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An accumulation of biochemical evidence suggests that there may be receptors
located on the axon terminals of catecholaminergic neurons. In noradrenergic
neurons, activation of presynaptic autoreceptors by norepinephrine appears to
modulate release of the neurotransmitter19.20.30, In dopaminergic neurons, activation
of autoreceptors has been suggested to modulate synthesis of the aminel8.32 in
addition to its release from the terminall®17.25  although evidence for the latter is
inconsistent?-24, In addition to biochemical evidence, the existence of these receptors
and their pharmacological properties have been inferred from neurophysiological
studies of catecholaminergic nerve cells where it has been shown that the spontaneous
activity of both noradrenergic and dopaminergic neurons is inhibited by their own
transmitter1.2.6,13-15 Tt is possible that activation of presynaptic receptors may alter
the excitability of the synaptic terminal in a similar way.

We have developed a method for assessing the excitability of nerve terminals of
single neurons in the brain using a modification of the antidromic stimulation
paradigm developed by Wall to characterize the phenomenon of presynaptic inhi-
bition31. This method is similar to one used successfully to measure alterations in the
excitability of single afferent fibers of peripheral nerve26.27, In this initial report, the
method is applied to single dopaminergic neurons of the substantia nigra of the rat to
reveal alterations in dopaminergic terminal excitability induced by amphetamine, a
drug known to promote the extracellular accumulation of dopamine at these
terminals?, and haloperidol, a dopamine receptor blocking agent3. We have found that
amphetamine decreases the excitability of dopaminergic nerve terminals, while
haloperidol increases the excitability of the terminal field to direct electrical stimula-
tion. These results suggest that dopamine released from the nerve terminal could
hyperpolarize the synaptic ending, while pharmacological blockade of presynaptic
dopamine receptors could lead to a depolarization of the synaptic terminal.

Twenty-eight male Sprague-Dawley rats, weighing between 200 and 500 g, were
used for experimentation. Subjects were anesthetized by urethane (1.3 g/kg i.p.) or by
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initial ether inhalation followed by intravenous chloral hydrate (400 mg/kg), were
secured in a stereotaxic instrument, immobilized with D-tubocurarine and artificially
respired. Heart rate, body temperature and expired COz were monitored and maintai-
ned within normal physiological limits. Microelectrodes of 3-6 M () impedance were
lowered stereotaxically into the substantia nigra, pars compacta and a bipolar
stimulating electrode was positioned within the head of the ipsilateral caudate nucleus.
In 4 subjects, a second stimulating electrode was positioned to stimulate the medial
forebrain bundle. Presumed dopaminergic neurons of the substantia nigra were
identified electrophysiologically by criteria described below, and single unit activity
was recorded extracellularly by conventional techniques and stored on magnetic tape
for subsequent analysis. The antidromic nature of the response was verified by testing
for collision with spontaneous action potentials. Stimulating electrode placements in
the head of the caudate nucleus, and recording electrode placements in pars compacta
of the substantia nigra, were verified by subsequent histological analysis. The stimulus
for antidromic activation consisted of a monophasic square wave pulse approximately
0.1-0.5 ms in duration. Stimulus current, which ranged from 100 to 3000 uA, was
monitored continuously. Once the identity of the activated cell had been characterized
with certainty, stimulus currents sufficient to evoke antidromic responses on 0 and
100 9 of the non-collision trials on which they were delivered were determined. One or
more values between these extremes were also chosen and several hundred stimuli,
presented 1/s at each of these values, were delivered in both ascending and descending
order, counterbalanced within subjects, for later analysis of the proportions of
antidromic activations obtained at each current. p-Amphetamine sulfate (courtesy of
Smith, Kline and French) or haloperidol (courtesy of McNeil Labs) dissolved in 0.9 %,
NaCl were administered in incremental doses intravenously. For each increment, data
were collected at each current value as in the pre-drug condition described above.
Presumed dopaminergic neurons in the pars compacta of the substantia nigra
exhibited characteristic wave forms and patterns of firing that were identical to those
of ‘Type I’ cells reported by Guyenet and Aghajanian!® and othersl~—4.11, During
extracellular recording, these neurons exhibited spontaneous action potentials of
unusually long duration (>2.0 ms) with a relatively low frequency of firing (0.5-8.0
Hz) characterized by occasional episodes of bursting during which the amplitude of
each successive action potential diminished progressively within the burst. A clearly
delineated initial segment component of the action potential was frequently noted. All
neurons used in this study fulfilled the above criteria and were antidromically activated
from the ipsilateral caudate nucleus. The antidromic responses were observed to occur
‘at relatively fixed latencies and exhibited collisions with spontaneous discharges. The
antidromic latencies ranged from 9.0 to 21.0 ms with a mean value + S.E.M. of 13.8
+ 0.9 ms, in accordance with parameters previously described for presumed dopa-
minergic neurons of the nigrostriatal pathwayl6. As described by these authors, we
found that the antidromic response typically consisted of an initial segment spike only;
a full antidromic spike was observed only rarely and, when observed, showed a
characteristic break between the initial segment and soma-dendritic components?$.
Occasionally, antidromic responses of a single, well-isolated unit were observed to
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occur at two or three discretelatencies, a phenomenon that has recently been described
for nigrostriatal neurons®. In these cases the lowest threshold, longest latency response
was chosen and followed throughout the course of the experiment.

