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CENTRAL DOPAMINERGIC AND SEROTONERGIC TERMINAL EXCITABILITY

1. INTRODUCTION

Many biochemical studies, mostly carried out in vitro, have provided
evidence suggesting the presence of inhibitory autoreceptors located at the
terminals of central dopaninergic and serotonesrgic neurons that modulate
tansmitler release from presynaptic nerve endings. As described more fully
elsewhere in this volume, the stimulation of these autoreceptors by the
appropriate agonists, ¢.g., apomorphine or dopamine (DA) itsell for DA
neurons, or S-methyoxy-N-N-dimethyltryptamine (5-MeODMT) or lysergic
acid diethylamide (LSD) for serotonergic (5-HT) neurons, leads to an
inhibition of electrically or potassium-evoked transmitter release from brain
slices or synaptosomes. Conversely, autoreceptor blockade by appropriate
antagonists results in increases in evoked release (Farnebo and Hamberger,
1971; Langer, 1977; Starke et al., 1978; Gothert and Wenheimer, 1979;
Baumann and Waldmeier, 1981; see Chesselet, 1984, and Moret, 1982, for
recent reviews), Although it has been demonstrated in these studies that only
the calcium-dependent, stimulus-evoked release of monoamines is subject to
modulation by presynaptic receptors (Kamal et al., 1981; Gothert, 1980;
Langer and Moret, 1982), the physiological mechanisins linking autoreceptor
activation to inhibition of release are difficult to infer from studies of this
kind. Furthennore, since most ol the information we have concerning
autoinhibition of transmitter release is derived from in vitro preparations, it
has been difficult 1o demonstrate a physiologically relevant role for these
receptors in the living brain.

In the preceding chapter (Nakamura et al., this volume) an in vivo
electrophysiological method was described for investigating changes in the
excitability of the cortical tenminals of central noradrenergic locus coeruleus
neurons as a result of the stimulation or blockade of presynaptic opiate
receptors and autoreceptors (Nakamura et al., 1981; Nakamura et al., 1982a;
Nakamura et al., 1982b). This method has provided direct ¢evidence for the
role of autoreceptors and presynaptic receptors in modulating monoamine
release in vivo (Tepper et al,, 1985), as well as new insights into the
mechanisms whereby presynaptic receptor activation produces inhibition of
transmitter release (Ryan et al.,, 1985b; Tepper, ot al., 1987). We have applied
the same techniques to a comprchensive study of autoreceptor-mediated
effects at the neostriatal terminals of substantia nigra dopamine neurons
(Groves et al., 1981; Tepper ot al., 1984a; Tepper et al., 1984b; Tepper et al.,
1986). Preliminary results have also been obtained from striatally projecting
dorsal raphé serotonergic neurons (Sawyer et al., 1985) and from cortically
projecting venual tegmental areca dopaminergic neurons as well (Gariano et
al., 1989).

In this chapter we will réview the electrophysiological pharmacology of
autoreceptor-mediated cffects at the tenminals of central dopaminergic and
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serotonergic neurons, and provide evidence that these autoreceptors modulate
transmitter release in vivo through actions on the electrical properties of the
presynaptic terminal membranes. The in vivo conditions under which
terminal autoreceptors function will be addressed. We will conclude with a
discussion of the interpretation of changes in terminal excitability, and
suggest mechanisins whereby autoreceptor and other presynaptic receptor
stimulation leads to changes in evoked transmitter release in central
noradrencrgic, dopaminergic and serotonergic neurons.

2. DOPAMINERGIC AND SEROTONERGIC TERMINAL EXCITABILITY
2.1 Effects of Autoreceptor Agonists

A detailed description of the experimental methods for méasuring
autoreceptor-mediated changes in tenninal excitability may be found in the
previous chapter and elsewhere (Groves et al., 1981; Nakamura et al., 1981;
Tepper et aul., 1984a,b). Briefly, terminal excitability is quantified by
measuring the frequency of antidromic responses elicited from a neuron’s
terminal region as a function of the stimulus current. These results can be
expressed by plotting stimulus current against the proportion of trials on
which an antidromic response occurred. These plots are analogous to
dose-response curves, in which shifts to the right in the curves following some
treatment indicate decreased excitability, while shifts to the left signily
increases in terminal excitability. Much of the data in this chapter will be .
presented in this form.

