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INTRODUCTION

Evidence both for and against the existence of presynaptic autoreceptors and the
related question of, if they exist, do they play a significant role in the “normal” or
physiological functioning of synaptic transmission, has been presented throughout this
volume (for a recent excellent and comprehensive review, see Reference 1). Some of
the controversy regarding the existence and functioning of autoreceptors derives from
the techniques and conditions under which their existence and functioning have been
measured. In this chapter we will review data derived from an electrophysiological
technique for examining the neurophysiological consequences of autoreceptor stimula-
tion and blockade at the terminals of central nervous system neurons in vivo that
support the existence of such autoreceptors, and give some clues to the conditions under
which they operate in situ. The data to be discussed concern changes in the electrical
excitability of single central nervous system (CNS) axon terminals as a function of the
local and systemic application of drugs, and the rate of impulses reaching the terminal
fields. Thus far, the technique has been used to study apparent autoreceptor-mediated
changes in terminal excitability in rat mesencephalic dopaminergic neurons projecting
to neostriatum,?”’ nucleus accumbens® prefrontal, cingulate, and entorhinal cortices,’
in rat noradrenergic locus ceruleus neurons projecting to frontal cortex,'®'? in rat
serotonergic dorsal raphé neurons projecting to neostriatum,'® in presumed glutamater-
gic rat corticostriatal neurons,'* and in monkey nigral dopaminergic neurons projecting
to the putamen.'® In addition, this technique has been used to study the electrophysio-
logical consequences of activation or blockade of presynaptic heteroreceptors in several
different systems, e.g., opioid receptors on cortical noradrenergic terminal of locus
ceruleus neurons,'® dopamine receptors on hippocampal and cortical axons projecting
to ventral striatum,'*'” and dopamine receptors on the terminals of presumed GABAer-
gic (y-aminobutyric acid) striatonigral neurons.'®

Despite the fact that neurotransmitter release itself is not directly measured in
these studies, the nature of the changes in terminal excitability and the conditions
under which these changes are observed suggest rather strongly that many different
classes of CNS neurons possess at their terminal fields neurotransmitter receptors
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sensitive to the neurotransmitter that these neurons release, and that these receptors
can and do operate under more or less normal physiological conditions in Vivo to modify
the electrophysiological properties of the nerve terminals in a manner consistent with
the observed modulation of impulse-dependent neurotransmittér rélease in'vitro and in
vivo.

TERMINAL EXCITABILITY TESTING PARADIGM

The details of the methods for measuring autoreceptor-mediated changes in
terminal excitability resulting from local drug application and changes in the rate of
impulses reaching the terminal fields have been published previously.**'® The para-
digm is illustrated schematically, for \t«he»ln?rostriatal dopaminergic system in FIGURE
1A. Briefly, terminal excitability is indexed by the current intensity necessary to elicit
antidromic responses from single units recorded extracellularly. A number of trials
(50-100) at a variety of different stimulating currents are presented, ranging from the
minimum current needed to evoke antidromic responses to each stimulus delivery
(excluding collisions) to the maximum current that fails to evoke any antidromic
responses. The entire procedure is repeated several times, in a counterbalanced fashion,
until successive determinations at the same currents yield the same proportion of
antidromic responding = 10%. These points are taken as baseling, and an excitability
curve relating percent antidromic response to stimulus current can be plotted as shown
in FIGURE 1B. Drugs or vehicle is then administered, either systemically via an
intravenous catheter or locally, directly into the terminal fields or preterminal axons
via infusion cannulae coupled to the stimulating electrode. Local drug administration
consists of relatively low concentrations (0.1-10 xM) in small volumes (325 nL). Post
drug measures of terminal excitability are performed, and the pre- and postdrug
excitability curves compared. Shifts to the right of the excitability curve signify
decreases in terminal excitability whereas shifts to the left indicate increased terminal
excitability. In some cases, instead of administering drugs, preterminal regions of the
axon are stimulated at different rates to alter the synaptic concentrations of released
neurotransmitter at the terminal regions and the excitability reassessed.

