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Abstract

Depolarization-dependent calcium influx is biphasic in synaptosomes (Nachshen
and Blaustein, 1980, 1982). The "fast” and "slow" components of 45Ca++ influx are
proposed to occur through separate calcium channels. In this report the fast and slow

45Ca++ influx are resolved. The fast

components of depolarization-dependent
component is inactivated by predepolarization, inhibited by low concentrations of
lanthanum and closely correlates with the rapid release of SH-norepinephrine from
synaptosomes. The properties of the fast component of influx suggest that it is mediated
by calcium channels which inactivate during the first second of depolarization. The
slow component is not sensitive of predepolarization and is partially dependent on the
internal Na* content of the synaptosomes. It is proposed that during depolarization a
portion of the slow component of Ca** influx in synaptosomes is mediated by a Nai/CaO
exchange mechansim.

The influx mediated by calcium channels is not sensitive to Bay K 8644 (0.01-1
mM), nitrendipine (0.i-10 mM) or nifedipine (0.01-10 mM). Calcium channels of
synaptosomes are best classified as N-type (Nowycky et al. 1985).

Preincubation of synaptosomes with 1 mM 8-bromo cAMP, 50 uM forskolin and

45catt influx.

10 uM diacetate phorbol ester did not alter depolarization-dependent
Under similar preincubation conditions forskolin and diacetate phorbol ester significantly
increased the 32Pi incorporation into several synaptosomal proteins (Mr 55, 76, 81 kD).
Recent evidence indicates that the nitrendipine receptor of skeletal muscle
calcium channels is a substrate for cAMP dependent protein kinase (Curtis and Catterall,
1985). | These results suggest that the regulation of calcium channels by

phosphorylation/dephosphorylation may be exerted via the dihydropyridine receptor.

Calcium channels of synaptosomes are not sensitive to dihydropyridines and are not
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regulated by either cAMP or protein kinase C dependent phosphorylation. The results
demonstrate that calcium channels in brain nerve terminals are pharmacologically distinct

from calcium channels of other systems.
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Introduction
A. Overview

Most cells generate a small electrical potential across their membranes. What
distinguishes nerve and muscle from non-excitable tissue is that the electrical energy
stored across the membrane as voltage can be selectively dissipated in order to produce
current. The transfer of information throughout a given neuron is accomplished by the
conductance of electrical signals along the cell membranes. The most important mode of
conduction is the action potential. Action potentials are transient voltage changes
produced across the membrane which are generated by time-dependent alterations of
membrane permeability to Nat and K% (Hodgkin and Huxley, 1952). These ions
traverse the hydrophobic lipid membrane through integral membrane proteins which
form aqueous filled channels. The voltage sensitivity and transient nature of the ion
fluxes are imparted by gating mechanisms intrinsic to the channel. Action potentials are
generated by the dissapation of the membrane voltage due to ion flow through the
channels. These potentials spread vectorially along membranes by affecting similar
conductance changes in the channels of the adjacent patches of membrane. In this
fashion action potentials of equivalent voltage amplitude are sequently produced along
the entire neuronal membrane. This regenerative feature makes the action potential
ideai for intracellular communication between the dendrites, cell body and nerve
terminal, distances which are frequently measured in millimeters.

The role of neurons in information transfer required the co-ordinated interaction of
individﬁal cells. Coping with the task of intercellular communication is an obstacle
which spurred further specialization of the neuron. Bridging the extracellular gap

between neurons is accomplished by the release of neurotransmitters from specialized
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presynaptic terminals. These chemicals diffuse across the synaptic cleft to the
postsynaptic neuron where they bind to specific receptors for that particular chemical.
This in turn may generate a response in the postsynaptic cell and the process of action
potential conduction and transmitter release is repeated in the postsynaptic neuron. The
role of the presynaptic terminal is to convert the electrical signal of the presynaptic cell
to a corresponding release of neurotransmitter. The relationship between presynaptic
ionic fluxes and the release of neurotransmitter at mammalian nerve terminals has not

been accurately described.
B. The "Calcium Hypothesis"

Katz and Miledi established the frog neuromuscular junction as a model of synaptic
function. Action potentials (AP) in the nerve fibers leading to the muscle were evoked
by extracellular stimulation of the nerve while the post synaptic potentials (PSP) were
recorded from the muscle. Tetrodotoxin (TTX) inhibits voltage-sensitive sodium
channels and blocked both the nerve fiber AP and the subsequent muscle PSP (Katz and
Miledi, 1968). It appeared that propagation of the action potential into the terminal
region is required to initiate the release process. However, if the stimulus were localized
so as to produce non-regenerative electrotonic potentials in the terminals, a PSP could be
elicited in the presence of TTX or in the absence of Nao. These results demonstrated
that the requirement of Nao in the release process is limited to it’s role in generating the
action potential and that the release is the result of terminal depolarization and not
directly due to Na' influx (Katz and Miledi, 1967b). It had been previously observed
that nevither action potentials (Katz and Miledi, 1965) nor electrotonic potentials (Katz
and Miledi, 1967a) evoked a PSP when calcium was omitted from the media. In both

instances the depolarizing stimulus invaded the terminal region but failed to stimulate
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release. Utilizing localized ionotophoretic Ca** injections it was determined that Ca**
must be present precisely during the terminal depolarization in order to affect
transmitter release (Katz and Miledi, 1967a). This suggested that the influx of Ca*% is
the link between terminal depolarization and transmitter release.

The small size of the neuromuscular synapse makes the direct measurement of
presynaptic activity difficult and postsynaptic recordings are employed as indicators of
presynaptic transmitter release. To overcome these limitations Katz and Miledi adopted
the squid giant synapse, a preparation in which both pre- and postsynaptic elements of
the synapse can be simultaneously impaled with microelectrodes. As in the
neuromuscular preparation, TTX blocked both the presynaptic action potential and the
PSP (Katz and Miledi, 1967c). Direct intracellular stimulation of the presynaptic
terminal produced an electrotonic potential which elicited a PSP. The magnitude of the
PSP versus presynaptic depolarization is a steep function indicating that the PSP has a
voltage threshold.  Voltage-sensitive Nat and K% currents can be blocked by
tetrodotoxin and tetraethylammonium respectively. In these preparations a small
regenerative calcium current can be measured which is restricted to the presynaptic
terminal (Katz and Miledi, 1969a, 1969b). It was clear that the previously observed
threshold behavior of the PSP is a manifestation of the voltage dependency of the
presynaptic calcium channels. These results corroborated their previous observations in
the neuromuscular junction. In addition it was observed that electrotonic potentials of
equivalent magnitude as action potentials are as effective in triggering transmitter release
and eliciting post synaptic potentials (Katz and Miledi, 1967c). Increasing [Ca”']o
augments the PSP by increasing Ca*t influx and hence facilitating transmitter release
(Katz a;nd Miledi, 1968, 1970). The role of Ca**t in the release process was confirmed
when Miledi (1973) observed that injections of Ca** directly into the presynaptic

terminal resulted in post synaptic responses in the absence of appreciable depolarization
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of the presynaptic membrane. These results dissociated the depolarization of the
presynaptic terminal from the release of transmitter and established Ca*t influx as the
link between the two processes. Further evidence supporting this hypothesis was
provided by Llinas et al. (1972) and Llinas and Nicolson, (1975) by loading the squid
synapse with the bioluminescent Ca** probe aequorin. The results demonstrated that the
build up of ionized Ca** in the presynaptic terminal closely correlates with the release
of transmitter and the generation of post synaptic responses. These experiments led
Katz and Miledi to propose the "Calcium Hypothesis” (Katz and Miledi, 1969a). They
envisioned that the invasion of the action potential into the nerve terminal causes a
depolarization of the membrane resulting in the opening of voltage-sensitive calcium
channels. The build up of ionized Ca** within the cytoplasm of the terminal triggers

the release of neurotransmitter.

C. Cellular Metabolism of Calcium

The pivotal role played by calcium in the exocytosis process requires that the
intracellular concentration of this ion be efficiently constrained within narrow limits.
The maintenance of intracellular ionized Ca** at low levels is the result of interplay
between the fluxes across the membrane, buffering and energy-dependent sequestering
(Requena, 1983). In regulating internal Ca** the transmembrane Na* and electrical
gradients are important considerations in a number of systems (Requena, 1983; Di Polo
and Beauge, 1983). [Ca]; of the squid giant axon is 110 nM (DiPolo et al., 1982) despite
the concentration of 4 mM in hemolymph (Blaustein, 1974). The squid axon is
particularly well suited for the study of ionic fluxes because the interior of the axon is
sufficiently large to allow dialysis and hence control of the internal solutions. It is

proposed that the low concentration in axoplasm is maintained by an outwardly directed
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calcium pump and the Nao/Cai exchange (NaCaX) (Requena, 1983). A large portion of
the Catt efflux from squid axon was found to be dependent on the Na® gradient
(Blaustein and Hodgkin, 1969). Reduction Nai dramatically stimulates the rate of Ca*tt
efflux which persists despite reduced ATP concentrations (Blaustein and Hodgkin, 1969;
Bilaustein and Russell, 1975; Blaustein, 1977). These results imply that the energy
required to extrude Ca** from the axoplasm is supplied by the inward movement of Na*
down it's electrochemical gradient. From energetic considerations the coupling of two or
more Nat would be required to exchange for a single Ca*t. Depolarization induced by

electrical stimulation or elevated Ko was found to reduce Ca't

efflux from dialyzed
axons (Brinley and Mullins, 1974; Mullins and Brinley, 1975; Blaustein et al., 1974).
The observed voltage sensitivity confirms that the process is electrogenic, translocating at
least three Na* in exchange for each Ca**.

Coupling of Ca** influx to the ouabain-insensitive Nat efflux is also observed in
squid axon (Baker et al.,, 1969). Ca'* influx is strongly dependent on the resting
membrane potential and Nai. Depolarization induced by elevated Ko substantially
increased Ca** influx indicating that the transport mechanism is electrogenic (DiPolo et
al., 1982). Infilux through this system is not inhibited when the membrane potential is
held at the Catt reversal potential (Requena et al., 1983). During depolarization the
influx of Ca** into the axon is 70% via a TTX-~sensitive pathway (ie. sodium channel),
about 20% by a Nai—dependent (NaCaX) and the remaining penetrates through a route
which is insensitive to concentration changes of Nat, Cat*, ATP or TTX (DiPolo et al.,
1982). It is proposed that the Ca*t fluxes dependent on Nat (ie. influx and efflux) are
manifestations of a single system that runs according to the direction of the Na*
electroéhemical gradient (Mullins and Brinley, 1975). The bi-directional nature of this
exchange underscores it’s importance in regulating the intracellular concentration of

ionized Ca** (Requena, 1983; Di Polo and Beauge, 1983).
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D. Morphological and Metabolic Characteristics of Synaptosomes

Despite the abundance of evidence supporting the "Calcium Hypothesis" in the
invertebrate system, the role of calcium in the release process of the mammalian
nervous system remains uncertain because the small size and inaccessibility of the
terminals eliminates direct electrical recording techniques. The majority of evidence
supporting the "Calcium Hypothesis” in the mammalian central nervous system is derived
from a preparation of pinched off nerve-endings termed "synaptosomes”™ (Whittaker, et
al., 1964). Synaptosomes are isolated from the bulk of brain tissue by homogenization
and sucrose density centrifugation (Gray and Whittaker, 1962; DeRobertis et al., 1962).
During the disruption process the presynaptic terminal and the postsynaptic density to
which it is attached are torn away from the axon and post-synaptic cell, respectively.
The axon at its attachment to the synaptic terminal is slender, typically measuring one
fifth the diameter of the synapse. During homogenization this juncture is severed and
the synaptic membrane reseals. This resealing process occurs rapidly since the soluble
enzymes and metabolites endogenous to the nerve terminal remain trapped within the
synaptosome (Johnson and Whittaker, 1963; Magan and Whittaker, 1966; Bradford, 1965;
Bradford and Thomas, 1969). Inspection via electron microscopy reveals oval structures
approximately 0.5 pm in diameter with continuous delimiting membranes containing
numerous organelles and an occasional small mitochondria (Whittaker, 1969). Typically
contained within synaptosomes are round organelles approximately 42 nm in diameter
which are believed to represent synaptic vesicles. Dense and coated vesicles are also
seen in.appropriately stained preparations.

The most important criteria for defining the integrity of the synaptosome

preparation is that it retain the functional activity characteristic of nerve terminals from
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intact tissue. The synaptosomes should demonstrate basic competency regarding the
utilization of substrate to generate metabolic intermediates and synthesize energy storage
compounds. Only if these criteria are fulfilled can the preparation be expected to
accurately reflect the normal physiology of a synaptic terminal.

Synaptosomes suspended in ringer solution actively respire utilizing glucose as a
substrate (Bradford, 1969). Incubation with glucose increases oxygen consumption and
stimulates the synthesis of ATP and phosphocreatine. Glucose stimulated oxygen
consumption and synthesis of energy storage phosphates are inhibited by metabolic
poisons which block glycolysis or oxidative phosphorylation (Bradford, 1969). Under
conditions which enhance oxidative phosphorylation, synaptosomes convert *C-glucose
into a variety of metabolic intermediates (Bradford and Thomas, 1969). Following
incubation, 4C label was found in COZ, lactate and amino acids. Glucose stimulated
metabolism is also linked to 32P-phosphate incorporation into phospholipids (Hokin and
Hokin, 1955; Hokin and Hokin, 1958; Abdel-Latif 1966). The diverse variety of
metabolic activities demonstrated by synaptosomes suggests the presence of the enzymes

and cofactors known to be involved in these processes (Bradford and Thomas, 1969).
E. Ion Transport by Synaptosomes

The ability of neuronal membranes to generate and maintain ion gradients is of
paramount importance to the normal functioning of the synapse. Synaptosomes confine
Na*, K* and the cytoplasmic soluble enzyme lactate dehydrogenase in an osmotically
sensitive compartment (Marchbanks, 1967). By examining the differential distribution of
these s&naptosomal constituents under iso- and hyperosmotic conditions it was shown
that this osomotically sensitive compartment represents the intrasynaptosomal volume.