Local infusions of the DA autoreceptor agonist, apomorphine (1-10 uM,
300 nl), into dopaminergic terminal fields in the neostriatum produce a
marked, dose-dependent decrease in the terminal excitability of nigrostriatal
DA neurons (Tepper et al., 1984a), as shown in Figure 1A. Similarly,
neostrial infusion of the 5-HT autoreceptor agonist, 5-MeODMT (10-50 uM),
produces a decrease in the terminal excitability of dorsal raphe-neostriatal
serotonergic neurons (Sawyer et al., 1985), as shown in Figure 2A. In central
monoamine neurons, agonist-induced decreases in excitability obtain only at
the nerve terminal. If excitability is tested from more proximal, pre-terminal
regions of dopaminergic or serotonergic axons in the medial forebrain bundle
(MFB), neither systemic nor local administration of appropriate autoreceptor
agonists affects excitability at these sites, as illustrated in Figures 1B and 2B
(Groves et al,, 1981; Takeuchi et al., 1982; Tepper et al., 1984a; Sawyer et
al., 1985).

Local infusion of amphetamine (1-10 uM: 300 nl) into DA terminal fields
in the neostriatum (which acts to increase the extracellular concentration of
endogenous catecholamines by increasing release and blocking reuptake),
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leads to marked decreased in dopaminergic terminal excitability, as shown in
Figure 3A (Tepper et al., 1984a). This is analogous to its effects on
noradrenergic terminal excitability as described in the preceding chapter
(Nakamura et al., 1982a). Similar effects are obtained following the local
application of amphetamine to the terminal fields of other DA pathways
including the meso-accumbens (Mereu et al., 1985) and meso-prefrontal
cortical systems (Gariano et al., 1989; Tepper et al., 1987). These etfects of
amphetamine can be prevented by depletion of endogenous DA by
pretreatment with alpha-methyl-p-tyrosine, as illustrated in Figure 3B
(Tepper et al., 1984a). Thus, under appropriate conditions, €.g., increased
extracellular levels of DA induced by amphetamine, ¢endogenous as well as
exogenous autoreceptor agonists produce decreased tenminal excitability.

Although they act similarly, the autoreceptors on monoamine neurons are
pharmacologically distinct. For example, despite its efficacy at inhibiting the
release of norepinephrine and decreasing noradrenergic terminal excitability
and firing rate as shown in the preceding chapter, the alpha-; adrenoceptor
agonist, clonidine, does not affect the evoked release of DA, or dopaminergic
terminal excitability, as shown in Figure 4.

Both amphetamine- and apomorphine-induced decreases in dopaminergic
tenminal excitability can be reversed or prevented by local or intravenous
administration of one of a number of DA receptor agonists including
haloperidol, fluphenazine and the DA D-; receptor-specilic antagonist,
sulpiride (Takeuchi et al., 1982; Tepper et al., 1984a; Mereu et al., 1985;
Gariano et al., 1989).

These data indicate that the decreased terminal excitability in dopaminergic
neurons resulting from administration of amphetamine or apomorphine
reflects a specilic receptor-mediated event. The blockade of the amphetamine
effect by depletion of endogenous DA, the lack of effect of clonidine, and
the specific antagonism of amphetamine- and apomorphine-induced decreases
in terminal excitability by DA antagonists, including sulpiride, indicate that
the receptor mediating these effects at the nerve terminal is pharmacologically
equivalent to the D-; DA autoreceptor that controls the autoinhibition of DA
release in vitro and in vivo (Kamal et al., 1981; Helmreich et al., 1982; Boyar
and Altar, 1987), and the release of DA and firing rate of DA neurons in vivo
(Pickler et al., 1987; Aghajanian and Bunney, 1977).

Similarly, 5-MeODMT-induced decieases in serotonergic terminal excit-
ability are blocked or attenuated by the co-administration of the serotonin
receptor antagonist, methiothepin, as shown in Figure 5. In serotonergic
neurons, the antagonism of the effects of S-McODMT by methjothepin is
consistent with previous observations that this drug is a potent antagonist of
terminal autoreceptor-mediated inhibition of 5-HT release (Moret, 1985).
Biochemical release studies indicate that the pharmacological profile of the
terminal autoreceptor of serotonergic neurons closely resembles that of the
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5-HT; g receptor (Martin and Sanders-Buch, 1982; Middlemiss, 1984; Engel