AUTORECEPTOR-MEDIATED CHANGES IN TERMINAL EXCITABILITY

When appropriate autoreceptor agonists are administered systemically or applied
directly to the terminal regions of dopaminergic, noradrenergic, or serotonergic
neurons, the terminal excitability of each is reduced, as illustrated in FIGURE 224! "
The decreased excitability is dose dependent and obtains only in the terminal fields;.if
drugs are locally infused into and excitability tested from preterminal regions of
monoaminergic axons (e.g., the medial forebrain bundle or the dorsal noradrenergic
pathway), no changes in excitability are observed. In addition to increasing, the,
threshold for antidromic activation, autoreceptor agonists produce slight increases in
the antidromic latency, and in the variability of the antidromic lat'e/ncy{"."?.”'_;}l;ese
decreases in terminal excitability can be reversed by subsequent infusions g&&aprépri-
ate autoreceptor antagonists, or blocked by pretreatment with thege d‘é%?“«'éi o

In addition, appropriate autoreceptor antagonists can not only revgrge,?ﬁ; ‘h?%g‘s of
prior administration of agonists, but, when administered alone, produce increased
terminal excitability.**'° This is an important observation indicating that in yive, there
is a sufficient concentration of endogenous agonist in the t Lﬁg’ﬁdﬁfgﬁgtﬁ)ﬂé’f Vate

terminal autoreceptors, thus suggesting a physiological role for these autoregeptons, » -
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FIGURE 1. (A) Schematic illustration of method for measuring autoreceptor-mediated changes
in dopaminergic terminal excitability in vivo. Excitability is indexed by the stimulating currents
required to elicit varying proportions of antidromic responding from terminal fields in neostriatum
or preterminal axons in the medial forebrain bundle (MFB). Excitability is compared before and
after local infusions of drugs or spontaneous or stimulation-induced alterations in firing rate. (B)
Idealized sample excitability curves resulting from application of the method in A. Shifts to the
right of the excitability curve indicate decreased excitability, whereas shifts to the left indicate
increased excitability.

As a general rule, the nature of the terminal autoreceptor mediating the decreases
in terminal excitability seems to be of the same general class as that of the somaden-
dritic autoreceptor which inhibits the firing rate of monoamine neurons and the axonal
autoreceptor that inhibits transmitter release. Thus, for example, noradrenergic
terminal excitability is decreased by clonidine, and increased by phentolamine or
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FIGURE 2. Sample excitability curves illustrating autoreceptor-mediated changes in terminal

excitability in vivo in dopaminergic nigrostriatal (A, B), noradrenergic ceruleocortical (C, D) and

serotonergic raphé-striatal neurons (E, F). In all cases, local or systemic application of the
appropriate autoreceptor agonist produces a dose-dependent decrease in terminal excitability,
whereas the appropriate autoreceptor antagonist produces increased terminal excitability. (A) 10
uM apomorphing. (B) 10 uM sulpiride. (C) 10 uM clonidine. (D) 10 uM phentolamine. (E) 20
ug/kg S-methoxy dimethy) teyptamine. (F) (0 uM methiothepin. A-D, and F are local infusions
of drugs into the stimulating site in the terminal fields. E is intravenous injection.
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yohimbine, suggesting that the receptor may be pharmacologically defined as an
ay-receptor,'® consistent with the receptor sutn)xe that mediates the inhibition of firing
of locus ceruleus nenrons in vivo and in vitro™ 2 and the autoinhibition of norepineph-
rine release from cortical noradrenergic terminals in vitro."** Similarly, based on the
results obtained with haloperidol and sulpiride,*® the dopaminergic terminal autore-
ceptor appears to be of the D, variety, as does the somadendritic autoreceptor™ " as
well as the receptor responsible for auteinhibition of dopamine release both in vitro and
in vivo."?8® It should be noted however, that recent terminal excitability experiments
indicate the possible existence of D, receptors on the terminals of nigrostriatal neurons
that, like the D, receptors, serve to decrease terminal excitability.™ It remains to be
seen whether these receptors operate as functional autoreceptors, i.e., are sensitive to
endogenously released dopamine or modify terminal excitability depending on changes
in impulse flow, and whether they function to modulate dopamine release. Finally,
serotonergic terminal excitability is decreased by the serotonin (SHT, ) agonist 5-meth-
oxy dimethyl tryptamine.'* These effects can be reversed by the relatively nonselective
scrotonergic antagonist methiothepin, ' consistent with the identification of the seroton-
ergic somadendritic autoreceptor modulating serotonergic neuron firing rate® as well
as the axonal autoreceptor mediating autoinhibition of scrotonin release® as a SHT,
or.

It should be noted that not all terminal autoreceptors mediate feedback inhibition
of terminal excitability and neurotransmitter release. Although this appears to be the
case for all moncaminergic terminal autoreceptors,” recent data on drug and impulse
dependent changes in the excitability of presumably glutamatergic corticostriatal
terminals suggest that while these axons do possess terminal autoreceptors, these
autoreceptors appear 10 mediate increases in the excitability of corticostriatal
temiaals," as well as increases in evoked glutamate release from hippocampal slices in
vitro.

