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Abstract

Central nervous system neurons communicate via fast synaptic transmission mediated by
ligand-gated ion channel (LGIC) receptors and slower neuromodulation mediated by G protein-
coupled receptors (GPCRs). These receptors influence many neuronal functions including
presynaptic neurotransmitter release. Presynaptic LGIC and GPCR activation by locally released
neurotransmitters influences neuronal communication in ways that modify effects of somatic
action potentials. While much is known about presynaptic receptors and their mechanisms of
action, less is known about when and where these receptor actions alter release, especially /in vivo.
This review focuses on emerging evidence for important local presynaptic receptor actions and
ideas for future studies in this area.

TOC Summary

Local activation of presynaptic receptors alter neurotransmitter release, modulating effects

of somatic action potentials. In this Review, Lovinger and colleagues discuss the role of
presynaptic receptors in regulating synaptic transmission and directions for future research aimed
at determining the /n vivoroles of presynaptic receptors.
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Introduction

The central nervous system (CNS) controls thoughts, feelings and actions through
interactions of billions of neurons and glial cells. Intercellular communication is achieved
via gap junctions and adhesion molecules, synapses, juxtacrine, paracrine and endocrine
influences. Decoding these complex communication networks is key to understanding CNS
function and dysfunction and trying to correct the latter.

A widely used approach to relate CNS activity to behavior has been to measure electrical
signals from neurons while humans or animals perform tasks. Measuring changes in
somatic action potential (AP) rates, patterns and correlations has provided support for the
roles of specific neurons and brain regions in a variety of behaviors. This evidence has
often been supported by manipulations of neuronal activity that alter behavior, including
pharmacological, chemogenetic and optogenetic approaches.

The CNS contains complex circuits in which multiple intercellular connections must
cooperate for proper neural output to drive behavior. Thus, a crucial question is to what
extent APs generated at the soma faithfully transmit information to other neurons in

a circuit. Experiments using reduced neuronal preparations indicate that the relationship
between somatic APs and neurotransmitter release is inconsistent due to factors including
presynaptic LGIC and GPCR actions. Furthermore, neurotransmitter release dynamics

can differ considerably across somatic firing frequencies!. Added to this is our rapidly
increasing identification of mechanisms by which direct neurotransmitter communication
onto axon terminals influences release and modifies effects of somatic APs. Recent studies
showing divergent somatic and axon terminal signaling during behavior?:3 have pushed the
question of the relationship of neurotransmitter release to somatic AP firing to the forefront
of neuroscience research. In this review we focus on how these juxtacrine neurotransmitter
actions produce local presynaptic effects that supplement or override somatic firing.

In this review we briefly discuss the mechanisms through which LGICs and GPCRs

alter neurotransmitter release. We then review examples of presynaptic actions that affect
in vivo synaptic communication and contribute to behavioral changes, including several
examples in the basal ganglia circuitry. Recent development of techniques for assessing and
manipulating axonal function and neurotransmitter release /n vivo is discussed to argue that
increased emphasis on investigation of local presynaptic neuromodulation is needed to fully
understand CNS function in relation to behavior.

Fast Transmission and Neuromodulation

Synaptic communication between neurons involves fast transmission (excitatory and
inhibitory postsynaptic potentials on the msec timescale), slower transmission (excitatory
and inhibitory postsynaptic potentials on the 100s of msec timescale), and even slower
neuromodulation (sec-min)#. Fast transmission involves vesicular neurotransmitter release
and activation of ligand-gated ion channel (LGIC)-type receptors that produce neuronal
excitation (cation channels) or inhibition and/or shunting (anion/chloride channels). The
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postsynaptic responses are short-lasting and graded in amplitude depending on the number
of LGICs activated.