et al., 1986). Interestingly, the terminal and soma-dendritic autoreceptors of
serotonergic neurons appear to be pharmacologically distinct, since the latter
resembles the SHT, ,. receptor subtype (Verge et al., 1985). This is in
contrast to noradrenergic and dopaminergic neurons in which the nerve
terminal autoreceptor appears to be pharmacologically similar or identical to
the cell body autoreceptor that inhibits firing rate. Thus, although methiothe-
pin is effective at serotonergic nerve terminals, it is an ineffectual antagonist
at the cell body autoreceptor and, in fact, produces inhibition rather than
facilitation of serotonergic neuronal activity when administered intravenously
(Haigler and Aghajanian, 1977; unpublished observations).
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receptor-mediated nature of the uffects of 5-MeODMT alone.

2.2 Amphetamine: Differences between Dopaminergic and Noradrenergic
Neurons

In the preceding chapter we reported that the effects of amphetamine on
locus coeruleus terminal excitability depend on the route of administration,
producing decreases in noradrenergic terminal excitability when infused
directly into the cortical terminal fields, but leading to increased tenminal
excitability when administered intravenously (Nakamura et al., 1982b; Ryan
et al., 1985a). However, with DA neurons, amphetamine almost always leads
to marked decreases in terminal excitability regardless of whether it is
administered systemically or locally (Groves et al., 1981; Tepper et al.,
1984a). This difference between dopaminergic and noradrenergic neurons in
response to amphetamine derives from an indirect action of the effects of
amphetamine at cell body and terminal autoreceptors. The ability of
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amphetamine to increase extracellular concentrations of catecholamines has
been shown to be dependent, at least in part, on ongoing impulse traffic (von
Voigtlander and Moore, 1973). DA neurons are less sensitive to the firing-iate
inhibiting effects of amphetamine than noradrenergic locus coeruleus
neurons, when amphetamine is administered intravenously at modest doses
(0.25-0.5 mg/kg). Therefore, dopaminergic neurons may maintain a sutficient
firing rate to permit amphetamine to promote increased extracellular
concentrations of DA at the terminal, and lead to increased autoreceptor
stimulation (Groves and Tepper, 1983).

2.3 Effects of Autoreceptor Antagonists

DA autoreceptor antagonists exert effects on DA terminal excitability in
the absence of exogenous DA agonists. It can be seen in Figure 4 that, even
though repeated clonidine infusions did not alter terminal excitability, a
subsequent infusion of haloperidol (1 uM) led to a marked increase in
terminal excitability. Similar effects are obtained with local or intravenous
administration of the DA autoreceptor antagonists fluphenazine or sulpiride.
Analogous effects were obtained in serotonergic neurons following infusions
of methiothepin into neostriatal terminal fields, as illustrated in Figure 6.
These results indicate that, as in in vitro slice preparations, there are sufficient
concentrations of endogenous monoamines in the terminal regions of
dopaminergic and serotonergic neurons in vivo to maintain a tonic activation
of the autoreceptors, and point to a physiologicul role of the autoreceptor in
modulating monoainine release in vivo (Tepper et al., 1985).

This interpretation is strengthened by the observation that, in DA neurons,
the magnitude of the drug-induced changes in terminal excitability is
proportional to the firing rate of the neuron. Autoreceptor agonists produce
large decreases in terminal excitability in slowly firing neurons, and exert
more modest effects in rapidly firing neurons. The opposite relation obtains
with respect to autoreceptor antagonists, where large increases in tenninal
excitability are observed in rapidly firing neurons and negligible effects are
seen in slowly firing neurons (Tepper et al., 1984a). These relations are
illustrated in Figure 7, (A similar relationship between pre-drug firing rate and
the magnitude of the threshold changes following 5-MeODMT in serotonergic
neurons was suggested, but failed to reach statistical significance (Sawyer et
al., 1985).) This relationship suggests that the measurements of terminal
excitability reflect the total amount of autoreceptor stimulation, that arising
from endogenous agonist released as a function of ongoing impulse activity,
and that arising from the administation of exogenous agonists. Thus, in a
rapidly firing neuron, the extracellular concentration ol neurotransmitter
available for binding to the autoreceptor is high. Under these conditions,
addition of exogenous agonists would exert relatively little effect since many
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dose-dependent increase in serotonsrgic terminal axcitability.