BIOPHYSICAL INTERPRETATION OF CHANGES IN TERMINAL
EXCITABILITY AND THEIR RELATION TO TRANSMITTER RELEASE

The most direct way to uncover the membrane events resulting in presynaptic
receptor-mediated changes in terminal excitability would be to record intracellularly
from the presynaptic terminals while applying receptor agonists and antagonists.
While this has been achieved in certain invertebrate preparations (¢.g., Reference 35),
the small size of central moncamine presynaptic axons has, so far, precluded this
approach. Classically, synaptic potentials are associated with an alteration in conduc-
tance 10 an ion or ions that leads to a change in the membrane potential. At the nerve
terminal, il the membranc were hyperpolarized, more current wouid be required to
depolarize it to threshold for initiation of an antidromic spike. It is also true that an
increase in membrane conductance alone could raise the threshold.* Either or both
could result in the decrease in terminal excitability observed following terminal
monoamine autoreceptor stimulation. However, there are several indirect lines of
evidence suggesting that what is monitored by terminal excitability measurements in
monoamine newrons is in fact the membrane potential or level of polarization of the
terminz| ficlds.”” For example, when dopaminergic and noradrenergic terminal fickds
are depolarized by local infusion of potassium chloride (which probably also produces a
slight increase in membrane conductance), their terminal excitability is increased,*'?
suggesting that decreases in terminal excitability are associated with a terminal
hyperpolarization and increases in terminal excitability are associated with a terminal
depolarization. This is consistent with the results from in vitro intracellular recordings
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from central monoaminergic neurons which have revealed that although the autorecep-
tor recognition site is distinct for dopaminergic, noradrenergic, and serotonergic
neurons, all three autoreceptors act to hyperpolarize the neuron by increasing its
conductance to potassium.?’*® Further evidence that terminal excitability measure-
ments index membrane potential rather than membrane conductance comes from
studies of presynaptic inhibition in the mammalian spinal cord where the presynaptic
inhibition is known to be associated with a depolarization of the primary aflerent
terminals mediated by an increase in chloride conductance.’® Despite the increased
conductance, terminal excitability measurements similar to those described in this
chapter revealed an increase in terminal excitability rather than a decrease.®

Thus, it is likely that decreases in monoamine terminal excitability seen following
autoreceptor stimulation reflect a hyperpolarization of the terminal membranes. Since
these same agonists produce a reduction in evoked release of monoamines, it follows
that autoinhibition of monoamine release occurs when these nerve terminals are
hyperpolarized. It is important to note that this does not necessarily suggest that it is
the hyperpolarization per se that produces the inhibition of release, Indeed, such a
hypothesis would be inconsistent with the mechanism of presynaptic inhibition in the
spinal cord which, as described above, is associated with a depolarization of the
primary afferent terminals, It is more likely that it is the conductance increase
underlying the change in potential that serves to shunt presynaptic action currents out
through the terminal membrane that is responsible for the inhibition, as has been
demonstrated in the crayfish claw opener system,s

It must be noted that the above arguments regarding the interpretation of
autoreceptor-mediated changes in terminal excitability and their relation to modula-
tion of transmitter release hold only for receptors and their associated ionophores that
function by altering conductance to ions other than Ca?*, as seems to be the case with
monoamine autoreceptors.2’?*** Since it is well-established that the only absolute
requisite for evoking neurotransmitter release from nerve terminals is an increase in
the availability of intracellular calcium (e.g., Reference 41), presynaptic receptors that
act to directly modify Ca* permeability may be expected to lead to altered transmitter
release regardless of other concurrent biophysical changes at the terminal. Such may
be the case with the N-methyl-D-aspartate (NMDA) autoreceptor postulated to exist
on the terminals of glutamatergic corticostriatal neurons,'* as has been shown for
NMDA receptors on other central neurons.*