Synaptosomes maintain a high [K]; and reduced [Na]; within this space (Marchbanks and
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Campbell, 1976; Campbell, 1976). This differential distribution of ions is senmsitive to
the metabolic inhibitors cyanide and iodoacetate (Bradford, 1969). These results imply
that Na* and K' are actively pumped against their respective concentration gradients.
The transmembrane movement of Nat can be monitored by the flux of radiclabeled
22Nat*. The accumulation of the tracer 22Na+ within synaptosomes is stimulated by
cyanide and iodoacetate (Ling and Abdel-Latif, 1968). In the presence of metabolic
inhibitors Na* efflux was reduced owing to the shortage of metabolic energy,
consequently the synaptosomes became loaded with Na't by passive inward diffusion.
Under similar conditions the efflux of Na' is inhibited by ouabain (Ling and Abdel-
Latif, 1968). These results suggest that the efflux of Na' from synaptosomes is an
energy dependent process and is mediated by NaK-ATPase. The synaptosomal Ki
content can be measured by atomic absorption or radiolabeled 2+ accumulation
(Escueta and Appel, 1969). The [K]i increases from 71 mM immediately following
isolation to 103 mM after incubation at 37° C. Since the [K], in these experiments was
10 mM these values represent a significant accumulation against a concentration
gradient. This uptake is inhibited by the metabolic poisons cyanide and 2,4-
dinitrophenol as well as by the NaK ~ATPase inhibitor guabain. The accumulation of |
by synaptosomes also appears t0 be an energy dependent process (Escueta and Appel,
1969). Isolated plasma membranes which display NaK-ATPase activity can be prepared
by sub-fractionation of synaptosomes (Hosie, 1965). Na*, K* and Mg** each
individually stimulate the membrane associated ATPase and act synergistically in
combination (Hosie, 1965). This ATPase activity is inhibited by ouabain. ATPase
activity with similar cation requirements and ouabain sensitivity is localized in plasma
membrz'mes of intact synaptosomes (Kurokawa and Kato, 1965; Festoff and Appel, 1968).
The activity of the NaXK-ATPase and K* uptake both vary with the extracellular [Na’*]0

(Festoff and Appel, 1968; Escueta and Appel, 1968). This Na‘t-dependency is consistent
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with the properties of NaK-ATPase previously reported in nerve (Skou, 1957). These
results support the hypothesis that the synaptosomal membrane acts as a permeability
barrier to diffusing ions and is capable of generating asymmetric ion distributions by
energy-dependent transport processes.

Utilizing a light scattering technique for measurement of osmotic swelling (Koch,
1961; Keen and White, 1970) Keen and White (1971) determined the relative
permeabilities of Na‘, K and CI~ (1:19:12). Similar permeability ratios have been
reported (Blaustein and Goldring, 1975). Synaptosomes have membrane permeability
characteristics similar to intact neurons and may generate resting membrane potentials
close to the K% diffusion potential. The resting membrane potential for these
preparations can be approximated using the Constant Field Equation provided the major
determinants of membrane potential are Nat, K* and CI” (Goldman,1943; Hodgkin and
Katz, l94§). Utilizing this method the resting membrane potential of synaptosomes has
been estimated to be -27 mV (Campbell, 1976). A more direct assessment of the
membrane potential is obtained by the use of potential sensitive fluorescent probes
(Waggoner, 1979). These agents are permeant to the cell membrane and work by
potential dependent redistribution between the bathing media and the interior of the
synaptosome. The fluorescent probe 3,3’-diphenyl 2,2’- oxacarbocyanine was used by
Blaustein and Goldring (1975) to measure the resting and stimulated membrane potentials
of synaptosomes. The results demonstrated that the [K+]i is approximately 100 mM, thus
corroborating previous estimates while further supporting the conclusion that the
synaptosomal resting potential is primarily determined by the equilibration distribution

of potassium.

F. Metabolism Of Neurotransmitter By Synaptosomes
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1. Uptake of Precursors and Neurotransmitters

Synaptosomes are capable of the synthesis and storage of a number of
neurotransmitters. The metabolic precursors required for the synthesis of
neurotransmitters are specifically transported across synaptosomal membranes by high
affinity systems. Such systems are known to transport the neurotransmitter precursors
choline (Haga and Noda, 1973; Yamamura and Snyder, 1973) and trytophan (Belin et al,,
1974; Hamon et al.,, 1974). Acetylcholine (ACh) is formed through the acetylation of
choline by a reaction requiring acetylcoenzyme A and the enzyme choline
acetyltransferase. An efficient mechanism for the accumulation of choline is important
to neurons because nervous tissue is incapable of synthesizing choline de novo (Bremer
and Greenbersg, 1961; Ansell and Spanner, 1967; Browning and Schulman, 1968).
Between 50 and 80 percent of the choline entering the synaptosomes by the high affinity
transport system (KM=2p.M) is converted to acetylcholine (Jope, 1979). This suggests a
tight coupling of choline uptake to transmitter synthesis (Barker and Mittag, 1973; Jope
and Jenden, 1978). High affinity choline transport (HAChKT) is proposed to occur
through a carrier mediated system whose energy is derived from the inwardly directed
sodium gradient. HACHT is inhibited by incubation with metabolic poisons, ouabain
and Kt free media (Jope, 1979). These treatments inhibit the NaK-ATPase and
decrease the inwardly directed Na* gradient (Abdel-Latif, 1969).

Tryptophan is an essential amino acid and a direct precursor of the
neurotransmitter serotonin, Tryptophan uptake is mediated by a high affinity
mechanism (Hamon et al., 1974) which segregates the precursor to be utilized for
transmftter synthesis into a specific intra-synaptosomal pool (Grahame-Smith, 1971;

Shields and Eccleston, 1972). Tryptophan uptake is via a carrier mediated Na*-
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dependent mechanism similar to that described for choline uptake (Grahame-Smith and
Parfitt, 1970). |

Synaptosomes also have high affinity uptake mechanisms for many
peurotransmitters. This mechanism is best exemplified by the uptake of norepinephrine
(NE) into synaptosomes (Colburn et al, 1968). The accumulation of NE by
synaptosomes is non-competitively inhibited in K* free medium or by inclusion of
ouabain or metabolic inhibitors (Bogdanski, 1968; White and Keen, 1970). These
treatments are known to reduce the inwardly directed Nat gradient by compromising the
activity of the membrane associated NaK-ATPase (Abdel-Latif, 1969). The inhibition
of NE uptake by these treatments appears to be secondary to the build up of
intracellular Na*. These results are consistent with a carrier which co-transports
norepinephrine and Na*. The energy expended to accumulate NE within the nerve
terminals is derived from the sodium electrochemical gradient. Incubation of
synaptosomes in Na' free media increases the carrier mediated efflux of NE indicating
the mechanism is reversible depending on the direction of the Na* gradient (Bogdanski,
1973). Both the uptake and Ca*t independent efflux of NE are equally inhibited by
desipramine (Raiteri et al., 1977). Similar mechanisms for the upiake of norepinephrine,
dopamine, serotonin and several putative amino acid transmitters have bdeen

demonstrated in synaptosomes (Iverson, 1970; Abdel-Latif, 1973; Snyder et al., 1973).
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2. Release of Neurotransmitter

The release of neurotransmitter from nerve terminals must satisfy several criteria in
order to be recognized as a stimulus-induced secretion. The release should be 1) rapidly
induced by depolarization, 2) be Ca** dependent and 3) blocked by Mg** and other

antagonistic divalent ions. Ca**-dependent, K _-evoked release of norepinephrine

o
(Blaustein et al., 1972; Mulder et al.,, 1975; Haycock et al.,, 1978), dopamine (Drapeau
and Blaustein, 1983; Leslie et al., 1985), gamma-aminobutyric acid (Haycock et al., 1978;
Arias and Tapia, 1986), serotonin (Mulder et al.,, 1975), acetylcholine (Suszkiw and
O’Leary, 1982, 1983; Adam-Vizi and Ligeti, 1984) and several amino acid transmitters
(Snyder et al.,, 1973) has been demcnstrated in synaptosomes. The release of these
transmitters is stimulated by elevated K (Blaustein et al., 1972; Drapeau and Blaustein,
1983), veratridine (Blausteiﬁ, 1975; Patrick and Barchas, 1976; Schoffelmeer and
Mulder, 1983) and incubation with ouabain (Adam-Vizi and Ligeti, 1984). These
treatments depolarize the synaptosomes and increase the intracellular free Ca*t via it’s
entry through voltage-stimulated channels (Nachshen and Blaustein, 1980, 1982) and
exchange mechanisms (Blaustein and Oborn, 1975; Blaustein and Ecktor, 1976). The
depolarization-dependent release of neurotransmitters, activation of Ca*' influx
(Blaustein, 1975) and the build up of free cytosolic Ca** (Heinonen et al., 1585) have
similar voltage threshold characteristics in synaptosomes. It appears that the threshold
behavior of the release process is a manifestation of the voltage-dependency of Ca*™
entry. Veratridine is known to depolarize excitable cells (Ulbricht, 1969) by irreversibly
opening Na* channels (Ohta et al.,, 1973). With channels locked in the open
conforr;iation Na' moves into the cells causing depolarization. Synaptosomes incubated

with veratridine become depolarized (Blaustein and Goldring, 1975) resulting in the

activation of voltage-dependent Ca*?* entry (Blaustein, 1975) and increased cytosolic free
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Ca** (Heinonen et al., 1985). Veratridine-stimulated Ca** entry and transmitter release
are inhibited in Na'* free medium or in the presence of tetrodotoxin (Blaustein, 1975).
Cat*-dependent transmitter release from peripheral nerve terminals is competitively
inhibited by Mg** (Meiri and Rahamimoff, 1972; Krnjevic, 1974). Elevated Mg**
inhibits the depolarization-dependent Ca** influx (Drapeau and Nachshen, 1984) and
release of transmitter (Cotman et al.,, 1976; Drapeau and Nachshen, 1984) in
synaptosomes. The inorganic calcium channel antagonists barium and strontium
(Hagiwara and Byerly, 1981) also inhibit Ca*? influx and release in synaptosomes
(Cotman et al., 1976; Drapeau and Nachshen, 1984). Depolarization in the absence of
Cao is insufficient to directly induce transmitter release from this preparation. However
release can be stimulated without depolarization by treatment of the synaptosomes with
the Ca** ionophore A23187 (Holz, 1975, Redburn et al., 1975; Shira et al., 1984).
Incubation with ionophore stimulates Ca*t entry and transmitter release which is
independent of any changes in the membrane potential. These results support the
"Calcium Hypothesis", and indicate that the mechanism of transmitter release at central

synapses is similar to that at peripheral synapses.
G. Calcium Transport By Synaptosomes
1. Calcium Efflux

Nat/Ca*t exchange (NaCaX) with properties similar to those of squid axon has
been described for synaptosomes (Blaustein and Oborn, 1975; Blaustein and Ecktor, 1976;
Coutinho et al., 1984) and isolated plasma membranes (Edreich et al 1983). NaCaX

++

mediated Ca™ " efflux is reduced by lowered Na, and reversed (ie. calcium influx) by

total replacement of Nao (Blaustein and Weismann, 1970). These results suggest that
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NaCaX is a reversible system which transports Ca** depending on the direction of the
Na‘t gradient. Synaptosomes loaded with Na* by veratridine or ouabain treatment also
have a higher background level of free cytosolic Ca** measured with quin2 (Nachshen,
1985). The increase is attributed to the decreased efflux resulting from a reduction in
the inwardly directed Na* gradient. Ca't efflux mediated by this exchange system is
the prime determinant of intracellular free Ca*t levels in synaptosomes (Nachshen,

1985).
2. Calcium Influx

Depolarization-dependent Ca*t influx is biphasic in synaptosomes (Nachshen and
Blaustein, 1980, 1982) and is mediated by kinetically distinct "fast” and "slow" calcium
channels. The Ca*t influx via the "fast" component is complete within the initial 2
seconds of depolarization. This phase is eliminated in synaptosomes preincubated under
depolarizing conditions suggesting that this pathway undergoes voltage-dependent
inactivation. Ca'* influx during the fast phase is competitively inhibited by barium and
strontium and blocked by low concentrations of lanthanum. The transient nature and
permeability characteristics of the fast influx is consistent with a calcium channel which
inactivates within several seconds following depolarization (Nachshen and Blaustein,
1980, 1982). This channel does not conduct Na* (Krueger and Nachshen, 1980) and is
not blocked by tetrodotoxin (Nachshen and Blaustein, 1980). The Ca'* influx through
the channel is blocked by Mgt*, srtt, Batt, Nitt Ccd*t, and La*3 in a dose-dependent
fashion (Nachshen, 1984). Influx inhibition can be overcome by increasing the
concenfration of Cao in a manner suggesting that the metal ions compete with Ca** for
a binding site within the channel. The sequence of cation binding to the channel

(Ca>Sr>Ba>Mg) and pH sensitivity (Nachshen and Blaustein, 1979) are consistent with
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anionic sites inside the channel to which cations must bind while crossing the membrane
(Diamond and Wright, 1969; Nachshen, 1984). The "slow" phase of Ca** influx is
resistant to prolonged depolarization indicating that this pathway does not inactivate.
This pathway conducts barium and strontium to a lesser extent than the fast phase and is
blocked by relatively high concentrations of lanthanum. It is not certain whether the
slow phase of Ca'' influx occurs through a non-inactivating channel (Nachshen and
Blaustein, 1980, 1982) or a carrier mediated system (Blaustein and Oborn, 1975;
Blaustein and Ecktor, 1976; Coutinho et al., 1984). Recent experiments have examined
the relationship of "fast" Ca®" influx to transmitter release (Redburn et al., 1975; Floor,
1983; Drapeau and Blaustein, 1983; Suszkiw and O’Leary, 1983; Leslie et al.,, 1985;
Daniell and Leslie, 1985). Biphasic transmitter release from synaptosomes during the
initial 5 seconds of depolarization, appears to correlate with the two phases of Ca**
influx (Floor, 1983; Drapeau and Blaustein, 1983; Leslie et al., 1985; Daniell and Leslie,
1985).