or most of the autoreceptor sites would already be occupied by the
endogenously released transmitter. Conversely, in slowly firing neurons where
the amount of endogenous autoreceptor stimulation would be at a minimum,
exogenous agonists could exert significant effects at the terminal by binding
to the unoccupied autoreceptors, whereas antagonists could exert only a
relatively weak effect. These data are in good agreement with biochemical
release studies demonstrating that autoreceptor agonists are most effective at
inhibiting DA release when release is evoked by low frequencies of electrical
stimulation, and that antagonists are most effective at facilitating release
when higher (but still physiologically relevant) frequencies of stimulation are
employed (Cubeddu and Hoffmann, 1982; Hoffmann and Cubeddu, 1982;
Lehmann and Langer, 1982; Cubeddu et al., 1983).

2.4 Effects of Increases in Impulse Flow

Autoreceptor-mediated changes in terminal excitability can also be
demonstrated in dopaminergic neurons in vivo in the absence of exogenous
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drug administration. Just as in noradrenergic neurons, the terminal excitability
of dopaminergic neurons varies with firing rate in single substantia nigra or
ventral tegmental area neurons (Tepper et al., 1984b; Tepper et al., 1987;
Gariano et al.,, 1989). When the firing rate is high, terminal excitability is
decreased, and vice versa. Furthermore, this relationship can be uncoupled in
dopaminergic neurons by administration of haloperidol, suggesting that it
derives from increased autoreceptor stimulation resulting from the higher
extracellular concentrations of DA that occur during periods of increased
impulse activity (Tepper et al., 1984b; Tepper et al., 1987). A similar
phenomenon can be demonstrated by artificially increasing the rate of
impulses reaching the terminal fields of dopaminergic neurons by stimulating
pre-terminal regions of the axons in the MEB (Tepper et al., 1984b). Figure 8
illustrates this phenomenon for a dopaminergic nigrostriatal neuron. It can be
seen that the stimulus current that is capable of provoking antidromic
responses to each neostriatal stimulus in the absence of any conditioning
stimulus to the MFB (A) becomes unable to elicit any response when
delivered 225 ms after 750 ms trains of 5§ pulses to the MFB (B). Complete
recovery of pre-stimulus tenminal excitability ensues after cessation of the
conditioning pulses (C). After 0.1 uM haloperidol is infused into the striatal
stimulating site, increased impulse flow no longer affects terminal excitability.
This demonstrates that it is not the increased impulse flow per se that
decreased terminal excitability, but rather the effects of the increased DA
accumulation induced by the increased impulse flow acting on the ternminal
autoreceptors that is responsible for the decreased excitability.

Like the eflects of exogenously applied autoreceptor agonists, the
magnitude of the threshold increases following artificially increased rates of
impulse traffic are inversely proportional to the baseline firing rate of the
neuron under study. Furthermore, as with exogenous autoreceptor agonists,
decreased excitability induced by increased impulse flow occurs only at the
terminals, and not at more proximal regions of dopaminergic axons (Tepper
et al,, 1984b).

Reduced terminal excitability is observed in vivo under a variety of
conditions that produce reduced release of transmitter per pulse in in vitro
experiments, The data reviewed above and in the preceding chapter
demonstrate that dopaminergic and noradrenergic terminal excitability are
reduced at high rates of impulse traffic. Thus, one physiologically relevant
effect of terminal autoreceptors may be to reduce the amount of transmitter
released by each presynaptic impulse at sustained high rates of firing. Indeed,
reduced release per pulse has been measured in virro for DA release elicited
by sustained high, but still physiologically relevant, stimulus frequencies
(Cubeddu and Hoffmann, 1982; Cubeddu et al., 1983). A similar relation
obtains for norepinephrine and acetylcholine release per pulse and stimulation
frequency (Mayer et al., 1988). This property may have special significance to
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dopaminergic neurotransmission, since dopaminergic neurons are known to
fire a proportion of their spikes in bursts (Grace and Bunney, 1984), and the
temporal characteristics of the MFB stimuli used to manipulate firing rate
closcly match those of the endogenous bursts.

Although scrotonergic neurons did respond to increases in impulse flow
with decreased terminal excitability, it is noteworthy that serotonergic
neurons scemed less sensitive to the effects of impulse flow than did
dopaminergic or noradrenergic neurons. Whereas the excitability of dopami-
nergic neurons could be transiently decreased by 30-40% by 10 He MFB
conditioning stimulation, a sitnilar increase in impulse flow along scrotonergic
axons evoked only a 5-15% decrease in terminal excitability. A possible
explanation for this quantitative difference Is discussed in a later section of
this chapter.

