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NEUROTRANSMITTER SECRETION AND
AUTORECEPTOR ACTIVATION

Calcium-dependent, stimulus-evoked release of
neurotransmitter appears to be modulated by pre-
synaptic receptors located on the axon terminals of
monoamine neurons. Some presynaptic receptors are
sensitive to a cell’s own transmitter and have been
termed ‘“‘autoreceptors”. In monoaminergic neurons,
autoreceptor stimulation reduces stimulus-evoked
neurotransmitter release, whereas autoreceptor
blockade enhances neurotransmitter release.'’3"!
Despite many studies supporting the existence of
autoreceptors and describing the effects on evoked
transmitter release of autoreceptor stimulation and
blockade, the mechanisms by which autoreceptor
activation reduces transmitter release are unknown.

One current hypothesis suggests that the modu-
lation of transmitter release by autoreceptors and
other presynaptic receptors may be due to recruit-
ment and disrecruitment of neurotransmitter release
sites. Recent evidence has indicated that in the per-
ipheral nervous system each action potential may
promote neurotransmitter release at only a few of the
available release sites,>8%-12-14.23.24.32.40.42.4445 Qimilar low
probability and intermittent release has also been
reported for a central nervous system neuron.?®3°
Intermittent release in the peripheral nervous system
has been suggested to result from intermittent con-
duction of the action potential through the highly
varicose sympathetic axon.'®'332424445  Conduction

*To whom all correspondence should be addressed.

925

failure would most likely occur at the varicosities
along the axon, which are sites of low-safety factor
for conduction due to the sudden 3—4-fold enlarge-
ment in axonal diameter. In highly varicose axons,
conduction failure at a varicosity might act much like
a tourniquet, preventing action potential invasion of
the entire terminal field distal to the site of conduc-
tion failure thereby precluding neurotransmitter
release from these sites.

It has been hypothesized that presynaptic receptors
reside on the axonal varicosities and that activating
these receptors alters the safety factor for impulse
propagation,>'2!342%4  presumably by changing
membrane polarization or conductance. By in-
creasing the probability of conduction failure pre-
synaptic receptor activation could reduce neuro-
transmitter release. Electrophysiological recordings
from the myenteric plexus and the vas deferens have
demonstrated that conduction may fail in these sym-
pathetic fibers and that application of noradrenergic
or opiate receptor agonists promotes this conduction
failure.'>'332 |

This type of conduction failure resembles in some
ways but is distinct from two other kinds of conduc-
tion failure that have been proposed to modulate
release. One type has been suggested to occur at
axonal branch points allowing differential invasion of
branches and hence differential release from various
portions of the axonal arborization (e.g. Ref. 40). The
second type is failure of the action potential to

actively propagate into terminal boutons (e.g.
Ref. 28).
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ELECTROPHYSIOLOGICAL CONSEQUENCES
OF AUTORECEPTOR ACTIVATION IN CENTRAL
NERVYOUS SYSTEM MONOAMINE NEURONS

In this commentary we consider the possibility that

autoreceptor activation reduces neurotransmitter
release by causing conduction failure in central
monoamine axons. Central monoaminergic neurons
resemble peripheral sympathetic neurons in that they
have fine, unmyelinated, highly varicose axons. The
axons tend to be long and highly branched, with
elaborate terminal arborizations. For example, the
cortical noradrenergic innervation arising from the
locus coeruleus is carried by long tangentially
oriented axons that run deep in layer 6. Radially
ascending branches arise from these fibers and pro-
vide the collateral arborization of layers 1-5. Both

the tangentially oriented fibers and the collaterals are

thin and highly varicose.”® The varicosities, which
often form en passant synapses, are approximately
1.0 um diameter; the intervaricose axons are about
0.3 um diameter.>?’