Slow synaptic potentials and neuromodulation involve activation of G protein-coupled
receptors (GPCRs)*. Neuromodulatory molecules are released not only from vesicles but
also from the lipid bilayer (e.g., fatty acids)® or via reverse-transport®. Many natural
GPCR agonists exist, including photons®, small molecules, fatty acids, peptides and small
proteins®19, The importance of this receptor class is clear from the fact that ~34% of FDA
approved drugs target GPCRs!L. GPCR signaling involves interaction with heterotrimeric G
proteins!? and different GPCR conformations favor or restrict G protein disassembly into
the Ga.- and By subunits. Binding of the neuromodulator for a particular GPCR promotes
disassembly and the resultant subunits are then free to interact with intracellular effector
molecules to alter cellular physiology, metabolism and gene expression. GPCR-driven
signals can involve fast mechanisms (response in10s of msec, duration of seconds), such as
direct binding of the GB+y subunit with ion channels!3, and slower signals, such as adenylyl
cyclase (AC) activation that ramp up over 10s of msec to seconds and can persist for 100s of
seconds4. These slower neuromodulatory actions have more subtle influences on synaptic
function compared to fast synaptic transmission.

It must also be noted that glia can release neurotransmitters. This gliotransmission can
influence neurotransmitter release via presynaptic receptors®.

G Protein Subtypes

The heterotrimeric G proteins contain a, p and y subunits. In general, these have been
classified according to the Ga. subunit, as this determines effector coupling even if signaling
itself is through the GB+y subunit!4. The Gas-associated receptors activate AC through

direct binding of Gag or Ga s subunits resulting in increased intracellular cyclic adenosine
monophosphate (CAMP). In contrast, activation of GPCRs associated with Ga.jjo-family G
proteins leads to AC inhibition. The receptors associated with Gag, 11, and —14.16 activate
the enzyme phospholipase C (PLC) through the actions of the Ga subunit. This enzyme
catalyzes hydrolysis of phosphatidylinositol-containing phospholipids to generate the second
messengers diacylglycerol (DAG) and inositol trisphosphate (1P3).

Free GB+y subunit complexes interact with effectors, producing inhibition of voltage-gated
calcium channels (VGCCs)16:17 and activation of inward-rectifying potassium channels8
and PLCB?. It is unclear if specific GBry subunit complexes interact with specific effectors.
However, VGCC inhibition and activation of potassium channels is mediated mainly by
GPCRs that couple to Ga,j,-containing G proteins6-18,

Presynaptic LGIC and GPCR Actions

In the CNS, LGICs and GPCRs are located on membranes in a variety of subcellular
compartments of neurons and glia. The best-known receptor function is activation of
postsynaptic responses to neurotransmitters released from nearby presynaptic vesicles*. This
synaptic transmission involves receptors on neuronal somata, dendrites and dendritic spines.
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Numerous LGIC and GPCR subtypes are also present on axon terminals where they
stimulate or inhibit neurotransmitter release (FIG. 1). Stimulation of neurotransmitter release
can be driven by cationic LGICs that depolarize axons and terminals to produce APs and/or
calcium entry20. There is also evidence that presynaptic Gag-coupled GPCRs stimulate
neurotransmitter release, perhaps via IP3-mediated release of intraterminal calcium?3,
Anionic LGICs can inhibit neurotransmitter release2? through shunting of axon or terminal
excitation, but the most prominent mechanism involves Ga;,-coupled GPCRs. The GBy
subunits released by activation of these GPCRs inhibit presynaptic VGCCs and also inhibit
vesicle fusion more directly3. Almost every Ga.jjo-coupled GPCR has such a role, and
some subtypes such as metabotropic glutamate receptor 2 (mGlu,) and cannabinoid receptor
1 (CB1) act almost exclusively via these presynaptic mechanisms. There is also evidence
that heteromeric GPCRs modulate neurotransmitter release with implications for behavior
that have been covered in previous reviews and thus will not be discussed further in

this review?122, The remainder of this review will focus on recent findings concerning

the enhancement and inhibition of neurotransmitter release by LGICs and GPCRs and

their physiological roles. We will feature presynaptic actions in the cortico-basal ganglia
circuit, where a variety of neurotransmitter interactions with behavioral roles have been
characterized (FIG. 1). The reader should be aware that many of the receptors we discuss are
present on presynaptic and postsynaptic elements even within the same CNS region, but the
bulk of the evidence indicates that the mechanisms we discuss involve presynaptic receptors.