NEURONAL LOCALIZATION OF THE TERMINAL AUTORECEPTOR

Attempts to lacalize the neuronal site of the receptors mediating changes in
dopaminergic terminal excitability were made in dopaminergic nigrostriatal neurons
by using kainic acid to destroy postsynaptic neostriatal neurons in the region from
which drug infusions and terminal excitability testing were performed.! Three to six
days following kainate-induced lesions, the effects of local infusions of apomorphine
and haloperidol were tested, and found to cause changes in nigrostriatal terminal
excitability indistinguishable from those in intact animals. Histological examination of
the neostriata from these animals indicated that the lesions extended for at least
0.5-1.0 mm beyond the site of drug infusion and terminal excitability testing, verifying
that the drug infusions and excitability changes occurred at sites devoid of intrinsic
neurons. A similar lack of effect of ibotenic acid lesions of the nucleus accumbens on
agonist-induced changes in mescaccumbens terminal excitability® and of kainate
lesions of striatum on changes in corticostriatal terminal excitability'® has also been
reported. Thus, the receptors mediating drug-induced changes in dopaminergic and
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corticostriata) terminal excitability would seem to be located directly on their respec-
tive axons and not on postsynaptic striatal neurons, and drug-induced changes in
terminal excitability do not require the participation of postsynaptic neurons. Fusther,
since local infusions or even intravenous administration of agonists and antagonists
failed to alter excitability from preterminal regions of moncamine axons in the medial
forebrain bundle, the axonal autoreccplors appear to be constrained to terminal regions
of the axonal field.>'*!*

EVIDENCE FROM TERMINAL EXCITABILITY TESTING SUPPORTING A
PHYSIOLOGICAL ROLE FOR TERMINAL AUTORECEPTORS

The data discussed thus far provide electrophysiological evidence that in vivo, the
terminal excitability of ceatral monoamine neurons can be altered by the local
application of drugs that directly stimulate or block receptors located on the axon
terminal regions that are semsitive 1o the transmitter that the neuron itself releases.
However, with the exception of the observation that terminal excitability can be
increased by the local infusion of antagonists by themselves, the data cannot be used to
argue convincingly that these presynaptic receptors function as autoreceptors.

One picce of cvidence to support the operation of these presynaptic receptors as
truc autoreceptors derives from the use of amphetamine as a probe. Amphetamine
increases extracellular levels of catecholamines by simultaneously promoting catechola-
mine release and blocking catecholamine uptake.*> When amphetamine is locally
infused into neostriatal, ventral striatal, or neocortical terminal fields, the excitability
of dopaminergic or noradrenergic terminals is markedly reduced, just as with infusions
of exogenously applied direct-acting agonists,**"" as illustrated in FIGURE 3. In both
catecholaminergic systems, the effects of amphetamine were completely eliminated by
prior treatment with the catecholamine synthesis inhibitor a-methyl-p-tyrosine, and
could be reversed by haloperidol or sulpiride in the dopaminergic system or phentol-
amine or yohimbine in the noradrenergic system.**'""? Thus, the axonal presynaptic
receptors of both systems can be considered autoreceptors since they are responsive to
their endogenously released nevrotransmitter.

In a recent review, Kalsner suggested several operational criteria that should be
fulfilled before accepting the hypothesis that autoreceptors modulate impulse- or
stimulus-evoked transmitter release.* Two of these criteria had to do with the relation
between the magnitude of the effects of agonists and antagonists on cvoked release of
transmitters and the level of ongoing autoinhibition. If the synaptic concentration of
endogenous transmitter is high, for example, due to a high rate of neuronal activity and
consequent transmitter release, then antagonists would be expected to exert relatively
large effects due to the occupation of many autoreceptor sites by the endogenous
neurotrangmitter. By similar logic, the effects of exogenously applied agonists would be
expected to be refatively small at high rates of firing, since a fixed concentration (dose)
of the applied agonist corresponds to a progressively smaller proportion of the total
agonist available for binding to the autoreceptor. The converse should be true at low
rates of impulse activity and relcase, when agonists would be expected to exert
relatively large cffects and antagonists relatively smalt effects. Precisely this relation
was obscrved with dopaminergic nigrastriatal terminal excitability with a variety of
autoreceptor agonists and antagonists infused into the terminal fields,* as illustrated in
FIGURE 4. When the magnitude of the drug-induced changes in terminal excitability
was correlated with the baseline firing rate of the neuron, a significant negative
correlation was observed with the agonists amphetamine and apomorphine, and a
significant positive correlation with the antagonists haloperidol and sulpiride. Similar