Fig. 1 illustrates the typical effects of two incrementally administered doses of D-
amphetamine sulfate on the excitability of the terminal field of a dopaminergic neuron.
Prior to drug administration, the stimulus current necessary to evoke antidromic
potentials on 100 % of stimulus deliveries was slightly less than 1900 uA, while current
levels less than this provoked antidromic potentials on proportionately fewer stimulus
trials as shown. Within 1-2 min following intravenous delivery of 0.5 mg/kg Db-
amphetamine sulfate, the stimulus currents required to evoke similar proportions of
antidromic potentials were shifted nearly uniformly to the right. A cumulative dose of
1.0 mg/kg led to a further increase in stimulus currents necessary to evoke these
proportions of antidromic responses. Amphetamine was administered to 16 subjects in
doses ranging from 0.25 to 2.0 mg/kg intravenously. Eleven subjects showed an
increase in current necessary to evoke antidromic responses on 100 9 of non-collision
trials. The mean percent increase in stimulus current 4- S.E.M. for this group was 64.1
+ 6.8 %. Two cases showed no change in excitability (i.e. less than 10 9, change), and
three subjects exhibited a decrease in current necessary to evoke antidromic responses
(mean percent decrease - S.E.M. 22.3 £ 6.2%). Concomitant with decreased
terminal excitability, the antidromic response latency sometimes increased slightly
(0.5-1.0 msec) and spontaneous firing rate showed a moderate decline as previously
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Fig. 1. Intravenous administration of amphetamine produces a decrease in the excitability of
dopaminergic nerve endings to direct electrical stimulation. The percent of antidromic spikes evoked
by various current values is indicated along the ordinate, while stimulus current is shown:along the
abcissa. Prior to drug administration, stimulus currents ranging between 1600 and 1900 uA evoked
antidromic responses between 0 and 1009, of the time. Following 0.5 mg/kg D-amphetamine, the
curve is shifted in a parallel fashion to the right (X) indicating that higher currents were necessary to
evoke antidromic responses, reflecting a decrease in terminal excitability. Following a second injection
of 0.5 mg/kg D-amphetamine, the curve is again shifted to the right (0), indicating a further decreaseﬁin
terminal excitability to the higher cumulative dose. The percent increase in current above control value
required to elicit antidromic responses on 1009 of the stimulus trials (eliminating trials in which
collision with spontaneous action potentials occurred) after a cumulative dose of 1.0 mg/kg D-
amphetamine is approximately 23 %.
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Fig. 2. Intravenous administration of haloperidol produces an increase in the excitability of
dopaminergic nerve endings to direct electrical stimulation. Prior to haloperidol administration (*)
currents ranging between 1150 and 1350 uA were required to evoke antidromic responses on between 0
and 100 %, of non-collision stimulus trials. Following 0.025 mg/kg haloperidol, the curve is shifted in a
parallel fashion to the left (X), indicating an increase in terminal excitability. A second injection of
0.025 mg/kg produces a further increase in terminal excitability (0). The percent decrease in stimulus
current from control value required to elicit antidromic responses on 1009, of stimulus trials
(eliminating those in which collision with spontaneous action potentials occurred) following a
cumulative dose of 0.05 mg/kg haloperidol is approximately 14 9.

reported13-15, These results show that following amphetamine administration the
terminal fields of most presumed dopaminergic neurons of substantia nigra exhibit a
dose-dependent decrease in excitability to direct electrical stimulation.

