervous
system on the basis of microiontopho-
retic (1), regional (2), autoradio-
graphic (3), and selective release (4)
studies. We observed transport of
glutamic and aspartic acids and gly-
cine into synaptosomal preparations by
unique high-affinity uptake systems
(5). The selective localization of the
glycine uptake system to the spinal
cord but not the cerebral cortex paral-
leled the distribution of neurons that
are specifically sensitive to glycine.
Furthermore, we observed a unique
synaptosomal fraction in the cerebral
cortex which selectively accumulated
glutamic and aspartic acids (6).

We report here that sodium is re-
quired for activity of the high-affinity
uptake systems for glutamic and aspar-
tic acids in the cerebral cortex and
spinal cord and for glycine in the
spinal cord; this requirement is not
manifested by the low-affinity transport
systems for these and other amino
acids (7). Moreover, although glutamic
acid is accumulated into a unique
synaptosomal fraction in the presence
of sodium (6), the subcellular local-
ization of glutamic acid is indistin-
guishable from that of other amino
acids if sodium is absent.

Male Sprague-Dawley rats (150 to
200 g) were decapitated; the cerebral
cortex or lumbosacral spinal cord was
rapidly dissected and homogenized in
20 volumes of 0.32M sucrose (4°C)
in a Potter-Elvehjem glass homogenizer
fitted with a Teflon pestle, and amino
acid uptake into synaptosomal-rich
pellets was examined (5). After cen-
trifugation at 1000g for 10 minutes,
the pellet was discarded. A 0.2-ml por-
tion was added to 3.8 ml of Krebs-
Ringer medium buffered with phos-
phate (pH 7.4) when normal, deficient,
or excessive sodium concentrations
were desired, or to Krebs-Ringer
medium buffered with tris(hydroxy-
methyl) aminomethane (tris) (pH 7.4)
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when no sodium ion was desired. The
standard sodium concentration em-
ployed, unless otherwise indicated, was
143 mM. In sodium-deficient media,
isotonicity was maintained by equi-
molar amounts of 0.32M sucrose. The
media also contained 11.1 mM glucose
and varying concentrations of unlabeled
amino acids. After 4 minutes of incu-
bation at 37°C, samples were cooled
to 4°C, and a uniform tracer amount
of isotopically labeled amino acid (I
to 5 c¢/mmole; New England Nuclear)
was added. The mixtures were then
agitated another 4 minutes at 37°C,
rapidly cooled to 4°C, and centrifuged
at 27,000g for 10 minutes. The super-
natant fluid was assayed for radio-
activity, and the pellet was washed
with 10 ml of 0.9 percent NaCl (4°C)
and recentrifuged at 48,000¢ for 10
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Fig. 1. Distribution patterns - in linear,

continuous sucrose density gradients of
synaptosomal fractions that accumulate
[’H]- and [“Clglutamic acid in the pres-
ence of normal sodium concentration
(143 mM) or no added sodium. Homog-
enates from rat spinal cord were in-
cubated with 10°M L-glutamic acid
(L-"HIGlu or r-["C]Glu) in Krebs-Ring-
er-phosphate solution (143 mM sodium)

or Krebs-Ringer-tris solution (0 mM
sodium) and subjected to subcellular
fractionation.

minutes at 4°C. Accumulated radio-

~activity was extracted into Triton X-

100 : toluene phosphor and assayed by
liquid scintillation spectrometry. Under
these conditions, we had shown that
amino acid uptake is linear with time
at all concentrations employed, that
accumulated amino acids are not me-
tabolized to a significant extent, and
that essentially all radioactivity accu-
mulated in the pellet is localized in
synaptosomal fractions isolated by iso-
pycnic sucrose gradient centrifugation
(5). For subcellular fractionation stud-
ies, the incubation procedures de-
scribed above were followed, and the
“crude synaptosomal” pellets were
rinsed with 0.32M sucrose, layered on
linear continuous (1.5 to 0.5M) su-
crose gradients, centrifuged for 15
minutes at 100,000g, and fractionated
as described (6). Ionic requirements
for the high- and low-affinity uptakes
were compared by the use of low
(10—5M) and high (10—*M) concen-
trations of amino acids.