TEPPER & GROVES: TERMINAL AUTORECEPTORS 477

A.  NIGROSTRIATAL DA NEURON B. NIGROSTRIATAL DA NEURON

100 7 gwms CONTROL o X 100 = ®—a CONTROL
w o-wotsiNFUSIN T [ ¢ 00 16! (NFUSION
M=t 2nd NFUSION 9 ] = = 203 INFUSION
80 H ' B0 «f
[ )
[ 1
o P
Q ¢ - [ 60
E 1 ]
o« N Z
g 4 4 1 g 40 -
) ¥
& 'y &
ﬁ 20 - ' ! % 20 »
A £ @
o’ J )
0 L] l. L] 1 0 L g - h ) L] L] . |
0.00 0.47 034 051 058 000 030 080 080 120 18
STIMULUS GURRENT (mA) STIMULUS CURRENT (m#)

C. COERULEOCORTICALNENEURON [),  COERULEOCORTICAL NE NEURON

100 9 @ CONTROL

100 1 @—e@ CONTROL
w 00 161 INFUSION @0 161 INFUSION
M =98 2] INFUSION 7] M of¢ 2nd INFUSION
g o o g 80
2 2
% 60 - g 60
E 40 g
o 40 o
o 2 4 E 2 o
i &
0 L) L) L) L] L] L) L T 1 0 T T T 1

L]
0.00 0.30 0.60 0.90 1.20 150

000 0.2 040 060 080 1.00 1.20 (.40 160 1.80
STIMULUS CURRENT {mA)

STIMULUS CURRENT (mA)

FIGURE 3. Sample excitability curves illustrating effects of local infusion of amphetamine on
terminal excitability of nigrostriatal dopaminergic (A, 1 uM) and ceruleocortical noradrenergic
(C, 10 uM) neurons. In both systems, increasing endogenous levels of catecholamines by
amphetamine infusion leads to decreased terminal excitability. The effects of amphetamine can
be prevented in both systems by pretreatment with the catecholamine synthesis inhibitor
a-methyl-p-tyrosine. (B) 10 pM amphetamine after a-methyl-p-tyrosine, nigrosiriatal neuron.
(D) 10 uM amphetamine after a-methyl-p-tyrosine, ceruleocortical neuron.

effects were observed with 5-methoxy-dimethyl tryptamine induced decreases in
serotonergic terminal excitability." A similar relation, i.e., that between the rate of
stimulation and the strength of the inhibitory and facilitatory effects of autoreceptor
agonists and antagonists in vitro has also been described for dopamine, norepinephrine,
and serotonin release.*° It is interesting to note that a similar negative correlation
obtains between the baseline firing rate of monoaminergic neurons and the extent to
which exogenousty applied autoreceptor agonists depress the firing rate of the neuron
by acting on soma-dendritic autoreceptors.®'-*¢
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FIGURE 4. Correlations between the magnitude of the change in dopaminergic terminal
excitability resulting from local ocostriatal infusions of amphetamine, apomorphine, fluphena-
zine, and haloperidol and the predrug spontancous firing rate. Autcreceptor agonists are mast
effective at decreasing terminal excitability in slowly firing neurons, whercas autoreceptor
antagonists are most effective at increasing terminal cxcitability in rapidly firing neurons. p <
0.05 for all regressions. (Data replotted and modified from Tepper e1 al.)*

Another criterion suggested by Kalsner was that changes in the rate of neuronal
activity, in the absence of exogenous drug application, should in some way reflect
changes in ongoing autoinhibition.* Terminal excitability measurements in vivo in the
nigrostriatal and mesolimbic dopaminergic system,*® ceruleocortical noradrenergic
projections,'® and presumed glutamatergic corticostriatal system'¢ have all afforded
direct evidence for this phenomenon. This is illustrated for a noradrenergic ceruleocor-
tical neuron and a dopaminergic mesoprefrontal cortical nevron in FIGURE §. Although
the firing rate of individual central monoamine neurons in vivo is usually relatively
constant, occasionally neurons are recorded whose firing rate varies significantly over
the course of a few minutes. FIGURE 5A illustrates the results of repeatedly measuring
the spontaneous firing rate and the antidromic threshold from the frontal cortex of a
noradrenergic locus ceruleus ncuron whase firing rate is varying over the course of the
measurements.'® The antidromic threshold current is seen to exhibit a tight direct
relationship to the firing rate. FIGURE 5B illustrates the same relation in a slightly
different way for a dopaminergic ventral tegmental area neuron projecting to the
prefrontal cortex.”” In this case, the antidromic stimulating current was adjusted to a
subthreshold value, and the percent antidromic responding and spontaneous firing rate
of the neuron were measured every 30 seconds for several minutes. The terminal
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excitability exhibits a significant inverse correlation to the firing rate (r = —0.84,
df = 22, p < 0.001) which is abolished by intravenous administration of haloperido)
(0.05 mp/kg).