Changes in terminal excitability

We have shown previously that stimulation of
axonal autoreceptors on central monoaminergic

neurons decreases the electrical excitability of dopa-
minergic, noradrenergic and serotonergic axon
terminals in the forebrain of rats.?23435383947-49 Tp
contrast, autoreceptor blockade increases terminal
excitability?>*** as do infusions of the depolarizing

agent, potassium.’** In.a manner similar to that-

proposed by Wall,”® whose conceptions have recently

been confirmed by Kocsis and Waxman,?’ we have
interpreted the decrease in excitability as indicating
that autoreceptor activation is accompanied by a

Mhyperpolarlzatlon of the terminal or an alteration in

t'he.,%;omc conductance of the terminal membranes or
both, and ‘that autoreceptor blockade has the
opposite effect on terminal polarization and con-
ductance. This interpretation is supported by intra-
cellular studies of somatic autoreceptors on mono-
amine neurons'*'%! in which autoreceptor activation

was shown to hyperpolarize the somatic membrane .

and, for noradrenergic and serotonergic neurons, to
increase its conductance. Thus our evidence suggests
that activating autoreceptors should lower the safety
factor for conduction and facilitate conduction fail-
ure. However, even though the autoreceptor-
mediated changes in terminal excitability that we
have observed are consistent with the idea that
autoreceptor activation could impair impulse con-
duction in central monoaminergic axons, other as-
pects of our results suggest that there cannot be
failure of action potentlal propagation in axons of
these central neurons.’ |

In our ‘experiments, smgle-umt dlscharges were |

obtained in rats from electrophysiologically identified
substantia nigra dopaminergic, locus coeruleus nor-

adrenergic and dorsal raphe serotonergic neurons

by conventional means as previously described in
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detail *****% Neurons were activated antidromically
with monophasic square-wave pulses of 0.1-3.0 mA
and 0.03-0.5 ms duration, delivered through bipolar
stainless-steel enamel-coated electrodes with tip sepa-

rations of approximately 250 um, usually at a rate of

- 1/s. Stimulating electrodes were placed within the
ipsilateral neostriatum for dopaminergic neurons,
‘within both the ipsilateral and contralateral neo-
~striatum for serotonergic neurons, and in ipsilateral

frontal cortex for noradrenergic neurons.

Autoreceptor activation does not impair antidromic
action. potential propagation

Antidromic responses elicited from a nor-
adrenerglc locus coeruleéus neuron (A), a serotonergic
dorsal raphe neuron (B) and a dopaminergic substan-
tia nigra neuron (C) are shown in Fig. 1. Prior to drug
administration, it was possible to adjust the stimu-
lating current such that it was. just sufficient to elicit
an antidromic response to every stimulus (Figs 1A-C,
top traces). This minimum current was defined as the
threshold. In every monoaminergic neuron tested:
(n > 600) it was possible to establish such a threshold,
indicating that axonal conduction did not fail inter-
mittently under these test conditions.

Autoreceptor activation reliably increased the
threshold current for all three types of mono-
aminergic neurons.****** In the experiments shown
in Fig. 1, terminal autoreceptors were activated by
i.v. injection of the indirect-acting agonist amphet-
amine (0.5 mg/kg for dopamine neurons; 5.0 mg/kg
for noradrenergic neurons) or the direct-acting sero-
tonin agonist S5-methoxy-N,N-dimethyltroptamine
(0.04 mg/kg for serotonin neurons). After agonist
administration, the pre-drug threshold currents
became insufficient to elicit 1009 antidromic
responding (Figs 1A—C, middle traces). Although the
threshold increased, in every case (n = 43; for these
drugs at these doses) 100%, antidromic responding
could be reinstated by increasing the stimulus current
(Figs 1A—-C, bottom traces). Thus, despite the marked
decrease in excitability subsequent to terminal auto-
receptor stimulation, there were no instances-of im-
pulse failure at any point between the site of stimu-
lation and site of recording in any of the three kinds
of monoaminergic neurons. In several hundred cases
of autoreceptor stimulation of central mono-
aminergic neurons, either by systemic administration
or local infusion of agonists into the terminal fields,
there were .no instances in which 100%, antidromic
responding could not be reinstated by relatively small
increases (5-50%,) in stimulus current.