When low amino acid concentrations
were used, glutamic and aspartic acid
uptake in the cerebral cortex was mark-
edly dependent on the presence of
sodium (Table 1). With omission of
sodium from the medium, glutamic and
aspartic acid uptake fell by 93 to 96
percent; glycine, alanine, leucine, and
arginine uptakes were much less af-
fected. In the spinal cord, glutamic
and aspartic acid transport showed a
sodium requirement similar to that ob-
served in the cerebral cortex. Glycine
accumulation in the spinal cord re-
quired sodium, whereas uptake of this
amino acid in the cerebral cortex was
not markedly influenced by sodium.
By contrast, none of the amino acids
examined at high concentrations showed
a marked sodium requirement in the
cerebral cortex or spinal cord; and the
partial sodium dependence for uptake
of glutamic and aspartic acids and
glycine may simply reflect amino acid
still entering the high-affinity systems.
The sodium requirement for the high-
affinity transport systems for glutamic

- and aspartic acids and glycine could
~not be satisfied by equimolar concen-

trations of tris, choline, or lithium.
The sodium requirement for trans-
port of 10—3 and 10—5M glutamic and
aspartic acids and glycine was further
examined with ten different sodium
concentrations between 0 and 200 mM.
Uptake of 10—7M glutamic and aspartic
acids in cerebral cortex and spinal cord
declined about 75 percent when sodium
was reduced from 30 to O mM. The

997



Table 1. Effects of sodium omission on the uptake of various amino acids into synaptosomal
fractions. Homogenates from rat cerebral cortex or lumbosacral spinal cord were incubated
with 10-% and 10-°M amino acids in Krebs-Ringer-phosphate solutions for normal sodium
concentration (143 mM) or Krebs-Ringer-tris solutions for deficient sodium concentration
(0 mM). Isotonic sucrose (0.32M) was used to replace sodium in the sodium-deficient media.
After centrifugation, the pellets were analyzed for accumulated [*H]amino acids. Values for
glutamic acid do not take into account the endogenous glutamic acid released into the
medium by homogenization (1.5 X 10-°M). Data are means = standard error (four separate
determinations). The uptake ratio is 100 times the uptake obtained with 0 mM sodium
(B or B’) divided by that obtained with 143 mM sodium (A or A’). Abbreviations: L-Glu,
L-glutamic acid; L-Asp, L-aspartic acid; Gly, glycine; L-Ala, alanine; r-Leu, leucine; and

L-Arg, L-arginine.

10-*M amino acid

10-*M amino acid

Uptake rate (nmole per

Uptake rate (nmole per

Aan;ilgo gram per 4 minutes) with Url; tl?c}:e . gram per 4 minutes) with L}z‘&‘; ¢

mMNa omMNat 80 13mMNat omMNa %)

(A) (B) (A”) (B")
Cerebral cortex
L-Glu 804 = 90 365 = 31 45% 200 =*=15 84 =1.0 4.2%
L-Asp 652 = 49 273 =28 42% 143 =12 89 *=1.0 6.2
Gly 703 = 55 651 = 36 93 304+ 4 25 =3 82
L-Ala 776 = 52 709 = 50 91 396+ 3 34 x£26 86
L-Leu 690 = 130 592+ 73 86 254+ 2 234 *=1.0 92
L-Arg 110+ 7 109 = 10 99 120+ 1.5 154 =17 131
Spinal cord

L-Glu 160 = 18 63+ 4 40% 72+ 03 0.30 = 0.0 4.0%
L-Asp 137 = 18 97+ 16 71 12 = 13 0.6 = 0.08 5.0%
Gly 220 = 10 147 = 11 67 200 14 39 *+03 19%
L-Ala 151+ 8 105 = 13 70 47+ 06 34 =04 72
L-Leu 166 = 11 163 = 11 98 39+ 0.1 39 *+=0.1 100
L-Arg 130 = 35 122+ 7. 94 23+ 04 34 =04 148

* P < .001 for difference between uptake rates with 0 and 143 mM Na+,

optimal sodium concentration for ac-
cumulation of 10~°M glutamic and
aspartic acids (cerebral cortex and
spinal cord) and of 10—5M glycine
(spinal cord) was 140 mM; uptake de-
clined by about 50 percent when 200
mM sodium was used.

These results suggest that the unique
high-affinity uptake systems for glycine
and glutamic and aspartic acids (5)
have a marked sodium dependence,
while the low-affinity uptake systems
for these and other amino acids do not
require sodium. This conclusion was
supported by double reciprocal kinetic
analysis. When sodium was present,
glutamic and aspartic acids (cerebral
cortex and spinal cord) and glycine
(spinal cord) were accumulated by
both high-affinity [Michaelis constant
(K,) =2 x 10-3M] and low-affinity
(K, =~2X10—*M) systems, confirm-
ing our earlier results (5). In the ab-
sence of sodium only the low-affinity
uptake systems could be demonstrated.