In addition to responding to these relatively prolonged changes in firing rate (over
the course of several seconds), dopaminergic terminal excitability is sensitive to
considerably briefer events, such as bursts consisting of 2 or 3 spikes lasting on the
order of 150-200 mseconds, or even the occurrence of single spikes just outside the
antidromic collision interval. In these cases, terminal excitability is transiently de-
pressed by increased spiking that occurs within 5-10 mseconds of the delivery of the
antidromic stimulus,**

Impulse-dependent changes in terminal excitability of noradrenergic and dopamin-
ergic systems have also been demonstrated by altering the frequency of impulses atong
the axon by the application of conditioning stimuli to preterminal regions of the axon.
The range of effective frequencies employed (brief trains of pulses at 1-10 Hz) are well
within the range of the rates of spontaneous activity for these neurons. Three important
characteristics of stimulus-dependent decreases in terminal excitability are illustrated
in FIGURES 6-8. FIGURE 6 illustrates decreased terminai excitability of cortical locus
ceruleus terminals following suprathreshold stimulation of the preterminal axons in the
dorsal noradrenergic pathway (DP).'® It was possible to determine the threshold for the
conditioning stimulation by simply observing the antidromic response to the condition-
ing pulses. When conditioning was applied at suprathreshold currents, terminal
excitability was reduced. If however, the dorsal pathway stimulus current was slightly
reduced to a value that failed to elicit antidromic responding, there was no alteration in
terminal excitability, This illustrates the point that the reduced terminal excitability
results from some consequence of impulse flow along the axon whose excitability is
being tested. That this phenomenon occurs only at the terminal regions of the axon is
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FIGURE 5. Changes in lerminal excitability associated with spontaneous changes in neuronal
firing rate. (A) Threshold current for a noradrenergic ceruleocortical neuron varies directly with
spontaneous changes in firing rate (Redrawn from Nakamura et al, with permission)'® (B)
Antidromic excitability of a dopaminergic mesocortical neuron exhibits significant negative
correlation with spontaneous firing rate (r = —0.84, p < 0.05). This relation is abolished by
intravenous administration of haloperidol (50 ug/kg) at the double dashed line. (Redrawn from
Tepper et al., with permission.)”’
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FIGURE 6. (A) High frequency conditioning stimulation applied at threshold (183 uA) to
preterminal axon (DP) of a noradrenergic ceruleocortical seuron clicits antidromic responses and
produces decreased terminal excitability that outlasts the conditioning stimmlation (compare PRE
versus POST traces at same stimulating current). (B) Similar conditioning stimulation applied to
DP just below threshold (177 uA) does not evoke antidromic responses and does not affect
terminal excitability. (Modified from Nakamura et al., with permission.)'

illustrated for a nigrostriatal dopaminergic ncuron in FIGURE 7. The roles of the
conditioning and testing clectrodes can be reversed within a single experiment so that
in one case the preterminal axon electrode (MFB electrode) can be used to condition
the axon for excitability testing from the terminal regions. The terminal field electrode
can then be used to send an identical train of stimuli down through the medial
forebrain bundle, and the medial forcbrain bundle clectrode can be used to test
excitability from this preterminal site.®* The results from this experiment show that
although increased impulse flow decreases terminal excitability, there is little or no
eflect along preterminal regions of the axon, which are also insensitive to the effects of
locally or systemically administered autoreceptor agonists and antagonists. Finally,
FigURE 8 illustrates that the effects of conditioning stimulation of the medial forebrain
bundle on dopaminergic terminal excitability can be blocked by local infusion of
haloperido! into the neostriatal stimulating site.® Thus, the reduction in terminal
excitability is not simply due to the increased impuise flow, but to stimulation of
terminal autoreeeptors by increased levels of transmitter evoked by the conditioning
stimuli.

In the monoaminergic systems, as discussed above, autoreceptor stimulation results
in decreased terminal excitability and decrcased transmitter reicase. However, as
meationed previously, corticostriatal ncurons also appear to posscss autoreceptors, but
thesc autoreceptors act in an opposite fashion to those on monoamine terminals. Thus
the terminal excitability of (presumed) glutamatergic corticostriatal neurons is di-
rectly correlated with the firing rate of these cortical neurons, a relationship that, like
that described above for mesocortical dopaminergic neurans, can be abolished by the
local application of an appropriate autorcceptor antagonist, in this case, an NMDA
antagonist.'
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PRESYNAPTIC HETERORECEPTOR-MEDITATED CHANGES IN
TERMINAL EXCITABILITY