In addition to the channel mediated influx, a second phase of Ca*t influx is observed
which is dependent on the Na' gradient and membrane potential (Blaustein and Oborn,
1875; Coutinho et al, 1984). This Ca** influx is powered by Na; content of
synaptosomes (Blaustein and Oborn, 1975; Coutinho et al., 1984). Increasing [K*]O,
depolarizes the synaptosomes due to the relatively high permeability of the resting
membrane to this ion (Keen and White, 1971; Blaustein and Goldring, 1975).
Depolarization increases the outwardly directed electrical gradient realized by Na' ions.
The outward chemical gradient for Na?t is exacerbated by the iso-osmotic replacement of
Nat with K*. During elevated Ko—depolarization both the chemical and electrical
gradieﬁts for Na* are altered so as to promote Na* efflux. Coupling of Cat* influx to
this augmented Na' efflux is predicted (Coutinho et al., 1984) but not clearly

demonstrated. Ca** entry in synaptosomes is proposed to occur through three distinct
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pathways. "Fast" and "slow" calcium channels (Nachshen and Blaustein, 1980, 1982) and
the Nai/Cao exchange (Blaustein and Oborn, 1975; Coutinho et al., 1984). At present

the separation of these individual pathways has not been adequately achieved.

H. Effects of Dihydropyridine Drugs on Calcium Channels

Despite compelling evidence indicating that the fast component of synaptosomal
Ca*t influx is channel mediated, little information exists regarding the modulation of
these channels. One mode of regulating Ca** flux is by ligand binding to the channel
proteins. Dihydropyridine (DHP) drug binding to smooth muscle preparations is to a

. single class of saturable, high affinity sites (KD 0.1-0.5 nM). There is good correlation
between the affinity of DHP binding and the inhibition of depolarization induced
muscle contraction in ileum (Bolger et al., 1983). Similar to smooth muscle, DHP
binding to cardiac muscle is associated with high affinity sites (Kp 0.1-0.5 nM) (Miller,
1984). However, the pharmacological blockade of Ca** influx by dihydropyridine drugs
occurs at 2-3 orders of magnitude higher concentrations than their affinities for the
binding sites (Lee and Tsien, 1983; Kass 1983). The reason for the discrepancy between
binding and effect in cardiac muscle is as yet unclear. It has been postulated that the
affinity of the channel for these drugs is regulated by an intrinsic modification of the
channel which is not expressed in isolated preparations (Miller, 1984). Alternatively this
may reflect a voltage-dependent drug/channel interaction (Bean, 1984; Sanguinetti and
Kass, 1984). The T-tubular system of skeletal muscle contains calcium channels which
are inhibited by DHP channel antagonists (Sanchez and Stefani, 1978; Eisenberg et al.,
1983). These channels are of the low affinity type and are only blocked by high
concentrations of drugs (Gonzales-Serratos et al., 1982). Despite some discrepancies

most studies of muscle preparations are consistent with the idea that the dihydropyridine
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binding sites represent voltage sensitive calcium channels (Bolger et al., 1983; Lee and
Tsein, 1983; Kass et al., 1983; Miller, 1984).

The hypothesis that dihydropyridine drugs alter calcium channel activity in
neuronal tissue is more complicated (Miller, 1984). High affinity DHP binding sites in
synaptosomes have similar properties to those of cardiac and smooth muscle (Murphy
and Synder, 1982; Gould et al., 1982; Ehlert et al., 1982; Belleman et al., 1983; Triggle
and Janis, 1983). However the correlation between binding and pharmacological effect
is exceptionally poor in synaptosomes where dihydropyridines are usually ineffective in
blocking Ca** fluxes at concentrations of 10" M (Nachshen and Blaustein, 1979; Daniell
et al., 1983; Rampe et al., 1984; Creba and Karobath, 1986; Wei and Chiang, 1986). The
hypothesis that these binding sites are associated with synaptosomal calcium channels
remains speculative. Some evidence indicates that the DHP receptors measured in
synaptosome preparations may be localized in the postsynaptic elements which are
attached to the synaptosomes (Siekewitz et al., 1985). Dihydropyridine binding to these
receptors would not alter Ca** influx into synaptosomes and give the impression that the
DHP receptors are inactive.

Three types of calcium channels coexist in chicken dorsal root ganglion cells
(Nowycky et al., 1985). These channels can be distinguished by differences in voltage
sensitivity, kinetics, ﬁnitary conductances and sensitivity to cadmium. T-type channels
produce small currents which rapidly inactivate and are not sensitive to blockade by
cadmium. L-type channels require strong depolarizations for activation, do not
inactivate and are sensitive to low concentrations of cadmium. N-type channels undergo
inactivation like T-type channels but are sensitive to cadmium like L-type channels.
Only t};e L-type channels are sensitive to dihydropyridines. Incubation of dorsal root
ganglion neurons with Bay K 8644 strongly enhances the L-type channel currents. L-

and T-type channels have also been observed in cultured heart cells (Nilius et al., 1985).
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Voltage-sensitive calcium channels in neuronal cell cultures are sensitive to
dihydropyridine drugs (Freedman et al.,, 1984; Nowycky et al.,, 1985; Creba and
Karobath, 1986). However the relevance of these calcium channels to the release of
transmitter is not known. Recent reports indicate that in neurons where L- and N-type
channels coexist, the N-type channels predominate at the neurotransmitter release sites
(Thayer et al.,, 1986). Cultured hippocampal neurons were shown to have both
dihydropyridine sensitive and insensitive calcium channels. The majority of voltage-
stimulated Ca®* influx in these neurons is blocked by nitrendipine. In contrast the
release of transmitter from these neurons is inhibited by cadmium but unaffected by
dihydropyridines. The results suggest that only calcium channels which are not sensitive
to dihydropyridine drugs (ie. N-type) generate the Ca** fluxes relevant to the release of
neurotransmitter. The function of the DHP sensitive Ca’" fluxes in this preparation is
not known. Similar results have been observed in cultured rat superior cervical ganglion
cells (Hirning et al., 1986). It appears that calcium channels in somatic membrane are
pharmacologically distinct from those of the nerve terminals (Miller, 1985; Reynolds et

al., 1985; Milier, 1987).
I. Regulation of Calcium Influx by Phosphorylation

Slow channels in cardiac muscle appear to be regulated by a cAMP-dependent
phosphorylating mechanism. Procedures which increase the intracellular levels of cAMP
(Josephson and Sperelakis, 1978; Vogel and Sperelakis, 1981; Li and Sperelakis, 1983) or
reduce intracellular ATP (Schneider and Sperelakis, 1974, 1975; Sperekalis et al., 1979)
selectivély modulate the activity of slow channels without having appreciable effect on
voltage-sensitive sodium or potassium channels. The results suggest that only

phosphorylated slow channels are available to become activated upon depolarization.
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Prolonged intracellular perfusion of snail neurons results in a loss of Ca*t currents
which is attributed to the inactivation of the channels (Kostyuk et al., 1979). This
decline in channel activity can be reversed by intracellular perfusion with cAMP, ATP
and Mg'H' (Kostyuk, 1981). It is proposed that due to intracellular dialysis, factors
important to the normal functioning of the calcium channels are removed from the
cytoplasm. The reversal of this phenomena by perfusion with cAMP and ATP indicates
that the activity of the calcium channels is regulated by a phosphorylation-dependent
mechanism. Recent data suggests a second class of calcium channels in this preparation
which are not sensitive to dialysis and not modulated by cAMP (Kostyuk et al., 1985).
These results corroborate the recent observations that several pharmacologically distinct
types of calcium channels can coexist within an individual neuron (Nowycky et al.,
1985). Phosphoryaltion-dependent mechanisms are proposed to regulate the receptor
operated (Sieglebaum et al., 1982; Shuster et al., 1985) and calcium-dependent (Ewald et
al., 1985) potassium channels of mollusc.

The mechanisms which modulate the activity of synaptosomal calcium channels
are not known. The possibility that the Ca'' influx through these channels could be
regulated by a phosphorylation-dependent mechanism would have important implications
in the release of neurotransmitter. The role of protein phosphoryiation in regulating the

influx of Ca*?* in synaptosomes is one of the objectives of this research.
J. Regulation of Calcium Channels by Inactivation

Inactivation of voltage-stimulated Cat?t entry is observed in a number of preparations
(Hagiwara and Byerly, 1981; Tsien, 1983). A simple voltage-dependent process similar

to that described for the Na‘t current of the squid axon (Hodgkin and Huxley, 1952) has

been described for calcium channels of marine egg membranes (Hagiwara et al., 1975;
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Fox, 1981) and cultured heart cells (Lee and Tsien, 1982). In these preparations the rate
of inactivation proceeds at identical rates regardless of whether the current is carried by
calcium, strontium or barium and is unaffected by previous loading of the cells with
calcium. Neither Ca** influx nor elevated Ca; aiter the channel activity. In contrast the
inactivation of Ca** currents in molluscan neurons (Tillotson, 1979; Eckert and
Tillotson, 1981; Plant and Standen, 1981), Paramecium (Brehm et al., 1980), insect
muscle (Ashcroft and Stanfield, 1982) and frog heart (Mentrard et al., 1984) appear to
be mediated by the entry of Ca**. In Aplysia neurons 1) depression of the peak
amplitude of the Cat* current depends on the extent of Ca** entry and not the level of
depolarization, 2) depolarization to the Ca** equilibrium potential (+140 mYV) resuits in
minimal development of inactivation, and 3) barium and strontium currents display less
inactivation than calcium for any given depolarization (Tillotson, 1979). These results
cannot be explained by voltage-dependent inactivation. It is proposed tﬁat increased
ionized Ca** near the inside of the channel promotes inactivation. This effect is
specific for Ca*t since other cations which permeate the membrane through the calcium
channel do not support inactivation (Tillotson, 1979). The exact mechanism of this type
of inactivation is not known. Intracellular injection of EGTA into Aplysia neurons only
partially inhibits the inactivation process (Brown et al., 1981). It appears that both Ca**
and voltage-dependent inactivation processes are operative in mollusks.
Depolarization-dependent Ca'* influx occurs at two rates in synaptosomes
(Nachshen and Blaustein, 1980, 1982). Non-linear influx as previously demonstrated,
could be explained if a portion of the Ca‘t influx were to inactivate. Inactivation of
Ca*™ influx has been shown in synaptosomes (Nachshen and Blaustein, 1980, 1982;
Suszkiw and O’Leary, 1983; Nachshen, 1985). The data suggest that voltage-dependent

inactivation is a regulatory mechanism of the synaptosomal calcium channels. The role
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of inactivation in determining the influx of Ca** into synaptosomes is an objective of

this research.
K. Summary

Synaptosomes have many of the metabolic characteristics of nervous tissue in vivo.
High energy phosphates generated from the metabolism of glucose by mitochondria are
utilized to support a plethora of basic cellular activities. The membrane of synaptosomes
effectively isolates the intracellular compartment of synaptosomes from the external
environment. The permeability properties of this membrane in conjunction with the
active transport processes promote transmembrane cation gradients and electrical
potentials characteristic of more intact nervous tissue. Synaptosomes are capable of the
specific transport of precursors and utilize these metabolites to synthesize
neurotransmitter. These transmitters are stored by synaptosomes and are released in
response to depolarization in the presence of Ca'*. In general, these observations attest
to the competency of the synaptosome preparation as a suitable model for nerve
terminals in yivo.

With this established, synaptosomes can be used to test the applicability of the
"Calcium Hypothesis" to the mammalian central nervous system. I have used this
preparation to probe the nature of the membrane permeability changes associated with
depolarization. The voltage and time-dependency of channel mediated Ca*t influx is
described and two modes of non-channel influx are identified. @ Modulation of
presynaptic calcium channels is particularly important due to their relevance to

neurotransmitter release. Modulation of the channels by the dihydropyridine class of
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organic channels blockers is examined. I have also tested the hypothesis that the
channels may be regulated by a phosphorylation-dependent mechanism similar to that

described for cardiac slow channels.
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Objectives of this Research

Measure the depolarization-dependent Ca** influx during the first 5 seconds of
depolarization. Quantitatively describe the contribution of calcium channels to
this influx.

Describe the properties of these channels.

Isolate and identify alternate pathways of Catt influx (ie. non-channel) during
the initial 5 seconds of depolarization.

Correlate the depolarization-dependent Ca** influx with the release of
neurotransmitter.

Determine if calcium channels in synaptosomes are affected by dihydropyridine
drugs.

Determine if calcium channels in synaptosomes are regulated by phosphorylation.
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Methods

A. Hepes-buffered Krebs Ringer Solutions

Hepes-buffered Krebs Ringer (Na-HKR) contains: 140 mM NaCl, 5 mM KCi, 1.3 mM
MgCl,, 10 mM Hepes buffer pH 7.4, and 10 mM glucose. High potassium solutions
were prepared by the iso-osmotic replacement of NaCl with KCl. The non-depolarizing
HKR (5 mM K* HKR) corresponding to the elevated Ko solutions were made by iso-
osmotic replacement of sodium with choline (Ch-HKR). Under these conditions the
Na' concentration in both the elevated and normal K* solutions is equivalent. The Ca**
concentrations of these solutions varied from 0.02 to 1.0 mM depending on the
requirements of the experiment. In some experiments Nat was omitted from the
preincubation solutions. These solutions were made by replacement of Nat with 140

mM choline (Ch-HKR). Osmolarity of the solutions were 320 mOsmoles/liter.

B. Preparation of Synaptosomes

Adult white rats were decapitated, and the isolated cortex dispersed into 0.32 M sucrose
using a glass-teflon homogenizer. Cellular debris was removed by low speed
centrifugation (3000 x G/10 mins). The resulting supernatant was centrifuged 10,500 x
G/20 minutes. This pellet represents a crude synaptosome preparation (Pz) and can be
directly used for some types of experiments. Further purification of the synaptosomes

can be performed by the methods of Hajos (1975) or Gray and Whittaker (1962).