We reported that low concentrations
of exogenous glutamic and aspartic
acids labeled a unique synaptosomal
fraction in the cerebral cortex, while
endogenous glutamic acid was uni-
formly distributed throughout the total
synaptosomal population (6). If the

low-affinity transport for glutamic acid

represents accumulation by all synapto-
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somes homogeneously, and if the high-
affinity, sodium-requiring glutamic acid
transport labels a unique population of
particles storing glutamic acid, it should
be possible to separate the two popula-
tions of synaptosomes by including or
omitting sodium in the incubation me-
dium. Accordingly, homogenates from
rat spinal cord were incubated with [*H]-
or [M*C]glutamic acid in the presence or
absence of sodium (Fig. 1), and sub-
jected to subcellular fractionation by in-
complete equilibrium sedimentation (8).
The particles accumulating glutamic
acid in the presence of sodium sedi-
mented in a less dense region of the
gradient than did those from prepara-
tions incubated in the absence of sodium.
The less dense particles thus showed
sedimentation characteristics identical to
those of the unique glutamic acid-ac-
cumulating synaptosomal fraction de-
scribed (6). Experiments with reversed
isotopes confirmed that the separations
obtained were not artifacts of the isotope
used or of the experimental technique.
Moreover, when control homogenates
were incubated with both isotopes in the
presence of the same concentration of
sodium, identical patterns of gradient
distribution were obtained. The demon-
stration of unique synaptosomal frac-
tions for aspartic acid in cerebral cor-
tex and spinal cord and for glycine in

the spinal cord (9) also depended on
the presence of sodium in the incuba-
tion medium.

The synaptosomal uptake of the
putative neurotransmitters—catechola-
mines (10), serotonin (10), and y-
aminobutyric acid (II1)—are also
markedly sodium-dependent. Although
equilibrium accumulation of most
amino acids is only partially dependent
on sodium (/2), a marked sodium de-
pendence was reported for initial up-
take rates of proline and aspartic acid
in cerebral cortical synaptosomes (13).
We have confirmed the sodium depen-
dence of proline uptake and .also ob-
served a high-affinity synaptosomal
transport system for proline (/4).

Perhaps the unique synaptosomal
fractions subserving the high-affinity,
sodium-dependent uptake of glutamic
and aspartic acids are made up of
nerve terminals in which these amino
acids serve a specific synaptic function,
perhaps as neurotransmitters. However,
it should be emphasized that all synap-
tosomal preparations are contaminated
by unidentified particles.

As proposed for catecholamines, y-
aminobutyric acid, and serotonin (15),
the uptake systems for glutamic and
aspartic acids and glycine might serve
to inactivate released amino acid. The
marked sodium requirement may be a
useful probe in elucidating the synaptic
function of amino acids.

JAMES P. BENNETT, JR.*
WiLLiam J. LocaN
SoLoMON H. SNYDER
Departments of Pharmacology and
Experimental Therapeutics and
Psychiatry and Behavioral Sciences,
Johns Hopkins University
School of Medicine,
Baltimore, Maryland 21205

References and Notes

1. D. R. Curtis and J. C. Watkins, J. Neuro-
chem. 6, 117 (19¢=+ D. R. Curtis, L. Hosli,
G. A. R. Johnston, I. H. Johnston, Exp.
Brain Res. 5, 235 (1968); K. Krnjevic and
J. W. Phillis, J. Physiol. London 165, 274
(1963); R. Werman, R. A. Davidoff, M. H.
Aprison, J. Neurophysiol. 31, 81 (1968).

2. M. H. Aprison and R. Werman, Life Sci. 4,
2075 (1965); R. A. Davidoff, L. T. Graham,
Jr., R. P. Shank, R. Werman, M. H, Aprison,
J. Neurochem. 14, 1025 (1967); L. T. Graham,
Jr.,, R. P. Shank, R. Werman, M. H. Aprison,
ibid., p. 465; G. A. R. Johnston, ibid. 15,
1013 (196¢ =+ ——, W. C. DeGroat, D. R,
Curtis, ibid. 16, 797 (1969).