In contrast, when the depolarizing agent, potas-

“sium chloride, was infused directly into the neo-

striatal terminal fields of dopaminergic substantia
nigra neurons, the threshold usually dropped, indi-
cating depolarization of the terminals. In one case,
however, the threshold initially fell but then rose
rapidly until antidromic responses could no longer be
elicited even by very high currents (>5mA). After
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A LOCUS COERULEUS
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Fig. 1. The i.v. administration of agonist drugs raises the threshold for eliciting antidromic responses from
the terminal fields of noradrenergic locus coeruleus (A), serotonergic dorsal raphe (B) and dopaminergic
substantia nigra (C) neurons. Prior to drug administration, the threshold current (minimum current at
which an antidromic response could be provoked by every stimulus) was determined. In the upper traces
in (A)—(C) five responses evoked by the threshold current are overlaid. Antidromic responses to 100%,
of the stimuli were observed. Within 60 s of the i.v. administration of the agonist drugs [(A) 5.0 mg/kg
amphetamine after an earlier injection of 0.25 mg/kg amphetamine; (B) 0.04 mg/kg S5-methoxy-N,N-
dimethyltrytamine; (C) 0.5 mg/kg amphetamine] this current elicits an antidromic response to only 32, 23
and 10%,, respectively, of the stimuli as shown in the middle trace [in (C) a slightly smaller current, which
produced 50.19, responding prior to the drug, is shown since the original threshold current was not
retested in this case]. A higher current, capable of reinstating 1009, responding, could always be found,
as shown in the bottom traces. In (A) and (C) only the initial segment antidromic response in seen
following some of the stimuli. In (D) 100%, antidromic responding is shown to suprathreshold stimulation
across the physiologically relevant range of firing rates for a substantia nigra neuron. A single full
antidromic spike is seen following the antidromic A-spike in the 1-Hz trace. The latency and latency
variability increase as the higher frequency stimulations progress.

several minutes the threshold dropped and 1009/
antidromic responding was reinstated. In this exam-
ple conduction failure appears to have occurred
because of depolarization block.®

Our results then suggest that impulse-conduction
failure, as described in peripheral sympathetic
axons,'*'**? does not occur in central monoaminergic
neurons. Although noradrenergic, dopaminergic and
serotonergic neurons respond to terminal auto-
receptor stimulation with a decrease in antidromic
excitability, the observation that, in every case, 1009/
antidromic responding could be reinstated by rela-
tively small increments in current strength argues
against conduction failure at any point along the
axon between the site of stimulation and site of
recording. Thus it is unlikely that terminal auto-
receptor stimulation leads to a reduction in trans-
mitter release in central monoaminergic neurons by
causing presynaptic impulses to fail proximal to sites
of release.

POSSIBLE AMBIGUITIES IN THE
INTERPRETATION OF ANTIDROMIC
ACTIVATION EXPERIMENTS

It could be argued that impulse-conduction failure
does occur in these axons, but that we failed to
observe it due to our methods of stimulation and
excitability testing. Several such sources of error are
considered.

Site of antidromic action potential initiation

Insofar as we are stimulating within the central
nervous system it is difficult to specify precisely the
site along the axon at which action potential initi-
ation occurs. There are several reasons, though, for
believing that in our experiments action potential
initiation within the terminal fields is occurring near
the location of presynaptic autoreceptors. (1)
Changes in excitability following drug administration
are seen when the stimulating electrode is positioned
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within the terminal field and the drug reaches the

terminal field as happens when it is administered

systemically or by direct infusion into the terminal
field. No changes in terminal excitability are seen

following drug infusion into non-terminal portions of -
the axonal trajectory. (2) Changes in excitability are -

not seen when the stimulating electrode is positioned
along the axon’s preterminal path in the medial
forebrain bundle for the substantia nigra??* and dorsal

raphe® and in the dorsal noradrenergic pathway for -

the locus coeruleus,™ regardless of where the drug is
administered. (3) The antidromic responses of indi-
vidual neurons were often observed to occur at
multiple discrete latencies, as has previously been
described.!'?># These multiple latencies were seen
both before and after drug administration.*** Hence,
impulse initiation can occur at many different sites
within the terminal arborization. As these latencies
may differ by several milliseconds, the sites of ini-

tiation must be separated by several millimetres of
axonal length and, as others, have suggested, are

probably on separate axon branches 149

Absence of conduction failure: inappropriate stimu-
lating frequencies?

One might argue that inappropriate stimulating

frequencies were used in our experiments. In sym-
pathetic neurons, conduction failure was most prom-
inent at low frequenctes of stimulation (<3 Hz) but
did not occur at higher frequencies (>8 Hz)." In
contrast, in other non-varicose neurons, conductlon
failure has been reported to occur pr1mar11y at high
frequencies.*** However, for virtually all cells tested
at frequencies of stimulation between 0.3 and :10 Hz,
we were able to promote 1009 antidromic

responding. This is illustrated for a dopaminergic

neuron in Fig. 1(D). The neostriatal terminal field
was stimulated with suprathreshold (1.5 x threshold)
current at frequencies of 1, 5 and 8 Hz, the approxi-
mate range over which these neurons are spontane-
ously active in wvivo.* Although the antidromic
latency and variability of the response increased at
the higher stimulation frequencies, there were no
instances of conduction failure. The only exceptions
were some raphe neurons which failed to faithfully
follow 10-Hz stimulation after 2-3 s of stimulation.”
However, as this failure occurred following stimu-
lation of the medial forebrain bundle, as well as after
stimulation of the neostriatal terminal fields, the
conduction failure probably reflects the build-up of
an axonal subnormal period®* rather than auto-
receptor activation.