3. MORPHOLOGICAL CONSIDERATIONS

Although there is now good evidence to support the view that terminal
autoreceptors do play an active role in mmodulating monoamine release in vivo,
the anatomical basis for the observed effects is still unclear. The physical
location of the autoreceptor modulating DA release has not been unequivocally
demonstrated with biochemical release studies. It has been argued that, since
tetrodotoxin fails to block the autoinhibition, postsynaptic neurons are not
involved and thus the autoreceptor must be located presynaptically (Jackisch
et al., 1980). However, blockade of sodium channels only rules out the
participation of sodium action potentials in postsynaptic neurons, leaving
electrotonic interactions or calcivin-mediated action potentials as possibilities.
A more convincing demonstration of the presynaptic location of the
autoreceptor and lack of involvment of postsynaptic neurons in autoinhibition
is the fact that local injection of kainic acid into the neostriatum, which
selectively destroys striatal neuronal cell bodies and their processes but leaves
axons of passage intact, does not affect DA autoreceptor-mediated changes in
terminal excitability, as shown in Figure 9.

Even though we can now localize the autoreceptor to the presynaptic
axon, the source of the endogenous autoreceptor agonist remains uncertain.
In the striatumn, for example, although a close apposition of dopaminergic
terminals has been observed infrequently, neither membrane speciulizations
nor accumulation of synaptic vesicles indicative of true axo-axonic contact
- were found (Pickel et al., 1981). Other studics employing analysis of serial
thin sections of dopaminergic and non-dopaminergic uxonal proliles have also
failed to find evidence for the existence of auxo-axonic synapses in rat
neostristum (Groves, 1980; Freund et al., 1984; Bouyer ¢t al., 1984a; Bouyer
et al,, 1984b). Thus, it is likely that the in vivo activation of dopaininergic
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Fig. ©;

538

A. Low magnification micrograph of neostriatum 7 days aftar local injection
of kainic acid 1.25 up/i, 0.6 . The largs lesion at the top left was made by
the cannuia from the kainate injection and the subssquent placement, 7 days
luter, of the stimulation/intusion apparstus. B, higher magnification view of
the ares marked B in A, Thers is sxtensive glial protusion and o totwl absence
of postsyneptic neostriatal nourons; otherwise, the neuropil and fibur
fascicles appaar grossly normai, C, Rulatively unstfectud portion of striatum
marked C in A for comparison with B. D. Eftects of tocal infusion of
apomorphine into the site marked B. Apomorphing {10 uM, 300 ni)
produced its typical decrease in terminal excitability that was partially
reversed by a subssquent infjusion of haloperidol {0.31 ul, 1 UM} through a
second cannula. {From Tepper et 8l., 1887, with permission.)
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and serotonergic autoreceptors in neostriatum does not result from true
axo-axonic synaptic contact onto the autoreceptor, but rather could result
from the diffusion of synaptically releascd ne¢urotransmitter away front its
postsynaptic target (Groves, 1980).

Results from recent in vivo voltammetric studies of DA release in striatum
indicate that 1 second electrical stimulation of the MFB produces extracellular
DA levels in the micromolar range, and calculations indicate that the released
DA difiuses some 5-20 um before reaching the site of voltwmmetric
measurement (Kulr and Wightman, 1986; Stamford et al., 1986). Thus,
under in vivo conditions, DA release in the striatuin is at concentrations
equivalent to those of the e¢xogenous agonists employed in the terminal
excitability experiments. Furthermore, the extent of diffusion calculated in
the voltammetric studies is more than sufficient to account for the
autoreceptor-mediated effects on terminal excitability and transmitter release
without the necessity of assuming synaptic contact between adjacent axon
terminals or boutons en passant. Although axo-axonic synapses are known to
exist in cerebral cortex, the frequency of their occurrence compared to the
ubiquity of monoamine terminals (Olschowka ot al., 1981) suggests that, as
with striatul dopaminergic autoreceptors, activation of cortical mmonoaminergic
autoreceptors in situ probably occurs by way of diffusion, and not through
the action of axo-axonic synapses. From a functional point of view, it makes
more sense for a system that apparently functions as a local negative feedback
mechanism for conuolling neurotransmitter concentration in a given region
to be directly responsive to extracellular concentrations of neurotransmitter
in that region rather than depending on a specific axo-axonic synaptic input
arising from a distant neuron. Moreover, the latter might not reflect the true
situation at the synapse being modulated.