1. Hajos Preparation
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P, synaptosomes were resuspended in 0.32 M sucrose and layered onto 0.8 M sucrose.
This gradient was centrifuged at 9,000 x G/20 minutes. During this time the
synaptosomes move into the 0.8 M sucrose layer but do not pellet due to the relatively
low gravitational forces. This 0.8 M sucrose phase was collected and slowly diluted with
distilled water in order to bring the osmolarity to 320 mOsm. Synaptosomes were then

pelleted and resuspended in Hepes-buffered Krebs Ringer (HKR).

2. Gray and Whittaker Preparation

P, synaptosomes suspended in 0.32 M sucrose were layered over a discontinuous gradient
of 0.8 M and 1.2 M sucrose and centrifuged at 105,000 x G/75 minutes. Synaptosomes
form a band at the 0.8-1.2 M sucrose interface. The synaptosomes were harvested and
slowly diluted with HKR to adjust the osmolarity to 320 mOsm. This enriched

synaptosomal preparation is pelleted and resuspended in HKR.

P, Gray/Whittaker and Hajos synaptosomes were utilized in the course of this study. In
addition, synaptosomes prepared from cortex (ie. brainstem removed) and whole brain

(ie. cortex and brain stem) were compared as indicated in the figure legends.

C. Measurement of Intrasynaptosomal Volume

The volume of the synaptosomes is evaluated by the differential distribution of the
volume marker 3H-H20 and the extracellular marker *4C sucrose. 100 ul of synaptosomes
was mixed with 100 ul of HKR containing both markers. The synaptosomes are
incubated for 10-30 minutes before pelleting by centrifugation. Both markers appeared

to equilibrate with their appropriate spaces within 10 minutes of incubation. The
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to equilibrate with their appropriate spaces within 10 minutes of incubation. The
supernatant was separated from the pellet and sampled for specific activity of 3H and
14C (DPM/pl). The pellet was dissolved in 1% Triton X-100 in 0.1 N HCL An aliquot
of the dissolved pellet was counted in aqueous fluor (DPM/pellet). The volume
associated with each marker is calculated by dividing the number of DPM in the pellet
(DPM/pellet) by the specific activity of the incubation solution (DPM/ul). The volume
calculated for 3H—H20 is the total pellet volume (ul/pellet). The volume calculated for
MC-sucrose is the extra-cellular volume (ul/pellet) associated with the pellet. The
differences between these volumes (ie. total - extracellular) is the intra-synaptosomal
volume (ul/pellet). The calculated volumes are expressed as a ratio of the synaptosomal
protein (mgP/pellet). The calculated synaptosomal volumes were also corrected for
contamination by non-synaptosomal structures. Approximately 20% of the measured
volume was not associated with synaptosomes based on electronmicroscopic criteria
(Suszkiw et al., 1986). The measured volumes of synaptosomes were reduced 20% to
account for this contamination. Intrasynaptosomal volumes (pl/mgP) were determined

for synaptosomes preincubated in either Na-HKR or Ch-HKR.
D. Measurement of Synaptosomal Sodium and Potassium Concentrations

The content of Na* and K* ions in synaptosomes was determined by filtering 250 pl of
synaptosomes onto 0.65 pm filters and extensively washing away extrasynaptosomal
sodium and potassium by 25 ml washing with 145 mM choline HKR. The washed filters
were placed into 1 ml of 0.1 N HCL The HCI solution was assayed for Na* and Kt
content'by Atomic Absorption. Samples were burned in a air-acetylene flame and the
emissions recorded at 589 nm (Na"') and 766.5 nm (K%). Sodium and potassium

standards were prepared in 0.1 N HCl and ranged from 12.5-250 mM. Both standard
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HKR were analyzed by this method. The content of ions were expressed as pmol/mg
protein. The ion content of synaptosomes was corrected for 20% non-synaptosomal
content (Suszkiw et al., 1986). It was assumed that the contaminating structures were
metabolically inert and therefore equilibrated with Na* and K*. Therefore 0.2 x 140
mM Na%t or 0.2 x 5 mM K* was subtracted from the respective total ion contents. The

corrected values represent the ionic content of intact synaptosomes.
E. Calcium Influx Measurements

Calcium influx was measured by mixing solutions with rapid syringe injections using a
1:1 synaptosomes:HKR mixing paradigm. Synaptosomes were routinely suspended in
HKR containing no calcium. The influx of %°Ca measured by mixing 250 pl
synaptosomes with 250 ul of either 100 mM K* HKR or 35 mM K* HKR containing 2
mM *5Ca**. The final incubation conditions were either 52.5 mM K* or 20 mM K*
HKR containing 1 mM 45Ca*t. The corresponding low potassium conditions were 5 mM
K* with either 47.5 mM or 15 mM choline in replacement of sodium. The Na‘
concentration and osmolarity in both elevated and normal K*-HKR were constant.
Uptake incubation was terminated by injection of 0.5 ml of HKR containing 20 mM
EGTA. A sample (0.8 ml) of the synaptosomes was filtered onto 0.65 um Millipore
filters and washed three times with 5 ml of HKR. The calcium trapped within
synaptosomes was released by placing the filter into 0.5 ml of 1% Triton X-100 in 0.1 N
HCL. *°Ca in the mixture was determined by liquid scintillation counting in aqueous
fluor. The specific activity of the 45Ca"'+ in the uptake solution was measured. The
protein concentration of the solution was determined by the method of Lowry et al
(1951) and the calcium influx expressed as (nmoles Ca**/mg protein/uptake interval).

The calcium concentrations during uptake ranged from 0.02 to 1.0 mM depending on the
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The calcium concentrations during uptake ranged from 0.02 to 1.0 mM depending on the

requirements of the experiment. Tracer 45ca varied with the concentration of added

Ca**.
1. Dihydropyridine Drugs

Synaptosomes (1 mgP/ml) were preincubated with drugs 20 minutes prior to test of
calcium influx. 250 ul of synaptosomes were mixed with 250 ul of either 35 mM K7 or
5 mM K*/30 mM choline HKR containing 2 mM *°Ca**. Influx was quenched after 5

seconds by the addition of HKR/20 mM EGTA.
2. cAMP, Forskolin, Phorbol Esters

Synaptosomes (1 mgP/ml) were preincubated 20 minuted prior to test for calcium
influx. 0.5 ml of synaptosomes were mixed with 0.5 ml of either 35 mM K™* or 5 mM
K*/30 mM choline containing 2 mM *°Ca**. Influx was quenched after 5 seconds by

the addition of 0.5 ml of HKR/20 mM EGTA.
F. Inactivation of Calcium Influx

In these experiments 50 ul of synaptosomes were predepolarized by addition of 450 ul of
57.8 mM K* HKR containing no calcium. After the predepolariztion interval, 0.5 ml of
52.5 mM K* HKR containing | mM 45ca** was rapidly injected and uptake was
allowed to proceed for 1 second prior to addition of HKR containing 20 mM EGTA.
Samples were filtered and treated as in calcium influx. Basal uptake of calcium is that

in 5 mM K* HKR containing 47.5 mM choline substituted for sodium. Uptake values
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are expressed as a percentage of calcium uptake in non-predepolarized synaptosomes
exposed to 52.5 mM K* HKR *Ca*t for 1 second. The non-linear decrease in
fractional uptake versus predepolarization interval represents the voltage dependent

inactivation of the calcium influx.
G. Reactivation of Calcium Influx

25 pl of synaptosomes are mixed with an equal volume of 100 mM K* HKR and
incubated 10 seconds, an interval which previous experiments have shown that the
potassium-stimulated 4SCa++ influx is 80% inactivated. Following preincubation 475 pl
of HKR containing no potassium is added so that the extra-synaptosomal potassium
concentration is restored to the control 5 mM level. The synaptosomes were allowed to
recover from the depolarization for between 1 and 60 seconds and then mixed with 525
pl of 100 mM K* HKR or 5 mM K*/95 mM choline HKR containing 1 mM *°Ca**.
Calcium uptake was allowed to proceed for 1 second prior to quench by addition of
HKR containing 20 mM EGTA. Synaptosomes were filtered and assayed for 45ca
content. Recovery is expressed as a fraction of the uptake prior to any
predepolarization. A plot of the recovery interval versus calcium uptake during the 1

second uptake interval is a measure of the recovery of calcium influx from inactivation.
H. Voltage Dependency of Inactivation

50 ul of synaptosomes were mixed with 450 ul of 16, 27, 38, 58, and 83 mM K* HKR.
After 2 seconds 1 ml of 71, 66, 61, 53, and 41 mM K* HKR/1.1 mM *8Ca** was added

and incubated 1 second prior to quench. The first additions altered the predepolarizing

conditions to various potassium levels while the second paired addition changed the K*
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45 Ca™* influx interval. The influx during each influx interval is expressed as a fraction

of influx in 52.5 mM K* HKR into synaptosomes which were not predepolarized.
I. Lanthanum Blockade of Calcium Influx

Non-predepolarized calcium influx was measured by mixing 125 ul of synaptosomes with
125 ul HKR and incubating 20 seconds before adding 250 ul of 100 mM K* HKR
containing 40 uM %°Ca**. After 1 second 4*Ca*™ influx was quenched by addition of
0.5 ml HKR containing 20 mM EGTA. The corresponding non-predepolarized influx
was measured by adding 5 mM K*/95 mM choline HKR containing | mM #Ca**

45Ca++

during the influx interval. Predepolarized influx was measured by mixing 125 ul

of synaptosomes with 125 ul 100 mM K* HKR and incubating for 20 seconds. 4SCa*’*'
influx was stimulated by adding 250 ul 52.5 mM K* HKR containing 2 mM *°Ca** and
influx quenched after 1 second by the addition of 0.5 ml of HKR/20 mM EGTA.

Paired samples were determined with 20 uM lanthanum present during the influx

interval.
J. Measurement of the Slow Component of Calcium Influx

Synaptosomes were preincubated 20 minutes in either 140 mM Na* (Na-SYN) or 140
mM choline (Ch-SYN) HKR. 25 pul of synaptosomes were mixed with 25 ul of 100 mM
K* HKR. Following 10 seconds incubation influx was stimulated by addition of 450 ul
of 52.5 mM K* HKR containing 1.] mM **Ca**. Influx was quenched by addition of
1.5 ml of HKR containing 20 mM EGTA. The corresponding non-stimulated influx was
measured by addition of 25 ul of 5 mM K* HKR during the first mixing and 450 gl of

5 mM K*/47.5 mM choline/1.1 mM %3Ca** during the influx interval. The same
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5 mM K*/47.5 mM choline/1.] mM *°Ca** during the influx interval. The same
experiments were repeated with Ch-SYN except Na' was not present in any of the HKR

solutions.
K. Norepinephrine Release

Synaptosomes are loaded with SH-norepinephrine by 30 minute incubation in the
presence of 0.1 uM norepinephrine/sH-norepinephrine. After incubation 20 M
desipramine was included in the HKR solutions to inhibit further norepinephrine
incorporation. Release was stimulated by 1:1 mixing (ie. 250 ul:250 ul)of the loaded
synaptosomes with 5 mM K* HKR or 100 mM K* HKR solutions containing 2 mM
Ca**. Release was quenched by addition of 0.5 ml HKR containing 20 mM EGTA.
Synaptosomes were filered onto Whattman GF/F filters and the radioactivity released
into the supernatant assayed. Voltage-dependent transmitter release is that in 52.5 mM
K* HKR minus that in 5 mM K%' HKR. The amount released is expressed as a

percentage of the initial 3H-norepinephrine content of the synaptosomes.

L. Preparation of Synaptosomes for Phosphorylation Experiments

32p

Synaptosomes suspendend in HKR (1 mgP/ml) were mixed with HKR containing i

and incubated under oxygen for 30 minutes at 30° C. Following preincubation 0.25 ml
aliquots of synaptosomes were distributed into separate tubes and 5 ul of various drugs
added. These samples were incubated another 20 minutes before the addition of 125 ul
of 10%‘SDS and the mixture boiled 2 minutes. After the samples had cooled, 27 ul of
the following mixture was added; 500 mM Tris/HC! pH 7.4, 25 mM B-mercaptoethanol,

sucrose (0.5 gm/ml) and 10% bromophenol blue tracking dye.
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M. Polyacrylaminde Gel Electrophoresis

The Gel electrophoresis technique is a variant of the methods of Laemmli (1970). The
resolving gel (11cm x 16cm x 1.5mm) was 7.5% acrylamide, 0.2% bisacrylamide, 0.38 M
Tris/Cl pH 8.8, 0.1% SDS; the stacking gel (I1lcm x 2cm x 1.5 mm) was 3% acrylamide,
0.08% bisacrylamide, 0.12 M Tris/Cl pH 6.8, 0.1% SDS. Gels were polymerized with
0.05% N,N,N’'-tetramethylenediamine and 0.1% ammonium persulfate. The gels were
mounted into a Bio Rad eletrophoresis apparatus. Both upper and lower buffer was 25
mM Tris/Cl pH 8.3, 0.2 M glycine, 0.1% SDS. 50 ul of synaptosomes (75 upg protein)
was loaded into each well. The gels were run at 25 mA until the tracking dye had
moved 1 cm into the resolving gel and then run at 50 mA for 4 hours. The gel was
stained in 0.25% R-250 commassie blue, 40% methanol and 10% acetic acid. Destain
was 40% ethanol and 10% acetic acid. The gel was dried on Whatman No. ] filter paper
under vacuum and placed on Kodak X-Omat film for 72 hours. The optical density of
the autoradiogram bands were assessed by scanning on a Biomed Instruments
densitometer model SL-TRFF. The relative incorporation of ’P, into the protein bands

is inferred from the area under the densitometric scans.
N. Incubation of Synaptosomes with Drugs

Stock solutions of Bay K 8644 and 8-Bromo cAMP were made in H,O, nifedipine and
nitrendipine in EtOH, and myristate and 12,13-diacetate phorbol esters in DMSO. Stock
solutioﬁs were made 500X more concentrated than required by the experiments, resulting
in the addition of 0.5% DMSO or EtOH to the samples. To control for effects of the

drug vehicles, 0.5% of HZO, EtOH or DMSO was added to control samples. These
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concentrations of H,O, DMSO and EtOH do not affect 4°Ca** influx. Preincubation
with drugs was 20 minutes unless otherwise stated. In order to maintain a constant
drug:protein ratio, synaptosomes were resuspended in HKR to 1 mgP/ml prior to

experiments.
O. Determination Of Free Bay K 8644 Concentration During Preincubation

Free drug concentration (ie. unbound) was measured in the HKR solutions after the 20
minute preincubation. The assay conditions for binding were exactly the same as for the
preincubation prior to ‘®Ca** uptake experiments except for the inclusion of H-Bay K
8644. After incubation a sample of the synaptosome mixture was counted to determine
the specificity of the SH-Bay K. The remainder was pelleted by centrifugation and the

SH-Bay K DPM remaining in the supernatant assayed.