=+ A. I. Matus and M. E. Dennison, Brain Res.
32, 195 (19° =+ T. Hokfelt and A. Ljungdahl,
ibid., p. 189; B. Ehinger and B. Falck, ibid.
33, 157 (1971); F. E. Bloom and L. L. Iversen,
Nature 229, 628 (197=+ L. L. Iversen and
F. E. Bloom, Brain Res. 41, 131 (1972).

4. T. Arnfred and L. Hertz, J. Neurochem. 18,
259 (1971); H. F. Bradford, Brain Res. 19,
239 (1970); J. Hopkin and M. J. Neal, Brit,
J. Pharmacol. 42, 215 (1971); R. I. Katz,
T. N. Chase, 1. J. Kopin, J. Neurochem. 16,
961 (1969); V. Srinivasan, M. J. Neal, J. F.
Mitchell, ibid., p. 1235.

SCIENCE, VOL. 178



5. W. J. Logan and S. H. Snyder, Nature 234,
297 (1971); Brain Res. 42, 413 (1972).

=+ A. R. Wofsey, M. J. Kuhar, S. H. Snyder,
Proc. Nat. Acad. Sci. U.S.A. 68, 1102 (1971).

7. W. J. Logan, J. P. Bennett, S. H. Snyder,
Fed. Proc. 31, 580A (1972).

8. M. J. Kuhar, A. I. Green, S. H. Snyder, E,
Gfeller, Brain Res. 21, 405 (1970); M. J.

Kuhar, E. G. Shaskan, S. H. Snyder, J.
Neurochem. 18, 333 (197 =+ E. Gfeller, M.
J. Kuhar, S. H. Snyder, Proc. Nat. Acad.

Sci. U.S.A. 68, 155 (1971).

9. A. Arregui, W. J. Logan, J. P, Bennett, S. H.
Snyder, Proc. Nat. Acad. Sci. U.S.A., in
press; S. H. Snyder, W. J. Logan, J. P, Ben-.
nett, A. Arregui, Neurosci. Res., in press.

10. D. F. Bogdanski, T. P. Blaszkowski, A. H.
Tissari, Biochim. Biophys. Acta 211, 521
(1970); D. F. Bogdanski, A. J. Tissari, B. B.
Brodie, ibid. 219, 521 (1970); ibid., p. 189.

11. E. Roberts and K. Kuriyama, Brain Res. 8, 1
(1968); L. L. Iversen and M. J. Neal, J.
Neurochem. 15, 1141 (1968).

12. R. K. Margolis and A. Lajtha, Biochim.

Biophys. Acta 163, 374 (1968); S. Navon and
A. Lajtha, ibid. 173, 518 (1969).

13. N. A. Peterson and E. Raghupathy, J.
Neurochem. 19, 1423 (1972).

14. J. P. Bennett, Jr., and S. H. Snyder un-
published observauons

15. L. L. Iversen, The Uptake and Slorage of
Noradrenaline in Sympathetic Nerves (Cam-
bridge Univ. Press, New York, 1967); E. G
Shaskan and S. H. Snyder, J. Pharmacol. Exp.
Ther. 175, 404 (1970); L. L. Iversen, in Per-
spectives in Neuropharmacology, S. H. Snyder,
Ed. (Oxford Univ., Press, New York, 1972),
pp. 75-111,

16. Supported by NIH special traineeship award
2-F11-NS-1794-03 to W.J.L., by NIMH re-
search scientist development award K3-MH-
33128 to S.H.S., and by PHS grants NS-07275,

MH-18501, and MH-23211. J.P.B. was a
Henry Strong Denison research scholar,
1971 to 1972,

* TFourth-year medical student.

21 July 1972 ™

Calcitonin Receptors of Kidney and Bone

Abstract. Receptors for calcitonin, determined by activation of adenylate cy-
clase, were found in a distribution among zones of the kidney distinct from
that of receptors for parathyroid hormone or vasopressin. Competitive binding
studies showed that the receptors for calcitonin are similar in kidney and bone
and that their high apparent affinity for salmon calcitonin accounts in part for
the high biological potency in vivo of salmon calcitonin.

Calcitonin, the polypeptide hormone
discovered as a factor causing hypo-
calcemia in rats, has been identified
throughout the vertebrate phylum (7).