4. MECHANISMS OF AUTOINHIBITION
4.1 Interpretation of Changes in Terminal Excitability

Decreased excitability of neuronal structures has long been associated with
membrane hyperpolarization, and increased excitability with membrane
depolarization (Wall, 1958; Hubbard et al., 1969). Intra-axonal recordings
whule testing excitability fromn ceatral nervous systemn axons are consistent
with this interpretation (Kocsis and Waxman, 1982). Direct depolarization of
noradrenergic or dopaminergic terminals by local infusion of potassium leads
to marked increases in noradrencrgic and dopaminergic tenminal excitability,
consistent with the interpretation that autoreceptor-mediated decreases in
terminal excitability reflect a terminal hyperpolarization while the increased
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excitability resulting from autoreceptor antagonists reflects a depolarization
of the terminals (Groves et al., 1981; Nakamura et al., 1981; Tepper et al.,
1984us). Recent in vitro intracellular recordings from cell bodies ~of
noradrenergic, dopaminergic and serotonergic neurons have revealed that
stinulation of autoreceptors in each case, as well as stimulation of
soma-dendritic opiate receptors on locus coeruleus neurons, produces a
hyperpolarization associated with an increase in conductance to potassium
(Willlams et al.,, 1985; Aghajanian and Lakoski, 1984; Lacey et al., 1987,
Lacey ¢t al., 1988). Under certain conditions a net increase in membrane
conductance could also raise threshold and decrease excitability (Hubbard et
al,, 1969). However, the brief duration of the antidromic test pulses and
other aspects of the excitability testing paradigm strongly suggest that what is
being indexed by measuring changes in terminal excitability is the resting
membrane potential of the presynaptic terminal regions. Thus, in central
monoaminergic neurons, autoreceptor-mediated inhibition of transmitter
release occurs when terminals are hyperpolarized, probably due to an increase
in conductance to potassium.

4.2 Impulse Conduction Failure in Central Monoamine Neurons? .

But how does a terminal hyperpolarization and conductance increase lead
to inhibition of release? In the peripheral nervous system, there is good
evidence that stimulation of autoreceptors and presynaptic opiate receptors
produces inhibition of NE release at least in part by impeding conduction of
the action potential down the axon, leading to impulse failure proximal to
some of the sites of transmitter release (Stjarne, 1978; Alberts et al., 1981;
Morita and North, 1981; see also Stjarne, this volume). Indeed, some of the
evidence from the terminal excitability experiments reviewed above is
consistent with alterations in electrical properties that could affect impulse
conduction along the axon. However, conduction failure as described for
peripheral autonomic neurons most likely cannot account for monoamine
autoreceptor effects in the central nervous system since, when autoreceptor
stimulation produces a decreased frequency of antidromic responding, it is
always possible to obtain antidromic responding on 100% of the stimulus
trials by increasing the stimulus strength at the terminals. Thus, there cannot
be failure of the antidromic impulse at any point between the site of impulse
initiation and site of recording at the cell body. Furthermore, when
antidromic thresholds are raised by autoreceptor stimulation, antidromic
latencies are slightly prolonged, and their variability is slightly increased
(Nakamura et al., 1981; Tepper et al., 1984a). These observations suggest that
the antidromic response has traversed a region of the axon that is
hyperpolarized or possesses increased conductance. Since most of the sites of

541



CENTRAL DOPAMINERGIC AND SEROTONERGIC TERMINAL EXCITABILITY

transmitter release on central monoamine axons occur en passant, if impulse
failure does occur with autoreceptor stimulation, it must happen only ut
relatively infrequent terminal boutons, or at branch points in the finest
terminal twigs. Since autoreceptor stimulation can inhibit evoked release by
such a substantial amount, it seems unlikely that conduction failure limited
to these sites could account for the effect. For a more detailed discussion of
the role of impulse conduction failure in central autoinhibition, sce Ryan et
al. (19850).