P. Statistical Methods

Pooled and Paired T-Tests were performed by EPISTATS. A stastical package written
in basic for the IBM PC (Tracy, 1982). Nonlinear least squares curve fitting program is

written in basic for the Apple Ile computer. The Marquardt method (Marquardt, 1962)

is used in the fitting program.
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Discussion
A. Intra-synaptosomal Concentrations of Sodium and Potassium lons

One method of determining the resting membrane potential of synaptosomes is to
measure the intracellular volume and content of diffusable ions. From these data the
intrasynaptosomal concentrations of the permeable ions are calculated and the membrane
potential estimated by the Constant Field Equation (Goldman, 1943; Hodgkin and Katz,
1949). In Table 1. the ionic content (umole/mgP) of Na* and K* is shown for
synaptosomes incubated in either 140 mM sodium (Na-SYN) or 140 mM choline (Ch-
SYN) containing Krebs Ringer. The volumes of Na-SYN and Ch-SYN synaptosomes are
2.7 and 2.4 ul/mgP, respectively. By evoking the simplifing assumption that the ions are
evenly distributed within the volume of the synaptosomes the average intracellular
concentrations of Na* and K% can be calculated from the synaptosomal content
{(smol/mgP) and volume (ul/mgP). The membrane potentials are calculated by a
modified version of the Constant Field Equation (see Campbell, 1976). This formulation
ingnores the coniribution of ClI~ diffusion to the resting membrane potential. Blaustein
and Goldring (1975) found that replacement of ClO with methylsulfate did not alter the
membrane potentials measured by fluorescent dyes. These results indicate that Cl™ is not
an important determinant of the membrane potential of synaptosomes and suggests that
the modified equation should yield a valid estimate of this parameter. The permeability
ratios employed were determined by Keen and White (1971) and are identical to those

determined by Blaustein and Goldring (1975).
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PNa/PK[Na]c> + [K],
Py./PxINal, + [K],
Py./Pyx = 0.05

The calculated resting membrane potentials after 10 minutes preincubation are -51 mV
for Na-SYN and -83 mV for Ch-SYN (Table 1.).

Synaptosomes incubated in 140 mM Na* have a high concentration of Na, (85 mM).
However, this does not appear to reflect a deficit in Na* transport. Under similar
incubation conditions NaK-ATPase is responsible for a significant portion of the ATP
turnover in synaptosomes (Scott and Nicholls, 1980). Likewise, the elevated Nai does
not appear to be due to an increase in the membrane permeability to Na' (Keen and
White, 1971). The permeability ratio PNa/PK of synaptosomes is similar to the resting
permeability ratio of other neuronal membranes (Hodgkin and Katz, 1949; Gorman and
Marmor, 1970). The observation that Na; is lower than Naj, suggests that the Na*
transport system and plasma membrane are acting in concert to excinde Na* from the
interior of the synaptosomes. One explanation for the unusually high determination of

Na., is that not all the Na' associated with the osmotically-sensitive compartment is

i’
confined within synaptosomes. The estimate that 80% of the vesiculated structures in
these preparations are synaptosomes is based on morphological criteria (Suszkiw et al,,
1986). Inferring the functional integrity of the plasma membranes by this approach is
problematic. If a smaller percentage (ie. <80%) of the vesiculated particles in the
prepara.tion are "functionally” intact synaptosomes then the estimates of Na; based on

these calculations would decrease as a function of the increased contamination (see

methods). To firmly establish the functional volume of the synaptosomes in these

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



45

preparations would require a detailed analysis of the osmotically-sensitive compartment.
Such experiments are beyond the scope of this research project. However, to reduce the
calculated Nai of synaptosomes to 15 mM requires that at most 35% of the vesiculated
structures in the preparation be intact synaptosomes. It is doubtful that the
morphological data has overestimated the intact synaptosome population by greater than
50%. Despite these arguments it seems clear that the Nai concentrations of synaptosomes
is greater than expected of intact neuronal tissue. The estimate of 85 mM for Na, after
10 minute preincubation in Na-HKR probably represents an upper limit for this value.
A consequence of an elevated [Na"’]i is a reduction of the inwardly directed Na‘
gradient. This would be expected to compromise the Na,/Ca; exchange located in the
synaptosomal plasma membranes (Blaustein and Oborn, 1975; Coutinho et al., 1984).
Despite the reduced gradient, the Nao/Cai exchange mechanism operates at a sufficient
level to maintain the resting Cai concentration (100-200 nM) at low levels (Nachshen,

1985; Suszkiw et al., 1986).
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Na-SYN (o)
10
20

30

Ch-SYN o
10
20

30

volumes

Content (umole/mgP)
Na* Kt
0.31 + 0.08 0.21 %
0.33 + 0.03 0.22 *
0.37 # 0.05 0.23 #*
0.38 + 0.09 0.23 *
0.01 * 0.01 0.24 +
0.01 + 0.003 0.29 %
0.01 # 0.01 0.26 *
0.01 + 0.01 0.24 +
Na-SYN 2.7 ul/mg P
Ch-SY¥YN 2.4 ul/mg P

0.03

0.03

0.04

Concentration {mM)
(xh)

(Na™)

77

85

299

104

(S N S )
I+ I+ I+
NNH W

+

pNa/PK [Na+], + [K+]gq

H o+ 1+

I+

20

8

13

24

Table 1. Sodium and potassium concentrations of synaptosomes

77
83
87

86

122
120

109

+ + I+

+

I+ I+

+

21

10

14

22

27

19

98 + 15

46

Em (mV)

-51
-51

-51

-

-83

Synaptosomes were incubated for 30 minutes in either 140 mM Na‘* (Na-SYN) or 140
mM Choline (Ch-SYN) HKR. The volumes of Na-SYN and Ch-SYN synaptosomes are
The membrane potentials are calculated from a

2.7 and 2.4 pl/mgP respectively.
modified version of the Constant Field Equation (see text).
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B. Time Course of Depolarization-Dependent Calcium Influx

Raising the Ko from 5 to 52.5 mM depolarizes synaptosomes and causes an increase
in membrane permeability to Ca*t. To probe the nature of this permeability change,
45Ca** influx under depolarizing and non-depolarizing conditions was examined. Three
distinct modes of Ca*?’ influx can be discerned based on kinetic and voltage-dependent
characteristics (fig. 1A).

45ca** influx was calculated as that

The specific depolarization-dependent
measured in 52.5 mM K* HKR (fig. 1A, triangles) minus that in 5 mM K* HKR (fig.
1A, squares). The specific total depolarization-dependent influx (fig. 1B, triangles) was
calculated. The voltage-dependent influx is characterized by a fast initial phase which
diminishes within several seconds to a slow phase. The biphasic curve suggests that
45Ca""*' influx is composed of two components. The total depolarization-dependent
influx data was best described by the following equation:

J=P(-e¥1% 4 Kyt P =24 104 nmol/mgP
k, =20 %08 sec!

kz = 0.24 + 0.1 nmol/mgP/sec

Where J is the Ca*? influx in nmoles/mgP at any given time (t), P is the value of the
influx at the plateau, k, is the rate coefficient of the fast phase and k, is the rate of the
slow phase.

It was previously observed that the fast component is eliminated by preincubating
synaptosomes under depolarizating conditions (52.5 mM K*, 20 sec.) prior to testing for

45Cat* influx (Nachshen and Blaustein, 1980; Suszkiw and O’Leary, 1982). The data for
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the slow component of 4°Ca** influx after the inactivation of the fast component (fig.

1B, circles) was best described by a linear model.

J=%kt+Db k = 0.25 + .003 nmol/mgP/sec

b = 0.19 + .009 nmol/mgP

Where k is the rate of the slow component and b the Y-intercept. The rate of the
linear component of the total depolarization-dependent influx (fig. 1B, triangles) appears
to correlate with that calculated for the direct linear fit of the isolated slow component
influx (fig. 1B, squares), 0.24 and 0.25 nmol/mgP/sec. respectively. The similarity
between the rates for the isolated slow component and linear phase of the total influx

45Catt jnflux may be mediated by the same pathway. It

curve suggests that these
appears that the fast and slow components of *°Ca** influx are independent events
which are simultaneously activated by depolarization. The total depolarization-
dependent **Ca** influx is the sum of both these components. In order to accurately
determine the time course of the fast influx, the slow component (fig. 1A, squares) was

subtracted from the total depolarization-dependent influx (fig. 1A, triangles). The

isplated fast influx was fit by the following equation (fig. 1C).

J = P(1-e7%%) P = 2.1 + .009 nmol/mgP

k=224+ 0.5sec’?!

Where P is the influx plateau and k is the rate coefficient of the fast component. The
rate coefficients calculated for the fast component of total influx (k1=2'0 sec™?) (fig. 1B,
triangles) is in good agreement with that calculated for the isolated fast component

(k=2.1 sec™) (fig. 1C).
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These results demonstrate that voltage-dependent Ca** influx is mediated by two
distinct pathways. The fast component of influx is transiently activated by
depolarization and is eliminated by previous exposure to depolarizing conditions. The
slow component of influx is relatively linear with respect to time and is not sensitive to
predepolarizing conditions. Both the fast and slow components of ca't influx are
simultaneously activated by depolarization. In this instance the fast component of influx
is superimposed on the slow influx component. Consequently the total depolarization-

dependent Ca*' influx is the sum of both the slow and fast processes.
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Figure 1. Time course of depolarization-dependent calcium influx
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Calcium influx was determined by incuzPsatinﬁnng synaptosomes in either 5 mM K* HKR or
Ca

52.5 mM K* HKR containing | mM

. The fast component of Ca*t influx was

inactivated b; predepolarizing synaptosomes 20 seconds in 52.5 mM K* HKR prior to

testing for 4
drawn to the non-linear least squares fit of the data (see text).

A. Triangles 52.5 mM Kt HKR
Circles 52.5 mM K* HKR predepolarized
Squares 5 mM Kt HKR

B. Triangles 52.5 mM K* HKR minus 5 mM K* HKR

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

Ca*? influx. Data represent Means + SD (N=6). Smooth curves were



51

C. Inactivation of Calcium Influx

The fast component of Ca*’ influx is eliminated by preincubating synaptosomes
under depolarizing conditions (fig. 1A, circles). The following experiments were
designed to characterize the inactivation process of the fast Ca*t influx component. The
influx of 4>Cat** per unit time is reduced the longer the synaptosomes are preincubated
under depolarizing conditions (52.5 mM K* HKR). The observed reduction of 45catt
entry per standard interval (ie. 1 sec. influx interval) represents the depolarization-
dependent inactivation of the Ca*t influx. The onset of inactivation is rapid during the
initial 10 seconds of predepolarization and eventually declines to reveal a constant non-
inactivating residual of 45Catt influx (fig. 2). The inactivation data was best described

by the the following equation:

Q=rPeklip P = 091 + 0.01
k = 0.29 + 0.04 sec !
b = 0.09 + 0.0l

Q is the fraction of inactivated channels at any given time (t), P is the fraction of
influx undergoing inactivation, k is the rate coefficient for the inactivation process and
b is the fraction of non-inactivating influx. This inactivation curve is the composite of
synaptosomes preincubated in either 140 mM or 92.5 mM Na* HKR. The synaptosomes
preincubated in reduced Na0 are presumed to have lower Nai. This did not change the
calculated parameters for the inactivation curves and the results for both synaptosomal
preincubations were combined for curve fitting purposes.

An alternative explanation for channel inactivation would be that the synaptosomes

repolarized during the test interval. Repolarization would decrease Ca*t influx by
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causing de-activation rather than inactivation. The inward movement of Ci~ could
potentially result in the hyperpolarization (ie. repolarization) of the membrane potential.
To eliminate its possible redistribution, the chloride in HKR solutions was replaced in
some experiments with methysulfate. Methylsulfate is an impermeant anion which
substitutes for CI- in the extracellular solutions. Inactivation was unchanged by the
absence of Clo (fig. 2, open triangles). To futher test that repolarization was not
responsible for the observed inactivation, the membrane potential of synaptosomes was
measured during depolarization. Synaptosomes were equilibrated with the fluorescent
dye 3,3’- dihexyloxacarbocyanine. This dye responds to changes in voltage by
redistributing across membranes, which is associated with a change in the emission
intensity (Sims et al.,, 1974; Waggoner, 1979). Elevation of the external potassium
depolarized the synaptosomes for at least 5 minutes (Suszkiw et al, 1985).-
Depolarization-dependent inactivation cannot be explained by repolarization of the
membrane potential and hence de-activation of the Ca** influx.

This inactivation was performed in the presence of no added calcium in the
incubation media. Under these conditions only background concentrations of Ca*t are
present. It seems unlikely that this concentration of Cao would generate sufficient Cat*
influx to cause significant accumulation within the synaptosomes. This argument is
supported by the observation that when synaptosomes are depolarized in Cat* free
solutions there is no increase in the Ca* content of synaptosomes as measured by Quin-
2 {Nachshen, 1985). This implies that during depolarization neither Ca** influx nor
Ca** release from internal stores was stimulated. Therefore it appears that at least in
reduced Ca*t solutions (ie. the conditions of these experiments), channel inactivation is
voltage-rather than calcium-dependent.