LGIC Stimulation of Release

Nicotinic acetylcholine (nAChRs) and ionotropic glutamate receptors (iGlus), are widely
distributed in the CNS and participate in functions such as synaptic plasticity and neuronal
network integration. These receptors are implicated in numerous behavioral and cognitive
functions23. The ionotropic 5-HTj receptors for serotonin are expressed on GABAergic
presynaptic terminals in several brain regions, where they contribute to the CNS effects of
alcohol?425, Nicotinic AChRs are expressed on dopaminergic neurons and one of the major
roles of acetylcholine (ACh) in the striatum is enhancing dopamine (DA) release through
direct presynaptic depolarization leading to APs in axon terminals26-27 (FIG. 1B, C).
Participation of nAChRs in DA release has been studied extensively in striatal synaptosomes
and slices. Pharmacological and voltammetric experiments have shown nAChR involvement
in striatal DA release in the absence of somatic APs28-32, Different nAChR subtypes
participate in distinct processes within striatal subregions. The a4a5p2 nAChRs in the
caudate-putamen, and a4a6p2p3 nAChRs in the nucleus accumbens (NAc) stimulate DA
release33:34, Activation of nAChRs enhances DA release in response to a single electrical
stimulus (29) as well as-dependent corticostriatal long-term depression (LTD)3®, leading

to decreased striatal output implicated in action learning3®. In contrast, when nAChR- and
dopamine neuron AP-dependent DA release are engaged simultaneously in a burst-like
pattern, NAChR activity blunts DA release3!. This “low-pass filter” nAChR function may
limit D1 receptor activation in response to phasic DA neuron firing with a net circuit effect
of regulating over-activity of the striatonigral “direct” pathway and the action-initiating
function of this pathway. Blockade of p2-containing nAChRs during cue-motivated behavior
enhances the ability of cues to facilitate reward-seeking, indicating that nAChR filtering of
dopaminergic transmission in dopamine neuron varicosities modulates DA function to alter
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goal-directed behavior /n vivo3”. These LGIC-mediated alterations in DA release provide
important local control over the levels of this important neuromodulator.

Presynaptic nAChRs alter glutamate release at striatal synapses (FIG. 1B). At cortico-striatal
terminals, a.7-containing nAChRs stimulate glutamate release3%:38:39, This stimulation
likely involves presynaptic depolarization leading to VGCC activation and Ca2*-dependent
release. However, directly calcium influx through a7-nAChRs may also stimulate vesicle
fusion directly. These receptors do not appear to be expressed on DA terminals, but can
stimulate striatal DA release indirectly, through a glutamate-dependent mechanism30-32.38,
Recent evidence indicates that a5p2 subunit-containing NAChRs have a similar presynaptic
stimulatory role at glutamatergic thalamostriatal synapses#0. This ACh action has been
implicated in motor learning deficits in Parkinson’s disease model mice*?. Additional
examination of the in vivo roles of nAChR enhancement of glutamate release is clearly
needed.

Glutamatergic presynaptic actions involve iGlus that stimulate ACh and DA release.
Specifically, AMPA receptors on dopaminergic terminals in the striatum are involved

in DA release in the absence of APs30, presumably via depolarization of terminals

(FIG. 1C). Although the AMPA receptor link to DA release in the striatum is clear,

it is not clear if glutamate release caused by optogenetic stimulation of cholinergic
interneurons (CINSs) recruits AMPA receptors, perhaps due to differential actions of
AMPA receptors on DA terminals in different striatal subfields??:31, Specific activation

of glutamatergic corticostriatal afferents supports intracranial self-stimulation that involves
striatal cholinergic and dopaminergic transmission, indicating one way in which these local
presynaptic interactions influence behavior30,

Finally, there is also evidence that ionotropic receptors influence neurotransmitter release
via metabotropic effects involving intracellular signaling. This is best established for iGlus,
kainate receptors in particular®!.