4.3 The Role of Potassium and Calcium Conductances

It is far more likely that some change in depolarization-release coupling
accounts for autoreceptor-mediated inhibition of transmitter release. Since it
is well established that calcium influx and utilization are the critical events in
exocytotic transmitter release (Llinas et al., 1976; Zucker and Lando, 1986),
it is likely that some aspect of calcium entry and/or utilization is affecied by
autoreceptor stimulation. Thus, when DA release is elicited by calcium-
independent stimuli (e.g., wmphetamine or tyramine), such release is not
affected by autoreceptor stimulation (Kamal et al., 1981). In synaptosomal
preparations of cortex, norepinephrine release can be evoked by the addition
of the calcium ionophore, A23187. However, unlike release elicited by
electrical or potassium-induced depolarization, NE release evoked by A23187,
which bypasses the voltage-dependent calgium conductance at the terminals,
is not subject to modification by presynaptic auvtoreceptors (DeLangen and
Mulder, 1980). A considerable body of ¢lecurophysiological evidence from
North, Williams and associates now exists that suggests that, at least as far as
noradrenesgic locus coeruleus ncurons are concerned, there is indeed an
uction of presynaptic receptors on inward calcium currents, and that this
effect is indirect, mediated by a potassivin-dependent hyperpolarization
(North and Williams, 1983; Williams and North, 1984, 1985; Bug et al.,
1986).

In vitro intracellular recordings from locus coeruleus neurons reveal that
stimulation of noradrencrgic autoreceptors or opiate receptors on the
soma-dendrite leads to 8 hyperpolarization that is mediated by an increase in
conductance to potassium (North and Williams, 1983, 1985; Williams et al,,
1985). Stimulation of these soma-dendritic receptors has also been shown to
inhibit calcium action potentials in locus cocruleus neurons (North and
Williains, 1983; Williams and North, 1985). Although these investigators
could demonstrate a direct inhibition of the calcium action potential by
autoreceptor or opiate agonists under conditions in which the potassium
conductance had been blocked, this effect required agonist concentrations
several orders of magnitude higher than those required to demonstrate
inhibition of the calcium action potential when the autoreceptor-inediated
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potassium conductance increasc was not blocked. Thus, although there is
some ovidence for a direct effect of noradrencrgic autoreceptor agonists on
calciwn conductance, the results of Williamns, North and associates suggest
that NE release is inhibited overall by autosecepior stimulation *“because the
membrane potassium conductance Is Increased” (Williams and Norsth, 1985).
Furthermore, both opiate receptars and autoreceptors at the soma-dendritic
region of locus cocruleus neurons appear to be linked to the same set of
potassium channels (North and Williams, 1985). Thus, it appears that the
mechanism underlying both terminal autoreceptor and presynuptic oplate
rcceplor-medisted inhibition of NE release is the same, and involves a
- decreast in calcium entry brought about by an increase in conductance to
potassium, '

Attempts to directly demonstrate the involvement of a potassium
conductance increase in autoreceptor mediated decreases in dopaminergic
terminal’ excitability in vivo with 4-aminopyridine (4,AP, 0.1 -1 mM) or
tetracthylammonium (TEBA, 0.1 mM) were unsuccessful (Tepper et al., 1986).
In fact, both 4-AP and TEA alone produced decreused terminagl excitability
that was shown to be a consequence of increused dopamine release. However,
more recent in vilro studics have demonstrated that the D, somatodendritic
autoreceptor-mediated hyperpolarization in nigral slices can indeed be
blocked by TEA, but only at concentrations 2-3 orders of magnitude (10-100
mM) greater than those cmployed in the terminal excitability experiments
(Lacey et al,, 1987). At lower concenuations, TEA produced resuly
analogous to those obtained in the terminal excitability studics, l.e., an
increase in the inward current that i3 consistent with increased dendritic
release of dopamine acting locally on somadendritic autoreceptors. Thus it
would appeur that there are at least 2 populutions of potassimin channels at
the tenminals und somadendsitic regions of dopaminergic neurons. One is
presuinably principally voltage dependent, displays great sensitivity to TEA,
but does not directly affect uutorcceptor operation. Blockade of this channel
leads to increascd dopamine relesso from both tenninals and dendrites of
dopaminergic neurons. The other is neurotransmitter (i.e., DA) dependent
and relatively insensitive to TEA, and is the channel that mediates the
autoreceptlor-mediated increase in potassivm conductance.