The biphasic inactivation curve is consistent with the previous observations that

Ca*t influx occurs at two distinct rates in synaptosomes (Nachshen and Blaustein, 1980).
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It is interesting to hypothesize that the voltage-dependent inactivation of channels is the
major determinant of the time course of Ca*t influx. In this instance the rapid and
non-inactivating phases of inactivation (fig. 2) would correspond to the "fast" and "slow"
phases of calcium influx (fig. 1B). This conclusion would be supported if the rate
coefficients for the inactivation process equalled those for the decay of calcium influx.
These results are difficult to compare due to differences in time resolution of the
experimental protocols. The predepolarizing manipulations in the inactivation
experiments limited the first available measurement of influx to 1 second. Previous
results indicate that a significant portion, if not all of the "fast” influx is complete
within this time interval (Nachshen and Blaustein, 1982; Nachshen, 1985; Suszkiw et al.,
1986). This invalidates the direct quantitative comparison of these rate parameters. This
does not exclude the possibility that voltage-dependent channel closure regulates the
influx, however it does point out the requirement of experiments with better time

resolution.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



54

10
'\ INACTIVATION ‘REACTIVATION
> i l l 1
jus |
z T !
= A
“ .
3
=z 05~
=
5 | :
o
< -
£ N
c 1 " A
i 5 - A
' 1 1 1 1
0 5 10 15 20 2?_——75"-‘_%6_40 ,

SECONDS

Figure 2. Voltage-dependent inactivation and reactivation

Inactivation: Synaptosomes were predepolarized in 525 mM K* HKR for various
intervals prior to testing for Ca*t  influx. The influk measured after each
predepolarization interval is expressed as percentage of the Ca** influx into non-
predepolarized synaptosomes.

Reactivation: Synaptosomes were predepolarized 10 seconds in 52§ mM K* HKR
before addition of HKR so that the [K"'] was returned to 5 mM. 4 Catt influx was
measured as the synaptosomes recovered from inactivation. The influx is expressed as a
percentage of the influx in non-predepolarized synaptosomes.
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D. Reactivation of Calcium Influx

The following experiments were performed to test for the recovery of Ca'?
influx following voltage-dependent inactivation. Preincubation of synaptosomes for 10
seconds under depolarizing conditions inactivates the 45Ca++ influx by 80% (fig. 2).
Following inactivation, the recovery of Ca’¥ influx is promoted by incubating the
synaptosomes under non-depolarizing conditions.\ The recovery process (fig. 2) is

described by the following equation:

Q.. =a(1-e " +ay  q)=0634+006
k =0.16 + 0.04 sec "}

a5 = 0.18 + 0.05

Q... is the fraction of influx available to activate at any given time (t) during recovery,
q, is the final level of recovery, k is the rate coefficient of recovery and q, is the
residual non-inactivating fraction of influx. The depolarization-dependent 45Ca** influx
recovers to 81% of its initial activity after 60 seconds incubation under resting
conditions. Influx recovers to near control levels within three minutes (data not shown).
The recovery of influx (0.16 sec™) is slower than the inactivation (0.28 sec™?) (fig. 2).
Inactivation of the fast component of Catt influx occurs in response to
depolarization of the synaptosomes (fig. 2). The behavior of Ca** fluxes of other
neuronal systems suggests that the inactivation should subside when synaptosomes are
returned to their resting membrane potential (Hagiwara and Byerly, 1981). The voltage-

dependent inactivation of Ca'* influx is readily reversible under physiological
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conditions. Voltage-dependent activation (fig. 1), inactivation (fig. 2) and recovery (fig.

2) are characteristic of a number of calcium channels (Hagiwara and Byerly, 1981; Tsien,

1983).
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E. Voltage Dependency of Inactivation

Inactivation is a function of the predepolarization interval (fig. 3). It was of
interest to determine if the inactivation process is also a function of the
predepolarization voltage. To test this hypothesis synaptosomes were predepolarized to
different membrane potentials by varying the Ko in the preincubation solutions. The
45catt influx after preincubation was determined and the fractional influx plotted
versus Ko (fig. 3A) and the calculated membrane potential (fig. 3B). It is clear that the
larger the K and hence the level of depolarization during preincubation the greater the
resultant inactivation. The level of inactivation is directly proportional to the calculated
membrane potential (slope=-1.026 mV™!). This is consistent with the observation that
the rate of inactivation in 52.5 mM K* HKR (k=0.28 sec ~!) is slower than that
measured in 75 mM K* HKR (k=0.46 sec ~!). Calcium channel inactivation is a
function of the predepolarizing voltage and time. Ca't influx (Nachshen and Blaustein,
1980, 1982) and transmitter release (Blaustein et al., 1972; Drapeau and Blaustein, 1983)

display similar voltage-dependent characteristics.
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Figure 3. Voltage dependency of the inactivation process

Left: Synaptosomes were preincubated for 2 seconds by incubation in 15, 25, 35, 52.5
and 75 mM K+t HKR. After ?reincubation the K* of each sample was adjusted to 52.5
mM K* containing 1 mM 45ca**. The influx during each interval is expressed as a
percentage of the influx of non-predepolarized synaptosomes in 52.5 mM K¥ HKR.

Right: Inactivation is expressed as a function of the calculated predepolarization
potential (Discussion A).
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F. Blockade of Calcium Influx by Lanthanum

Lanthanum has roughly the same ionic radius as calcium but has a valence of three
(Takata et al., 1966). It inhibits the release of neurotransmitter at the neuromuscular
junction (Heuser and Miledi, 1971) and the squid giant synapse (Miledi, 1971). The
inhibitory effect of La*3 in these preparations is attributed to its blockade of inward
Ca*t fluxes (Miledi, 1971). In accordance with these observations, La*3 has been shown
to be a potent inhibitor of synaptosomal Ca** influx (Nachshen and Blaustein, 1980) and
transmitter release (Drapeau and Blaustein, 1983). The following experiments were
designed to test the effect of La*> on the fast and slow components of Ca** influx (fig.
2).

45Ca++

The depolarization-dependent influx of synaptosomes was examined in the

presence of 20 uM La*3. La*> inhibited 85% of the **Ca** influx into synaptosomes.
The %°Ca** influx in this preparation is mediated by both the fast and slow pathways.
In order to eliminate the fast component of 45Ca++ influx, synaptosomes were first

predepolarized 20 seconds prior to testing for #°Ca** influx. The slow component of

+3

45¢at* infiux was not significantly altered by the La

treatment. The results suggest

that the ¥*Ca** influx into non-predepolarized synaptosomes in the presence of La+3 is

equivalent to the slow component of influx in the absence of Lat3 (Paired T-Test,

£ 45Ca++

p=0.001). In effect, the fast component o influx was egqually inhibited by either

voltage-dependent inactivation or by incubation with La+3 during the influx interval.

The results suggest that La*>

selectively inhibits the fast component of Ca*t influx.
These findings further support the conclusion that the transient and slow components of
Ca*t influx are mediated by distinct pathways. The voltage dependency and sensitivity

to La+3 are considered to be properties common to many calcium channels (Hagiwara
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and Byerly, 1981; Tsien, 1983; Reuter, 1983). The results reported here are entirely
consistent with the idea that the fast component of depolarization-dependent Ca** influx

in synaptosomes is mediated by voltage-sensitive calcium channels.
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Figure 4. Blockade of calcium influx by lanthanum

45ca** influx (non-predepolarized) _ was stimulated by incubating synaptosomes in 52.5
mM K* HKR containing 20 mM 4°Ca**. Synaptosomes were incubated 20 seconds in
52.5 mM K* HKR (predepolarized) prior to the addition of 20 yM 5C§1""". Paired
samples were measured for both data in the presence (+) of 20 uM La*t?. Data are
Means + SD (n=3).
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G. Characterization of the Slow Component Calcium Influx

Synaptosomes incubated in 140 mM Na* HKR accumulate Nat (Table 1). At rest
both the electrical and chemical gradients favor the inward flux of Na*. Synaptosomes
utilize the energy stored in the Na?t gradient to power the efflux of Ca** (Blaustein and
Oborn, 1975; Blaustein and Ecktor, 1976; Coutinho et al.,, 1984). Reduction in the Nao
slows Ca** efflux while total Na, replacement promotes Ca** influx (Coutinho et al.,
1984). These observations are consistent with the properties of the Na*/Ca** exchange
mechanism (NaCaX) described in other systems (Blaustein and Hodgkin, 1969; Barker et
al., 1969). Raising the Ko in the incubation media is a manipulation utilized to
depolarize synaptosomes. In order to maintain the physiological osmolarity of these
solutions, Ko is iso-osmotically exchanged for Nao. The result of increasing K, from 5
to 52.5 mM is a calculated depolarization of approximately 40 mV (Discussion A) and a
reduction of the Na, from 140 to 92.5 mM. Under these conditions the electrical and
concentration gradients may promote the efflux of Na't from synaptosomes (Coutinho et
al., 1984). Na%* efflux has been shown to be linked to the influx of Ca*t in
synaptosornes {Blaustein and Obora, 1975; Coutinho et al., 1984). However most of these
data were obtained utilizing Ca** influx intervals of minutes rather than seconds. The
contribution of NaCaX to the Ca** influx during the initial seconds of depolarization
(fig. 1) is not certain. The following experiments were designed to test what portion of
the slow component of Ca** influx is mediated by the NaCaX.

Synaptosomes were incubated in either 140 mM choline (Ch-SYN) or 140 mM Na*
HKR (Na-SYN). The Na, concentration of Na-SYN and Ch-SYN synaptosomes is
approximately 83 and 4 mM respectively (Table 1). Na-SYN were preincubated under
depolarizing conditions to inactivate the fast component of 45Ca++ influx. The

remaining influx is via the slow component. After preincubation K* HKR was added so
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that K, was brought to 52.5 mM and the Nao reduced from 140 to 92.5 mM (fig. 4,
top, triangles). Background 45Ca*t influx was measured in 5 mM K*/47.5 mM choline
HKR (fig. 4, top, squares). The Nao of both depolarized and non-depolarized samples is
equivalent in this paradigm so that the additional 45Cat* influx measured arises from
the change in membrane potential and not from differences in the Na' gradient. The
specific voltage-dependent slow component influx is shown (fig. 4, bottom, triangles). It

45Ca*t influx as a consequence of

is not clear whether the depolarization augments
voltage-dependent changes in the Na‘ gradient or by a direct effect on the Ca*t influx.
To delineate the role of Na' in generation of the slow component a similar analysis for
Ch-SYN influx was performed except that neither the S mM K* HKR (fig. 4, middle,
squares) nor the 52.5 mM K* HKR (fig. 4, middle, circles) contained Nao. Following
preincubation, Ch-SYN have low leveis of Na; (Table 1), and are incapable of
supporting Nai/Ca0 exchange. The depolarization-dependent Ca** influx in
predepolarized Ch-SYN is mediated by pathways other than the fast component of
influx or the Na;/Ca, exchange mechanism. The difference in the voltage-stimulated
slow influx of Na-SYN (fig. 4, bottom, triangles) and Ch-SYN (fig. 4, bottom, circles)
represents the depolarization-augmented, Nai—dependent Ca** influx. The additional
Ca** influx observed in Na-SYN is driven by the higher levels of Na, in this
preparation. Approximately 50% of the depolarization-dependent slow influx of Na-
SYN can be attributed to the Na® gradient. These results demonstrate that the Na;-
dependent Catt influx makes a significant contribution to the total Ca*? influx at short
depolarization intervals and that this entry is sensitive to changes in membrane potential.

It appears that the slow phase of Ca*t influx is mediated by two pathways. The
first is.dependent on the Na't gradient and the membrane potential and is probably
conducted through a reversal of an electrogenic Nai/Cao exchange mechanism. Similar

concentration and voltage dependencies are observed for the NaCaX mechanism of squid
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axon (Mullins and Brinley, 1975; Mullins et al., 1981). The second component is clearly
observed in Ch-SYN and is dependent on the membrane potential only and may
represent a non-inactivating Ca** channel or a Ca;/Ca, exchange mechanism. Two
modes of slow influx similar to those described above have previously been reported in
synaptosomes (Coutinho et al.,, 1984) and synaptic plasma membrane vesicles isolated
from brain (Erdreich et al.,, 1983). However these studies examined the influx over
relatively long intervals of depolarization (>30 sec.) and do not reflect the slow influx
which occurs during channel activity.

These results indicate that the Nai/Ca0 exchange is capable of making a significant
contribution to *°Ca** influx during the intervals in which Ca** channels are active (fig.
1). The following experiments were designed to quantify the contribution of the Na,-
dependent Ca™* influx to the total depolarization-dependent Ca** influx measured in a
preparation where both the Ca*t channels and Na;/Ca, are active. Na-SYN were
depolarized in 52.5 mM K, containing 92.5 mM Na, or reduced 70 mM Nao/22.5 mM
choline. Both groups are Na-SYN, therefore the magnitude of the depolarization and
the channel mediated influx is equivalent, however the Na, of the depolarizing solutions
is altered by 22.5 mM. 45Ca** influx was not significantly different for synaptosomes
incubated in 5 mM Ko with either 92.5 or 70 mM Nao (fig. 5). The synaptosomes
bathed in reduced Na, (ie. 70 mM) have an augmented outwardly directed [Na*]
gradient. This difference in Na‘ gradient does not stimulate additional 45cat+
accumulation. Under depolarizing conditions the synaptosornes incubated in 70 mM Na0
accumulated significantly more **Ca** than those incubated in 92.5 mM sodium. The
specific uptake in the reduced Na0 (70 mM) environment was 25% greater than that in
control 'Nao (92.5 mM). |

When the transmembrane [Na®] gradient is small the enhancement of *°Ca** influx is

only observed under depolarizing conditions. The influence of voltage on the exchange
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appears to be more important than the alteration of the Na* chemical gradient. The
results suggest that the depolarization directly stimulates the outwardly directed
electrochemical gradient for Na* which indirectly increases Ca‘‘ influx through the
stimulation of the Nai/Cao exchange. However it is important to emphasize that the
electrochemical gradient for Na* is the primary determinant of direction and magnitude
of the NaCaX. Though both the electrical and chemical components are sufficient to
drive the exchange, these forces are more influential when acting in concert.