In contrast to amphetamine, the dopamine receptor blocking agent, haloperidol,
led to a modest increase in the excitability of the ending to direct electrical stimulation
in five of seven animals tested. A typical case is illustrated in Fig. 2. Prior to drug
administration, stimulus currents necessary to evoke antidromic potentials on between
0 and 100 9 of the trials ranged from approximately 1150 to 1350 A, with intermediate
values leading to correspondingly proportionate numbers of antidromic responses.
One to two minutes following intravenous administration of 0.025 mg/kg haloperidol,
stimulus currents necessary to evoke similar proportions of antidromic invasions were
reduced uniformly by approximately 50 microamperes. A cumulative dose of 0.05
mg/kg led to a further increase in terminal excitability reflected by a further reduction
in the stimulus currents necessary to evoke antidromic responses. The mean percent
decrease in stimulus current for this group was 14.4 + 2.37 9. Two subjects showed no
effects (less than a 10 9 change) to the drug. This increase in terminal excitability was
at times accompanied by a decrease in antidromic response latency of from approxi-
mately 0.5 to 1.0 ms, and a modest increase in neuronal firing rate as noted in previous
reports13.15, These results are consistent with the view that haloperidol, by blocking
dopaminergic receptors located on the terminal, leads to an increase in the excitability
of the dopaminergic terminal, although of considerably smaller magnitude than the
opposite effect rendered by amphetamine.

Our method suggests that dopamine released from dopaminergic nerve terminals
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causes a decrease in the excitability of the nerve terminal while blockade of presynaptic
receptors produces an increased terminal excitability, with concomitant changes in
antidromic response latency. These changes in excitability following amphetamine or
haloperidol administration do not occur when antidromic stimulation is delivered
along the medial forebrain bundle (n=4), showing that the effects of these agents on
antidromic excitability are specific for the terminal field of the dopaminergic neuron
and not along the trajectory of its axon. It is unlikely that these effects are mediated by
a postsynaptic interneuronal pathway since an ultrastructural analysis of synaptic
endings in the neostriatum in serial sections has failed to reveal a single axo-axonic
synapsel2,

The neurophysiological mechanisms underlying these modifications in excita-
bility remain unknown at present, although it seems clear that some changes in the
electrical properties of the terminal membrane, i.e. conductance and/or polarization
are central to the phenomenon. These alterations in terminal excitability are consistent
with the proposition that dopamine released from the terminal causes a hyperpola-
rization of the terminal membrane, while blockade of presynaptic dopamine receptors
leads to a depolarization of the terminal. Effects similar to these are thought to occur
at the level of the dopaminergic cell body consequent to dendritic release of
neurotransmitter!3.15, and we have recently obtained similar effects following local
infusion of alpha receptor agonists and antagonists into the terminal regions of
noradrenergic neurons of nucleus locus coeruleus?1,

Activation of autoreceptors by catecholamines is believed to result in feedback
inhibition of catecholamine release. Our evidence argues that this process could be
accompanied by a hyperpolarization of the terminal membrane. Although a reduction
in impulse related, calcium dependent neurotransmitter release has been thought to
occur during the sustained depolarization of the presynaptic ending23.33, several
chemical synapses have been described in which hyperpolarization of the presynaptic
element results in reduced transmitter release while depolarization has the opposite
effect22,23,26—29

Although the precise mechanisms of presynaptic inhibition are still unsettled,
our evidence suggests that activation of presynaptic receptors by dopamine released
from the synaptic ending has functional consequences on the biophysical properties of
the terminal membrane. These may be of significance in the many receptor mediated
events governing synthesis, release and other functional properties of the nerve
terminal including drug and neurotransmitter actions at the synaptic interface.
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