4.4 Autoreceptor-Mediated Changes in Terminal Excitability: Differences
Between Noradrenergic, Dopaminergic and Scrotonergic Neurons and the
Possible Mechanisms Involved

Although there was a marked qualitative similarity among noradrenergic,
dopaminergic and serotonergic neurons in autoreceptor-mediated changes in
terminal excitability, it was consistently noted that serotonergic neurons
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exhibited drug- or impulse-related decreases in terminal excitability that were
approximately one-half the magnitude of analogous changes in noradrenergic
or dopaminergic terminal excitability. Several possible explanations for these
differnces exist. It is possible that the density of terminal autoreceptors
differs among the monoamine neurons, with S-HT terminals possessing the
lowest density. This is unlikely, however, since the in vitro release studies
indicate that the maximal autoreceptor-mediated inhibition of release is
equivalent for the three types of terminals.

Firing rate could also play a role in the apparent differential sensitivity, for
the reasons discussed earlier. Of the three monoamine neuron types studied,
serotonergic neurons were the slowest firing, which would tend to make them
most sensitive to administration of exogenous agonists or increases in impulse
flow, not the least sensitive.

A more likely explanation involves ionic mcchamsms. Since the autorecep-
tor-inediated hyperpolarization at monoamine tenminals probably occurs due
to an increase in potassium conductance, its magnitude depends on the
distribution of potassium ions across the terminal membrane which determines
the potassium equilibrium potential (E.). A decrease in the E, in
serotonergic terminals relative to noradrenergic or dopaminergic terminals
would result in a smaller hyperpolarization for an equal increase in potassiuim
conductance. Thus, although admittedly speculative, the possibility exists
that the relatively smaller autoreceptor-mediated changes in terminal
excitability of serotonergic neurons compared to noradrenergic and dopami-
nergic neurons reflects a smaller terminal hyperpolarization, perhaps as a
function of a less negative E, in serotonergic terminals. Since the actual
inhibition of release is probably more a function of the conductance change
than a membrane potential change, e.g., Baxter and Bittner, 1981, a shghtly
less negative E; would not be expected to counteract the inhibition of
release, although it would decrease the hyperpolarization, and hence the
magnitude of the change in excitability. |

5. CONCLUSIONS

The experimental results summarized in this and the preceding chapter
point toward a general similarity among central noradrenergic, dopaminergic
and serolonergic neurons with respect to the neuronal events undeslying both
autoreceptor- and other presynaptic receptor-mediated modifications of
evoked transmitter release. In all cases, pharmacological stimulation of the
autoreceptor leads to marked decreases in the electrical excitability of the
terminal regions in vivo, probably reflecting a terminal hyperpolarization
(Groves et al., 1981; Nakamura et al., 1981, 1982b; Tepper ¢t al., 1984a,b;
Sawyer et al., 1985; Ryan et al., 1985a; Mereu et al., 1985; Gariano ¢t al.,
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1989). (However, not all presynaptic monoamine receptors have this effect;
for example, presynaptic DA receptors on non-dopaminergic hippocampal
terminals mediate increases in terminal excitability [Yang and Mogenson,
1986 .) In noradrenergic neurons, stimulation of presynaptic opiate receptors
also leads to decreased terminal excitability in vivo (Nakamura et al., 1982a).
As reviewed elsewhere in this volume, these same pharmacological manipula.
tions lead, in vitro, to inhibition of evoked transmitter selease. Hence,
autoreceptor and presynaptic opiate receptor-mediated inhibition of transmit-
ter release occurs under conditions of decreased terminal excitability.
Furthermore, evidence from slice preparations suggests additional similarities
with respect to autoreceptor effects in central noradrenergic, dopaminergic
and serolonergic neurons, since in all these neurons the effect of stimulation
of the soma-dendritic autoreceptor is a hyperpolarization medisted by an
increase in conductance to potassium (Willians et al., 1985; Aghajanian and
Lakoski, 1984; Lacey et al., 1987; 1988). It is likely that the three terminal
autoreceptor types share this property.

Thus, it seems probable that the autoreceptor-mediated changes in
terminal excitability and transmitter release in the three types ol central
monoamine neurons all reflect the same phenomenon. Autoreceptor stimula-
tion leads to an increase in potassium conductance and an accompanying
hyperpolarization that acts to decrease the size and/or duration of the
presynaptic calcium spike that triggers the exocytotic release of neurotrans-
mitter. The evidence reviewed in this and the preceding chapter also suggests
that terminal autoreceptors play a significant role in the endogenous
- modulation of monoaminergic synaptic transmission in vivo.
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