An additional factor which may contribute to the measured "calcium influx" is a
reduction of Ca‘**t efflux. Reduced Na0 would be expected to decrease the inwardly
directed [Na*] gradient and consequently the Ca** efflux through the NaCaX. Effects

on Ca**

efflux are not observed in synaptosomes until the [Na"]o is reduced below 50
mM and the influx measured at relatively long (>30 sec) intervals (Blaustein and Oborn,
1975). Reduced efflux would not be expected to interfere with the measurement of
Ca*t influx at 1 second and 70 mM [Na*]o.

The results demonstrate that Na*-dependent Ca** influx can make a significant
contribution to the tota! Ca'* influx at short depolarization intervals. In addition it
emphasizes that depolarization-dependent Ca*t influx is mediated by several different
pathways. The total influx observed is 2 summation of these components. Isolation of

the flux through an individual pathway requires the proper conditions to control for the

remaining fluxes.
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Figure 5. Characterization of the slow component of calcium influx

The slow component of Ca** influx was measured in either Na-SYN or Ch-SYN. The
fast component was eliminated "Zgys preincubating synaptosomes 10 seconds in 52.5 mM
K* HKR prior to adding 1 mM Ca**t. The K™*-stimulated influx is calculated as that

in 52.5 mM K* minus that in S mM K+ HKR.

Top Triangles Na-SYN in 52.5 mM K* HKR
Squares Na-SYN in 5 mM KYHKR

Middle Circles Ch-SYN in 52.5 mM K* HKR
Squares Ch-SYN in 5 mM Kt HKR

Bottom Triangles Na-SYN K*-stimulated
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Figure 6. Contribution of the slow component of calcium influx during the first second

of depolarization

45ca*+ ipflux in Na-SYN was measured at rest (5 mM K* HKR) and when depolarized
(525 mM K* HKR). The Nao was varied (70 or 92.5 mM) by iso-osomotic replacement
of Nat with choline. Depolarized influx in 70 mM Na_ was significantly greater than
that in 92.5 mM Na based on paired T-Test (p=0.001, n=4).
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H. Relationship of Norepinephrine Release to Calcium Influx

In much of the early work the on the release of neurotransmitters from
synaptosomes the preparations were depolarized for prolonged intervals (>30 sec.). It is
now clear that the majority of Ca**t entering during these treatments was not mediated
by the voltage-dependent Ca** channels. More recent experiments have examined the
relationship of Ca** influx to transmitter release during the initial 5 seconds of
depolarization (Redburn et al., 1976; Floor, 1983; Drapeau and Blaustein, 1983; Suszkiw
and O’Leary, 1983; Leslie et al., 1985; Daniell and Leslie, 1985). During this interval
most of the Ca™t which enters is via channels. The following group of experiments
were performed in order to determine the relationship between channel mediated Ca**
influx and neurotransmitter release.

Intra-synaptosomal porepinephrine (NE) pools were labeled by incubating
synaptosomes with 0.1 uM SH-NE. The uptake of NE at this external concentration is
via the Nao—dependent high affinity uptake mechanism (KM=0.4 pM) which is specific
to catecholaminergic synaptosomes (Colburn et al., 1968; Iversen, 1973). The uptake of
norepinephrine by other types of synaptosomes and non-neuronal structures which lack
the high affinity system is minimal under these conditions. The voltage-stimulated,
Ca-dependent release of 3H—norepinephrine (NE) is biphasic (fig. 7). A rapid initial
phase of release appears to terminate within the first 2 seconds while a slower tonic
release persists through 5 seconds of depolarization. The profile of SH-NE release is
similar to the influx of **Ca** measured under identical conditions (fig. 8). >H-NE

release and 45Ca*+ influx data were fit by the following equation:

3 = P(1-e"Ket) + kot
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J is the Ca*? influx (nmol/mgP) or the 3H-NE release (% control), P is the plateau
phase of each event, k, is the rate coefficient of the fast component and k2 is the rate

of the slow component. The parameters determined for these events are compared below.

Release Influx
P =324+08% P = 2.4 + 0.4 nmol mg~!
k, = 2.1 # 1.1 sec™? k, =2.0 £ 0.8 sec™”
k, = 0.7 + 0.2 % sec™ k, = 0.2 + 0.1 nmol mg~! sec™?

Both Ca'** entry and 3H-NE release are biphasic through the first 5 seconds of
depolarization. The rate coefficients of the fast components of influx and release are 2.0
and 2.1 sec'l, respectively. The k1 coefficient determined for Ca** influx is a measure
of the time course of fast Ca** influx (ie. channel mediated). These results suggest that
the Ca** influx mediated by the channel and the initial phase of transmitter release
proceed at identical rates. This is expected if the Ca‘* influx is the trigger for
transmitter release. The later component of Ca'' influx has been ascribed to non-
channel pathways (fig. 5). The slope of the linear portion of the transmitter release
curve is 3.5 fold greater than corresponding portion of the Ca*? influx curve. A release
which exceeds Ca** entry would be predicted if the synaptoplasm became loaded with
ionized Ca**. Such a situation could occur if the capacity of the Ca'’ sequestering
system were surpassed due to Ca** loading during prolonged depolarization (>2 sec). In
addition, synaptosomes depolarized by elevated Ko may have an outwardly directed Na*t
electrochemical gradient (fig. 6). This would inhibit the efflux of Ca** through the
Nao/Cai exchanger and would be expected to further augment cytoplasmic ionized ca**

levels (Blaustein and Oborn, 1975; Blaustein and Ecktor, 1976). This exchanger is the
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main determinant of ionized Ca'' under resting conditions and is the primary
mechanism of reducing intracellular ionized [Ca**] following the loading of
synaptosomes with this ion (Nachshen, 1985).

These results support the conclusion that transmitter release during the first seconds
of depolarization is stimulated by Ca** entry through voltage-sensitive channels. The
slow phase of Ca** influx qualitatively correlates with a reduced rate of transmitter
release. It appears that coupling of transmitter release to Cat? influx mediated via
either channel or exchange mechanism are equally effective in synaptosomes. Recent
experiments suggest that Ca*” influx mediated by the Na;/Ca, exchange mechanism may
participate in the regulation of evoked transmitter release (Meiri et al., 1986).
Reduction of the Na, during electrical stimulation of the frog neuromuscular junction
leads to an increase in the recorded end plate potential (Moiser et al., 1986). It is
proposed that incubation in low Naj increases Ca; by abolishing its efflux and
stimulating influx through the Nai/Cao exchange mechanism (Moore et al., 1986). A
similar exchange mediated Ca*t influx may play an important role in regulating
transmitter release from synaptosomes.

Biphasic transmitter release has previously beean reported within this time range.
Dopamine release and Ca™t influx exhibit a fast and slow component (Drapeau and
Blaustein, 1983). Similar results have been observed for norepinephrine (Leslie et al.,
1985; Daniell and Leslie, 1985) and Substance P (Floor, 1983). These reports emphasize
that despite the continued presence of depolarizing-stimulus, the evoked transmitter
release exhibited rapid temporal decay. It has been proposed that the abatement of the
fast phase processes (ie. transmitter release and Ca*' influx) results from the voltage-
dependent inactivation of Ca’* channels (Nachshen and Blaustein, 1980; Drapeau and

Blaustein, 1983; Suszkiw and O’Leary, 1983).
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Figure 7. Depolarization-dependent release of norepirnephrine

Synaptosomes were preloaded with 3H-rxorpeinephrine as described in the methods.
Release of >H-NE was stimulated by incubating the synaptosomes in 52.5 mM Kt HKR
containing 1 mM Ca't. Background release was measured in 5 mM K* HKR. The
specific release was calculated as the difference in release in 52.5 ml\'!i K* minus 5 mM
K*¥ HKR. The released “H-NE is expressed as a percentage of the -NE content of

synaptosomes. The smooth curve were drawn to the non-linear least squares fit of the
data.
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Figure 8. Comparison of depolarization-dependent calcium influx and norepinephrine
release

The depolarization-dependent release of 3H-—norepinephrine (% synaptosomal content)
and 4°Ca** influx (nmol/mgP) were compared. Both influx and release were measured

under identical conditions (52.5 mM K* HKR/1 mM Ca'*). The smooth curves were
drawn to the non-linear least squares fit of the data.
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1. Effects of Dihydropyridine Drugs on Calcium Influx

Synaptic membranes derived from synaptosome preparations have high affinity
binding sites for dihydropyridine drugs (K 0.1-1.0 nM) which are similar to the
binding sites of other tissues (Murphy and Snyder, 1982; Gould et al., 1982; Ehlert et al.,
1982; Bellemann et al., 1983; Janis and Triggle, 1983). Dihydropyridine drug binding to
these receptors does not alter the voltage-depéndent Ca*t influx of synaptosomes
(Nachshen and Blaustein, 1979; Daniell et al., 1983; Rampe et al., 1984; Creba and
Karobath, 1986; Wei and Chiang, 1986). The idea that these binding sites are associated
with functional calcium channels in synaptosomes remains questionable. Recently, a
report showed an apparent block of Ca*? influx by nitrendipine (K ,pp=1.7 nM) which
correlated with the dissociation constant (KD=0.35 nM) for "’H-nitrendipine binding
(Turner and Goldin, 1985). The results were in part attributed to the experimental
conditions which proportedly minimize the contribution of the Nai/Cao exchange to the
total Ca*t influx. The following experiments were performed to investigate the effects
of dihydropyridine channel agonists and antagonists on synaptosomal Ca** influx.

In performing these experiments care was taken to assure that the most favorable
conditions were employed to promote the dihydropyridine affects. Synaptcsomes were
prepared from whole brain (ie. cortex and brainstem) or cortex only so that regional
differences in dihydropyridine sensitivity would not be overlooked. In addition it was
suggested that the differences in sensitivity to dihydropyridine drugs may vary with the
method of synaptosome preparation (Turner and Goldin, 1985). To address this issue
synaptosomes were prepared by two different methods and compared regarding drug
sensitivity. Finally, several recent reports have suggested that the dihydropyridine drug

sensitivity increases during submaximal stimulation (Middlemiss and Spedding, 1985;
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Rampe et al., 1984). In deference to this suggestion Ca*t influx was studied under
reduced depolarizing conditions.

The Ca** influx into crude (P,) synaptosomes is linear to 10 seconds, indicating that
voltage-dependent inactivation is minimal under these conditions (fig. 8). Based on this
information 45Ca++ influx measured in 20 mM K for 5 seconds was used as the test for

45 Ca** influx of P,, Hajos whole brain

drug sensitivity. The depolarization-dependent
and Hajos cortical synaptosomes are equivalent (fig. 9). Bay K 8644 is a proposed
calcium channel agonist in smooth muscle (Schramm et al., 1983). The effect of Bay K
8644 on the depolarization-dependent 4°Ca*t influx in P, and Hajos synaptosome
preparations is shown in figure 10. In all cases the drug treated *5Ca** influx did not
significantly differ from the control values. It is concluded that neither the method of
preparation nor the differences in the origin of the synaptosomes is important in regards
to senmsitivity to Bay K 8644. The depolarization-dependent *®Ca** influx in P,
synaptosomes incubated with Bay K 8644, Nifedipine and Nitrendipine were not
significantly different from control values (fig. 11). The synaptosomes incubated with
Nifedipine were pre-equilibrated in 140 mM choline HKR (Ch-SYN). The poteacy of
the dihydropyridines for blocking Ca’® influx is maximized under reduced Naj
conditions (Turner and Goldin, 1985).

The observations are in agreement with numerous reports that dihydropyridine drugs
do not alter calcium channel function in synaptosomes (Nachshen and Blaustein, 1979;
Daniell et al., 1983; Rampe et al., 1984; Creba and Karobath, 1986; Wei and Chiang,
1986; Miller and Freedman, 1984). Whether the lack of effect of dihydropyridine drugs
represents insensitive channels or those that lack viable receptor/channe! interaction
cannot be acertained from these experiments. However these results are in direct

conflict with recent published data (Turner and Goldin, 1985). The differences between

this data and theirs cannot be explained by the differences in preparation, since at least
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in part both studies utilized the Hajos method of synaptosome preparation. A partial
explanation for this discrepancy is that these authors reported the free concentration of
drugs rather than the total added drug concentration. They reasoned that only free drug
is in equilibrium with the receptors and therefore represents the effective blocking
concentration of the drug. This approach can lead to erroneous results when the
synaptosomal protein concentration and hence the amount of non-specific binding of the
drugs is high. In the experiments described above the protein concentration was held
constant at 1 mg/ml throughout all drug incubation experiments. When the incubating
concentration of Bay K 8644 was 10 nM or 1 uM, the measured free drug concentrations
are 2.1 nM and 0.3 pM respectively. At this protein concentration the amount of free
drug is significantly reduced. These unbound drug concentrations do mnot alter
depolarization-dependent 45ca*+ influx (fig. 10). The amount of non-specific drug
binding is expected to increase with the synaptosomal protein concentration. When
preincubating with high protein the free drug concentration is expected to be
significantly lower than the total added drug concentration. The protein concentration
in the Turner and Goldin experiments was 20 mgP/ml. It seems plausable that non-
specific binding could lower the free drug concentration to the nanomolar range as
reported. However the iotal amount of drug added to the synaptosomes would be
significantly higher. The total added drug during preincubation is not reported by these
authors and cannot be determined from the methodological description of the work. At
1 mgP/ml synaptosomal protein concentration (conditions of this work) the difference
between total and free drug concentrations cannot account for the high affinity block of
calcium channels described by these authors.