Latency changes following autoreceptor actwatzon

does the site of initiation shift to bypass a conductton
block?

Another possible objection is that because- the
threshold . currents increased after autoreceptor
-agonist administration, the site of action potential
initiation might have shifted towards the soma,
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bypassing the presumed conduction block. However,
in most cases, especially for dopaminergic and nor-
adrenergic neurons, but less reliably for serotonergic
neurons, the administration of an autoreceptor ago-
nist produced an increase in the latency of the anti-
dromic response, even at the higher post-drug current
settings, rather than the decreased latency one should
observe if the site of initiation had shifted closer to
the soma. This occurs after both local infusion and
systemic administration of agonist drugs. Conversely,
antagonists lead to a decrease in response latency
even at the lower threshold current.’** An example
is shown for a dopaminergic neuron in Fig. 2. In this
example, 0.01 mM amphetamine was infused by pres-
sure injection into the neostriatum adjacent to the
stimulating electrode (as per Ref. 49). Prior to agonist
infusion, the latency of the antidromic response was
relatively stable. Stimulation for all traces in this
figure was at the original threshold current. Begin-
ning 120's after the start of the infusion, the threshold
rose as indicated by the stimulating current no longer

" producing 100% antidromic responding and the

response latency became longer and more variable.
The increase in latency was continuous, rather than
saltant, as shown by the progressively longer latencies
seen- as the infusion proceeded. Thus, the increased
latency following autoreceptor stimulation suggests a
reduction in conduction velocity and . this, coupled
with the threshold increase, indicates that the action
potential must traverse axonal membrane that is

TINE AFTER START
OF INFUSTON

B
128 S
150 S
89 §
210°S

Fig. 2. The latency and the latency variability of the

‘antidromic response of a -dopaminergic substantia nigra

neuron to stimulation of:the head of the neostriatum
increases during the infusion of the indirect dopamine
agonist, 0.1 mM amphetamine, into the neostriatum near
the stimulating electrode. The latency shift began approxi-
mately 120 s after the start of the infusion, at the time when
the threshold rose and the stimulating current became
insufficient to evoke an antidromic action potential to every
stimulus, In the figure, five consecutive antidromic responses
(sklpplng collisions and stimuli that failed to elicit a re-
sponse) beginning at the times indicated are superimposed.
Stimulation was at the pre-infusion threshold current (100%
antidromic responding; 1.20 mA, 0.2 ms) for all traces.
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hyperpolarized or the conductance of which is
increased.*® Similar changes in latency were never
observed following infusion of agonists into non-
terminal portions of the axonal trajectory, such as

into the medial forebrain bundle.”

It is also possible that the site of action potential
initiation shifted from one terminal branch to a
higher threshold branch invested with fewer auto-
receptors. This seems unlikely, however, since the
latency always increased, the latency change was
gradual and when multiple latencies were present
prior to drug administration, the same relative multi-
ple latencies were usually seen after administration.

However, we should note that conduction failure
might occur in the finest terminal twigs as our method
cannot exclude the possibility of conduction failure
distal to the site of antidromic action potential
initiation.

Conduction failure: orthodromic vs antidromic propa-
gation.

It might also be suggested that impulse-conduction
failure is more likely for orthodromic conduction
than for antidromic conduction. This is unlikely,
however, because we never observed orthodromic
conduction failure; we always observed collisions
with the antidromic action potential whenever a
spontaneous orthodromic spike occurred within the
appropriate collision interval. Furthermore, electron

microscopic analyses of identified monoaminergic

axonal varicosities and intervaricose segments from
this laboratory and others**?%?' have not revealed
any morphological polarizations that could account
for such a directional sensitivity. Indeed, conduction
failure i1s more likely to occur when the action
potential travels antidromically, since the action
potential must invade larger diameter main axons
from smaller diameter branches.*