In addition to the presynaptic autoreceptor systems discussed above, terminal
cxcitability testing has also been employed to investigate the electropfiysiological
consequences of stimulation and blockade of presynaptic heteroreceptors. Local infu-
sions of opioid agonists have been shown to decrease the terminal excitability of
cortical terminals of noradrenergic locus ceruleus neurons in a naloxone-reversible
manner.'s The decreased excitability is consistent with in vitro intracellutar recording
studies of locus ceruleus neurons showing that opioids hyperpolarize locus ceruleus
neurons by activating a potassium conductance identical to that activated by «-
autoreceptor agonists.”>* The fact that naloxone alone produced increases in noradren-
ergic termina) excitability suggests that the presynaptic opioid receptors may have
physiologica) relevance since they appear to be at least partially occupied by an
endogenous agonist in vivo. It is even possible that these presynaptic opioid
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FIGURE 7. Increasing the rate of impulse flow in a dopaminergic nigrosiriatal neuron decreases
excitability, but only at the 1erminal. A train of conditioning stimufi is delivered in a 750 msecond
window that terminates 225 mseconds prior to excitability testing. Entire sequence is repeated
once per second. (A) Threshold for antidromic responding from striatum is 1.85 mA. (B) When
preterminal axon in medial forebrain bundle (MFB) is stimulated at 5Hz, 1.85 mA stimulus to
terminat field evokes antidromic spike on only one of 3 trials. (C) Antidromic response elicited by
the MFB conditioning pulses at 5 Hz. (D) Threshold for antidromic responding from MFB is 0.4
mA. (E) When axon is antidromically conditioned by suprathreshold stimulation of terminal at 5
Hz, there is no change in antidromic responses elicited from MFB. (F) Antidromic responses
elicited by terminal conditioning pulses at 5 Hz proving that the conditioning pulses pass through
the region of the MFB from which excitability was tested, and demonstrating thai increases in
impulse Row only produce decreased excitability at the terminal region. Each trace com?rised of
superimposition of 5 consecutive sweeps. (Madified from Tepper et al., with permission).
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“hetereoreceptors” are in fact autoreceptors (sec Reference 57), since at least in some
species, there is evidence for colocalization of norepinephrine and enkephalin in locus
ceruleus neurons.®® In any event, the decreased noradrenergic terminal excitability
resulting from opioid receptor stimulation in vivo is consistent with the decreases in
cvokcg )g?repinephrinc release seen with presynaptic opioid receptor stimulation in
vitro.

In contrast to its apparent hyperpolarizing action at striatal dopaminergic termi-
nals, at least one study has reported increased terminal excitability of hippocampal
afferents to ventral striatum elicited by stimulation of the ventral tegmental area or by

A st <H %L TH
B. Emmeen- +~» - T .'N —r~

HALOPERIDOL INFUSION 310 nL, 1.0 pM

PERH R

FIGURE 8. Decrcased terminal cxcitability resulting from stimulation-induced increases in
impulse flow in dopaminergic nigrostriatal neuron are blocked by local infusion of haloperidol into
the terminal fields (A) Predrug, preconditioning threshoM is 0.84 mA. (B) 5 Hz conditioaing
stimulation of MFB decreases threshold and eliminates antidromic responding. (C) Recovery
baseline terminal excitability after oessation of MFB conditioning pulses. (D) After local
neostriatal infusion of 310 nL haloperidol (1 M), antidromic threshold decreases slightly and
MFB conditioning no longer affects terminal excitability. (Modified from Tepper et al.)”’