Synaptosomes have calcium channels which are not sensitive to dihydropyridine
drugs. The activation and inactivation kinetics of the Ca** influx and its blockade by

La*3 suggests that synaptosomes have a single class of calcium channels whose properties
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. ++
are similar to N-type channels (Nowycky et al., 1985). These channels mediate Ca

influx which supports neurotransmitter release (fig. 8). This is in agreement with the
recent report that in neurons where several types of calcium channels coexist, the N-

type channels predominate at the neurotransmitter release sites (Thayer et al., 1986).
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Figure 9. Determination of sub-maximal depolarizing conditions

Synaptosomes were depolarized in 20 mM Kt HKR containing 1 mM 45Cat*. The
background influx was measured in 5 mM K*/15 mM choline HKR. The specific K*-
stimulated influx is calculated as that in 20 mM K* minus that in 5 mM K+ HKR.
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Figure 10. Comparison of ihe calcium influx of several types of synaptosomes

The K*-dependent 45ca*t influx in crude (P5), Hajos Whole Brain- (WB) apc_l Hajos
Cortical (C) synaptosomsg was determined under sub-maximal stimulating cgndmons (20
mM K¥ HKR/ 1 mM Ca**/5 sec.). The influx in the various preparations was not

significantly different.
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Figure 11. Effects of Bay K 8644 on depolarization-dependent calcium influx

Crude (Pz), Hajos Whole Brain (WB) ang5 Hajos Cortical (C) synaptosomes were
preincubated 20 minutes with Bay K 864;. Ca** influx was stimulated by incubation
in 20 mM K* HKR containing 1 mM 4°Ca**. Bay K did not significantly alter Ca**
influx in any of the preparations.
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Figure 12: Effects of dihydropyridine agonists and antagonists on

depelarization-dapeadent calcium influx

Crude (PZ) synaptosomes were preincubated 20 minutes with Bay K 8644, Nifedipine or
Nitrendipine. The synaptosomes treated with Bay K and Nifedipine were Na-SYN while
those treated with Nitrendipine were Ch-SYN. Ca** influx was stimulated by
incubation in 20 mM K* HKR containing | mM #3Ca** for 5 seconds. None of the
treatments significantly altered Ca*t influx.
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J. Regulation of Calcium Influx by Phosphorylation

Voltage-sensitive calcium channels of snail neurons and the slow channels of cardiac
muscle appear to be regulated by a phosphorylation-dependent mechanism (Kostyuk,
1981; Sperelakis, 1985). In these tissues, channels which are phosphorylated have a
higher probability of opening upon depolarization then non-phosphorylated channels.
The magnitude of the Ca*? influx evoked by a given depolarization is dependent on the
ratio of phosphorylated to non-phosphorylated channels. Regulation of presynaptic
calcium channels could be an important strategy for modulating the release of
neurotransmitter from nerve terminals. The following experiments were designed to test
if protein phosphorylation is a regulatory mechanism of synaptosomal calcium channels.

Synaptosomes were preincubated with 8-bromo cAMP (1 mM), forskolin (50 uM) or
12,13-diacetate phorbol ester (10 uM) and the effects of these drugs on *®Ca** influx
tested under sub-maximal stimulating conditions (fig. 12). None of the drug treatments
altered the 45Ca** influx with respect to the control values. The results suggest that the
voltage-sensitive calcium channels in synaptosomes are not regulated by a
phosphorylation-dependent mechanism. In light of these results it is important to
demonstrate that these drug treatments were stimulating phosphate incorperation into
synaptosomal proteins. To test for effects on phosphorylation, synaptosomes were
preincubated with 32Pi prior to addition of drugs. Samples of these synaptosomes were
prepared for gel electrophoresis and autoradiography (fig. 13). Three protein bands were
choosen to illustrate the incorperation of 32Pi' Peak I is a single protein band (Mr 55
kD) and Peak II is a doublet (Mr 81 ,76 kD). The relative incorporation of 32Pi into
each protein band was inferred from the area under each autoradiogram peak (fig. 14).
Forskolin reversibly activates adenylate cyclase by associating with the catalytic subunit

(Seamon, 1985). Incubation of rat brain slices with 25 pM forskolin increases the
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cAMP levels by 35-fold (Seamon et al., 1981; Daly et al, 1982). Incubation of
synaptosomes with forskolin significantly increased the 32Pi incorporation into both
Peaks I and II (Table 2). These results suggest that forskolin caused a sufficient rise in
cAMP levels to stimulate protein kinase activity. In contrast 8-Br cAMP did not
increase incorporation into any of the proteins examined. This is consistent with a
previous report that neither 8-Br cAMP nor IBMX stimulate phosphorylation in intact
synaptosomes (Krueger et al., 1977). Forskolin may be more effective in promoting
cAMP-dependent phosphorylation because it stimulates the synthesis of cAMP in the
intracellular space. This compartment may not be readily accessible to bath application
of cAMP. Despite the increased 32Pi incorporation stimulated by forskolin, the activity
of calcium channels was not altered.

Protein kinase C is present in brain where a large portion is localized in
synaptosomes (Nishizuka, 1983). Activation of this enzyme 1is dependent on

diacylglycerol, Ca**

and phospholipid. Phorbol esters substitute for diacylglycerol and
directly activate protein kinase C (Nishizuka, 1983). Myristate and 12,13-diacetate
phorbol esters significantly increased 32Pi incorporation into both peaks (Table 2). This
stimuiation was not associated with an increase in depolarization-dependent 45Ca'“'
influx. These results suggest that the protein phosphorylation mediated by a cAMP
dependent mechanism and protein kinase C do not regulate the activity of synaptosomal
calcium channels.

These results are in agreement with the recent observation that 12-deoxyphorbol 13-
isobutyrate 20-acetate phorbol ester enhanced transmitter release from the squid giant
synapse (Agustine et al., 1986). The augmented release resulted from an increase in the
duration of the action potential rather than a direct effect on Ca*t influx indicating that

the activity of calcium channels was not altered by the drug. In PC12 and endocrine

cells phorbol esters stimulate an increase in norepinephrine and prolactin release
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respectively, without increasing the cytosolic free Ca'*?t levels (Pozzan et al., 1984; Frey
et al., 1986). Enhanced release in these preparations does not stem from increased Ca™™
influx. These results suggest that the phosphorylation mediated by protein kinase C is
important in regulating exocytosis at a step after the entry of Ca** (Knight and Baker,

1983).
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Figure 13. Effects of cAMP, Forskolin and Diacetate Pherobol Ester on

Depolarization-dependent calcium influx

Synaptosomes were preincubated 20 minutes with 1 M 8-Bromo cAMP, 50 uM
Forskolin or 10 uzM 12,13-Diacetate Phorbol Ester. 4 Ca*t influx was measured by
incubating the synaptosomes in 20 mM K% HKR for 5 seconds. Influx is expressed as a
percentage of similar non-treated controls. None of the treatments significantly altered
Ca™ influx.
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Figure 14. Phosphorylation of synaptosomal proteins

Synaptosomes were preincubated 30 minutes with 32Pi. 1 mM 8-Bromo cAMP, 50 uM
Forskolin, 10 uM 12,13-Diacetate Phorbol Ester or 7 uM Myristate Phorbol Ester were
added 20 minutes before samples were prepared for electrophoresis on 7.5%
polyacrylamide gels. The first five lanes (left) are the autoradiograms for the various
treatments. The right-most lane is the protein staining pattern.
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Control 8-bromo cAMP Forskolin

| 1 [ ] ) "
12,13 Diacetate Myristate Phorbol Ester Molecular Weight Standards
Phorbol Ester

] n 31 45 66.2 2.5

Figure 15. Densitometric scaa of the autoradiegram

Autoradiograms of the gels (fig. 14) were developed for 72 hours. The densitometric
scanning patterns were determined. Peak I is a single protein band (Mr 55 kD) and Peak
II is a doublet (Mr 76,81 kD). Forskolin and both Phorbol Esters appeared to increase
the phosphorylation of both Peak I and Peak II.
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Stimulation of Phosphorylation (Control = 1.0)

Peak | Peak |I
8-bromo cAMP 1.2 = 0.2 0.9 = 0.1
Forskolin 2.0 =+ 0.5 k 1.3 = 0.1 sk
jiacetate
12,13 Diac 31+09 16 = 0.3 =
Phorbol Ester
Myristate 3.7=12 % 16 0.2

Phorbol Ester

Table 2. Quantification of the phosphorylation of Peaks I and II

The relative incorporation of 32P- into each band is inferred from the area under the
densitometric scan (fig. 15). The incorporation into each Peak is expressed as a fold
increase over the non-treated control. 50 ugM For§§olin, 10 #M Diacetate and 7 yM
Myristate Phorbol Esters significantly increased the ““P; incorporation into both Peaks I
and II.
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Conclusions

The voltage-stimulated Ca‘t influx described in synaptosomes is mediated by at
least three distinct pathways. The most prominent component is near maximally
activated by incubation in 52.5 mM K* HKR and accounts for 80% of the Ca** influx
measured during the initial second of depolarization. This component has been termed
the fast Ca** influx. The rate of influx mediated by the fast component progressively
decreases during depolarization so that after 1 second this component is completely
abolished and no longer contributes to Ca** influx. Predepolarization of synaptosomes
prior to testing for Ca*t influx eliminates the fast component. It appears that the
pathway which mediates this influx undergoes voltage-dependent imactivation. Stronger
depolarizations prior to testing for Ca'’ influx further enhances the inactivation
indicating that this process is voltage as well as time-dependent. Based on these
observations it is hypothesized that the fast Ca’¥ influx in synaptosomes is mediated by
channels. The inactivation of the fast component results from the progressive voltage-
dependent closure of the calcium channels.

The time-course of channel-mediated Ca*? influx closely parallels the release of
norepinephrine from synaptosomes. The correlation of these events attests to the
physiological relevance of the Ca't influx. The channel is not modulated by
dihydropyridine drugs but is blocked by low concentrations of the calcium channel
antagonist lanthanum. The voltage-dependent inactivation and insensitivity to
dihydropyridines tentatively classify this channel as an N-type calcium channel
(Nowycky et al.,, 1985). This calcium channel is not regulated by a cAMP or Protein
Kinase C dependent phosphorylation mechanisms.

Several recent reports have examined cultured neurons in which both

dihydropyridine sensitive (L-type) and insensitive (N-type) calcium channels coexist
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(Thayer et al., 1986; Hirning et al., 1986). In these preparations Ca** influx is blocked
by dihydropyridine drugs but the corresponding transmitter release was unaffected. The
channels which are blocked by dihydropyridine drugs mediate Ca** influx which is not
associated with transmitter release. These observations re-enforce the developing view
that the Ca** channels at nerve terminals are of the N-type. This conclusion is
consistent with the results presented here which characterize synaptosomal calcium
channels as N-type.

Phorbol esters have recently been linked to augmented secretion from a number of
cell types. In the squid giant synapse phorbol esters enhanced transmitter release by
inhibiting presynaptic K% currents (Augustine et al., 1986). This resulted in a
broadening of the presynaptic action potential, prolonged depolarization and an increase
in Cat* influx. The action of phorbol esters did not directly alter the activity of the
presynaptic calcium channels. In PC-12 and cultured endocrine cells phorbol esters
stimulate release without altering Cai (Pozzan et al.,, 1984; Frey et al., 1986).
Preincubation of synaptosomes with phorbol esters increases the depolarization-
stimulated, Ca**-dependent release of dopamine by 40% (Shu and Selmanoff, 1988). It
appears that the activation of protein kinase C alters transmitier release at a step after
the entry of Ca%* (Knight and Baker, 1983). These resuits are conmsistent with the
observation that phorbol ester treatments stimulate significant phosphorylation but do not
regulate the activity of synaptosomal Ca** channels. The phorbol esters may enhance
neurotransmitter release by modulating the release mechanism.

Recently the isolated dihydropyridine receptor (ie. Ca'* channel) of the skeletal
muscle T-tubule system was found to be a substrate for an endogenous phosphorylating
mechanism (Curits and Catterall, 1985). It appears that the modulation by
dihydropyridine drugs and regulation by phosphorylation occurs through the same

subunits of the calcium channel. It can be inferred that dihydropyridine receptors and
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phosphorylation sites are linked characteristics of the calcium channels which have these
particular subunits. Slow channels of cardiac muscle appear to fit this criteria (Reuter,
1983; Sperelakis, 1985). In contrast, the calcium channels of synaptosomes are not
sensitive to dihydropyridine drugs and are not regulated by phosphorylating mechanisms.
These results suggest that the calcium chann'els localized within the nerve terminals of
mammalian brain are pharmacologically distinct from the calcium channels of skeletal
and cardiac muscle.

Preincubation under depolarizing conditions abolishes the fast component of Ca**
influx in synaptosomes. The remaining Ca™* influx after channel inactivation constitutes
a second component of depolarization-dependent Ca*? influx which is termed the slow
component. Slow Ca'* influx is linear through the first 5 seconds of depolarization and
conducts Ca*t at 20% the rate of the fast component. This phase of influx is not altered
by prolonged depolarization indicating that this component does not inactivate. In
contrast to fast Ca‘* influx, the slow component is not blocked by lanthanum and is
probably not mediated by channels. The slow component of Ca** influx can be further
subdivided into two components based on sensitivities to the transmembrane Nat
gradient. Synaptosomes which have a larger [Na*']i generate 50% more slow component
influx then those with low [Na¥],,  The results indicate that depolarization, in
conjunction with reduced [Na*']o may cause a reversal of the Na't electrochemical
gradient in those synaptosomes which have elevated [Na"']i. The depolarization-
stimulated Na* efflux may be linked to the influx of Ca*t through the Na,/Ca,
exchange mechanism (Coutinho et al., 1984). The slow component component of ca*?t
influx is both voltage- and Na;-dependent. The voltage sensitivity indicates that the
exchange mechanism is electrogenic, suggesting that the transport stoichiometry must be
at least 3 Na; per Ca,. The slow component of Ca*' influx in synaptosomes with

relatively low [Na*]i (ie. Ch-SYN) probably represents the voltage-stimulated Ca;/Ca,
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4
exchange or a non-inactivating channel. The slow components of Ca™" influx appear to
support a reduced rate of transmitter release. This observation suggests that the fast and
stow Ca*t entry pathways are located within relatively close proximity to the

neurotransmitter release sites.
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