MECHANISMS OF AUTORECEPTOR MEDIATED
CHANGES IN NEUROTRANSMITTER RELEASE

The reliability of axonal conduction in neurons of
these three central monoaminergic nuclei suggests
that autoreceptors do not regulate transmitter release
by preventing action potential propagation along the
varicose portion of the axon, thereby precluding
transmitter release in the entire terminal field distal to
the site of conduction failure. Terminal autoreceptor
activation in central monoamine neurons probably
modulates neurotransmitter release by altering other
aspects of the release process once the action poten-
tial has reached the varicosities. This may represent
a true difference in the factors controlling neuro-
transmitter secretion in the central and peripheral
nervous systems and could perhaps have functional
significance related to the kinds of neurotransmission
these different neurons subserve: postganglionic sym-
pathetic synapses lack specialized synaptic contacts,
releasing transmitter into a wide synaptic cleft,” in
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contrast to central monoamine neurons, which have
been shown to form classical, morphologically spe-
cialized synapses at most, if not all, sites where they
have been carefully examined.'?20!%7

Biochemical studies also suggest that autoreceptors
act not by blocking action potential conduction, but
rather by altering the magnitude of the action
potential-induced terminal depolarization or by alter-
ing 1onic currents within the terminal. For instance,
in rat whole brain synaptosomal suspensions, alpha,
autoreceptor agonists reduced norepinephrine release
provoked by K "-induced depolarization;" reduced
Ca’t increased the sensitivity of the synaptosomes to
autoreceptor-mediated inhibition of release. In rabbit
caudate slices, autoreceptor control of K ™-evoked
dopamine release is resistant to action potential
suppression by the addition of tetrodotoxin to the
bathing medium.”® In a like manner, tetrodotoxin
also failed to alter autoreceptor regulation of sero-
tonin release induced by high Ca®" levels from rat
neocortical slices.'” Autoreceptors, however, only
regulate calcium-dependent neurotransmitter release
and do not alter release induced by drugs such as
tyramine (e.g. Ref. 26). These and many similar
observations suggest that autoreceptor activation
regulates neurotransmitter release by altering elec-
trical or ionic events within the synaptic terminal.

Our results are not necessarily inconsistent with the
proposition that secretion from central monoamine
varicosities is all-or-none and intermittent. This
might occur through mechanisms other than conduc-
tion failure and the subsequent cutting off of release
from entire terminal branches. All-or-none and inter-
mittent synaptic release has been suggested recently
for several different non-monoamine synapses and
non-varicose axons and has been attributed to factors
other than conduction failure.?®*3%%%% We might spec-
ulate that, in central monoamine neurons, auto-
receptor activation causes local impulse failure only
within the varicosities, perhaps as a consequence of
a hyperpolarization or a reduction in transmembrane
resistance, or both. Alternatively, it may be that
under normal conditions the membrane of the vari-
cosities does not actively propagate the action
potential*** and activating autoreceptors could
reduce the action potential-induced passive depolar-
ization of the varicosities, thereby reducing the
voltage-dependent calcium current sufficiently to pre-
vent transmitter release. The reduction in axonal
diameter at intervaricose segment might favor the
reinitiation of the action potential on the distal side
of the varicosity, allowing the impulse to propagate
further along the axon. Hence the intermittency of
release and the modulation of release by auto-
receptors need not depend upon intermittency of
neuronal conduction.

Intermittent release due to variation in factors
other than conduction failure has been clearly
demonstrated in a synapse made onto the Mauthner
cell.?3 As the afferent fibers enter the glial cap
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surrounding the Mauthner cell body, impulse con-
duction always fails. Beyond this point the afferents
branch and the terminal boutons formed show ‘inter-
mittent release. In this case, intermittent release
cannot be attributed to failure of action. potential
conduction, since propagation always fails. Rather,
intermittent release must be attributed to variability
in stimulus—secretion coupling, much as we suggest
occurs for central monoamine terminals. Whether
autoreceptors are involved in this process is unknown
at present.

Regardless of whether neurotransmitter release

L. J. Ryan et al.

from central monoamine varicosities is all- -Or-none or
is graded, the results reviewed in this commentary

suggest - that autoreceptor activation modulates

neurotransmitter release by altering the magmtude
of action potential-induced depolarization or the
coupling of depolarization with secretion, or both,
and not by causing action potential failure that
prevents neurotransmitter release from entire fields of
the terminal arborization. :
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