In mammals, the hormone inhibits
skeletal resorption (/) and influences
renal function as well, causing natri-
uria, phosphaturia, and calciuria (2).
We have compared the renal and skele-
tal receptors for the hormone by deter-
mining hormone-activated adenylate
cyclase and binding of salmon calci-
tonin labeled with 125] with cell mem-
branes prepared from kidneys and
bones of rats. The receptors for calci-
tonin were found to be similar in the
two tissues. Salmon calcitonin, of all
the species of the hormone tested,
showed the highest apparent affinity
for the receptors in both target tissues.
This high affinity must account in part
for the high potency of salmon calci-
tonin in vivo relative to the activity
of mammalian species of the hormone.

The species of the hormone tested
were: synthetic salmon calcitonin; syn-
thetic human calcitonin M, the sulfox-
ide analog, and the (11-32)-amide
fragment; purified porcine calcitonin
[96 Medical Research Council units
(MRCU) per milligram]; and bovine
(60 MRCU/mg) and ovine (70
MRCU/mg) calcitonins, which were
purified by published techniques (3).
Renal plasma membranes were isolated
from male Sprague-Dawley rats weigh-
ing 150 to 200 g by a method that has
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been described (4). Renal tissue was
homogenized in a solution of 0.25M
sucrose, 0.01M tris(hydroxymethyl)-
aminomethane (tris), and 0.001M eth-
ylenediaminetetraacetic acid (EDTA),
at 4°C and pH 7.5, by using a loosely
fitting Dounce homogenizer. A crude
membrane fraction was obtained by
differential centrifugation at 2200g in
the same buffer and layered onto a
continuous gradient of 32 to 42 percent
sucrose (by weight) in 0.01M tris and
0.001M EDTA at pH 7.5. After cen-
trifugation for 90 minutes at 100,000g
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at 4°C, the band appearing at a su-
crose concentration of 38 percent was
aspirated; aliquots were centrifuged
and the pellets were stored under
liquid nitrogen. Membranes from fetal
rat calvaria were obtained by a modifi-
cation of the method used to prepare
skeletal adenylate cyclase (5). The
tissue was powdered, while frozen, in
a stainless steel mortar. The prepara-
tion was then homogenized in a solu-
tion containing 0.25M sucrose, 0.05M
tris, and 0.02M EDTA at pH 7.5 by
using an electrically driven rotating
Teflon pestle. The homogenate was
filtered through glass wool and centri-
fuged for 15 minutes at 2200g at 4°C.
This crude membrane fraction was
resuspended in 0.25M sucrose, 0.01M
tris, and 0.001M EDTA at pH 7.5,
centrifuged in aliquots, and stored as
pellets under liquid nitrogen. Adenylate
cyclase was assayed under the condi-
tions given in the legend of Fig. 1.
Synthetic  calcitonin  (salmon) was
labeled with 12°] by a modification of
the method of Hunter and Greenwood
(6) to specific activities of 300 to
pc/pg.  Binding  studies  were
carried out for 4 hours at 22°C in
0.05M tris at pH 7.5; the solution
contained 2 percent heat-inactivated
albumin. Separation of the membrane-
bound hormone was accomplished by

Fig. 1. Adenylate cyclase in membranes
from three zones of the rat kidney. The
kidneys were dissected into cortical, red
(outer) medullary, and white medullary
(papilla) zones and fractionated as de-
scribed in the text. Adenylate cyclase was
assayed at 22°C for 30 minutes in 50 mM
tris, 0.013 percent bovine serum albumin,
30 mM KCl, 4.5 mM MgCl, 1.1 mM
ATP, 4 mM creatinine phosphate, 10 ug
creatine phosphokinase, and 9 mM theo-
phylline, at pH 7.5; the total volume was
of 70 pl. The *P-labeled cyclic 3’,5'-
adenosine monophosphate (AMP) that
was formed was determined as described
previously (16). The additives and their
final concentrations were: parathyroid
hormone (PTH) (1500 U.S. Pharma-
copeia units per milligram), 20 ug/ml;
salmon calcitonin (SCT) (4200 MRCU/
mg), 200 ng/ml; arginine vasopressin
(AVP) (60 international units per milli-
gram), 800 ng/ml; sodium fluoride,
7 mM. The points represent the mean
=+ 1 S.E. of three determinations for the
cortex and outer medulla, or the average
and range of two determinations for the
papilla. All three hormones and fluoride
caused significant (P < .001) stimulation
of the enzyme prepared from the cortex
or outer medulla. In membranes from the
outer medulla SCT caused greater activa-
tion (P < .001) than PTH, whereas the
latter caused greater hormonal activation
in the cortical preparation (P < .001).
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