iontophoretic application of dopamine to these terminals. These changes were mim-
icked by iontopharesis of a D, agonist (quinpirolc), but not by a D, agonist (SKF38393),
suggesting that they were mediated by dopamine D, heteroreceptors.”” The interpreta-
tion of these findings is complicated by a seeming lack of correspondence between the
actions of dopaminc at hippocampal terminals in vivo and dopamine's action an
hippocampal cell bodies in vitro, where it causes a membrane hyperpolarization and
decreases excitability.***® In addition, some aspects of the dopamine response in the
hippocampal slice preparation may be mediated by S-adrenergic receptors;® it is at
present unclear if a similar situation may also obtain at hippocampal terminals.
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Two different studics have been conducted on dopamine receptor-mediated effects
on corticostriatal terminal excitability.'*®* In one, conditioning stimulation of the
substantia nigra led to prolonged increases in corticostriatal terminal excitability.*?
The increased terminal excitability could be blocked by systemic administration of
sulpiride, suggesting I, receptor mediation. In a second study, corticostriatal terminai
excitability was decreased by local infusion of amphetamine or apomorphine, or
electrical stimulation of substantia nigra,'* consistent with the ability of D, receptor
stimulation to decrease evoked release of glutamate from corticostriatal terminals.®’
These effects could be blocked by administration of haloperidol or sulpiride, and
obtained even in animals with kainatc lesions of the striatal terminal fields. Perhaps
even more interesting, local infusions of haloperidol or sulpiride alone produced
increased terminal excitability, suggesting that in vive, the presynaptic dopamine
heteroreceptors on corticostriatal afferents are stimulated by endogenously released
dopamine, It is difficult to reconcile the contradictory findings of these two studies.
Despite the success of sulpiride at antagonizing the opposite changes in terminal
excitability in both experiments, it is conceivable that transmitters other than dopa-
mine may have been involved. For example, since chofecystokinin has been shown to be
colocalized in some ascending dopaminergic pathways,® it is possible that the in-
creased terminal excitability seen by Mogenson and Yang may be due to release of this
tachykinin, similar to effects observed on dopaminergic mesoaccumbens terminals.®
Cholecystokinin has also been shown to exert an excitatory effect on dopamine-
sensitive cortical neurons, which, incidentally, appear to possess dopamine receptors
that are not easily classified as D, or D,, perhaps further contributing to the disparate
results.® Clearly, further experiments are necessary to clarify these issues.

Finally, evidcnce from terminal excitability testing also reveals the presence of
dopaminergic receptors on the terminals of presumed GABAergic striatonigral
neurons,' consistent with previous observations suggesting a role for presynaptic
dopamine receptors in the modulation of nigral GABA release.”’” Interestingly, in
contrast to all of the autoreceptors and most of the presynaptic heteroreceptor systems
described above, careful examination of the presynaptic dopamine heteroreceptor on
striatonigral terminals in vivo suggests that these receptors may not have a physiologi-
cal function since although they can be activated by local infusions of a D, agonist, they
appedr insensitive to systemic administration of amphetamine, even at high doses.
Furthermore, neither haloperidol nor the D, antagonist SCH23390, administered
alone either systemically or locally, produced a significant change in striatonigral
terminal excitability. These last two observations suggest that the levels of endoge-
nously released dopamine, even when augmented by amphetamine, are not sufficient to
stimulate these receptors.'® Alternatively, perhaps the appropriate physiological condi-
tions necessary for endogenous activation of these receptors have not yet been
determined.

CONCLUSIONS

The data reviewed in this chapter consist largely of electrophysiological measure-
ments of autoreceptor-mediated changes in terminal excitability in vivo induced by
direct application of drugs or by changes in the rate of impulses reaching the axon
terminal fields of several neurochemically and topographically distinct neuron types.
These data are consistent with the presence of autoreceptors on the nerve terminals of a
variety of different CNS neurons, At least within the class of monoaminergic neurons,
presynaptic antoreceptor stimnlation appears to be associated with a hyperpolarization
of the terminal regions. As mentioned at the outset, the actual release of neurotransmit-
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ter is not measured in these experiments, but these electrophysiological techniques do
offer the advantages that they are performed in vivo in intact brains, under more or less
“normal” physiological conditions, and can be correlated with the neuronal activity of
the systems under study with temporal resolution in the millisecond range. These
characteristics are particularly important when trying to address questions like “Are
presynaptic autoreceptors physiologically functiomal in vivo?” and “Under what
conditions of ncuronal activity might they operate?”. The results obtained following
local infusions of autoreceptor antagonists alone into various axon terminal regions
suggest quite strongly that the autoreceptors arc physiologically functional in vivo, as
do the observed correlations between the magnitude of the changes in terminal
excitability abserved after application of both agonists and antagoaists. The nature of
the correlations, coupled with the observations that physiologically relevant increases
in impulse flow decrease monoaminergic terminal excitability through an autoreceptor-
mediated mechanism, suggests that the presynaptic autoreceptors are most likely to be
activated in vivo during prolonged periods of high activity. However, these systems also
have the capacity to respond to very transicnt changes in ncuronal activity, such as
during bricf bursts that may last less than 100 mseconds. These data paint a picture of
an auforegulatory system that may be constantly changing its tone, or level of control
perhaps on a spike by spike basis, (o fine tune neurotransmitter output at individual
sites within an axonal arbor in response to local conditions, at least partially indepen-
dently of events ocourring at the cell body.
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