GPCR inhibition of neurotransmitter release

Presynaptic GPCRs modulate neurotransmitter release at synapses throughout the CNS13,
The Gajjo-coupled GPCRs produce short-term synaptic depression, as well as LTD in

which decreased neurotransmitter release persists well beyond the duration of receptor
activation2. Receptors activated by the neurotransmitter released by the terminals on which
they reside are known as autoreceptors#3. Many autoreceptors are Ga.jj,-coupled GPCRs that
reduce release, providing negative feedback to dampen release during periods of exuberant
neuronal firing. This is perhaps the best-known source of non-linearity between AP firing
and neurotransmitter release, with a low-frequency filtering function that limits activation of
downstream circuit elements.

The so-called heteroreceptors, as the name implies, are presynaptic receptors activated by
neurotransmitters other than that which the terminal releases. For example, the adenosine
type 1 Gajjo-coupled receptors (AL1RSs) are often located on glutamatergic presynaptic
terminals where they inhibit release2. The inhibition of neurotransmitters release by
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heteroreceptors provides an important brake on excessive excitation or inhibition, reducing
the influence of cell firing.

Dopamine autoreceptors

Presynaptic

Local GPCR inhibition of DA release is one of the best characterized examples of
presynaptic modulation. A variety of neurotransmitters, auto- and heteroreceptors participate
in this regulation and there is considerable evidence of the roles of this modulation in circuit
function and behavior*4. The Ga.jj,-coupled D2- and D3-type autoreceptor GPCRSs reside
on striatal dopaminergic axon terminals (FIG. 1B,C). In the rodent brain the somata of

these neurons reside in the midbrain, some 2-3 mm distant from the terminals. Activation

of D2Rs, and to some extent the D3Rs, inhibits DA release. Sufficient DA build-up to
activate these receptors is produced by brief AP bursts in dopaminergic neurons®®. D2
autoreceptor activation leads to decreased DA availability to receptors on striatal neurons. In
the case of spiny projection neurons (SPNs) the result would be decreased activation of D1
receptors that enhance direct pathway SPN function and decreased D2 receptor activation
that suppresses indirect pathway SPN function, with a net effect of reduced circuit drive for
action initiation (SPNs)#647. Loss of D2 autoreceptors results in enhanced striatal DA levels,
hyperactivity and changes in motivation, as well as enhanced sensitivity to DA-targeted
drugs including cocaine*647. These effects are thought to be due predominantly to loss of
the brake on DA release at terminals in striatum, although influences on neuronal firing

in midbrain could also contribute. Thus, it is likely that striatal DA release will have a
nonlinear relationship to midbrain neuron somatic firing, especially when the neurons fire

in bursts3. These autoreceptors have a clear role in limiting the ability of midbrain input

to activate striatal output and action production which is adaptive under circumstances
where hyperactivity would be detrimental. Although there is little specific information on
the cellular consequences of hyperdopaminergic states involving loss of D2 autoreceptor
function, one possibility is increased activation of D1 dopamine receptors leading to
increased striatal output via the direct pathway, perhaps coupled with increased activation
of SPN D2 receptors that would suppress indirect pathway output. These output changes
would be expected to engender hyperactivity and inappropriate action selection that could
contribute to conditions such as schizophrenia and substance use disorder.

muscarinic heteroreceptors

The Gajjo-coupled M2 and M4 muscarinic receptors (MAChRs) are located presynaptically
on striatal CINSs, inhibiting ACh release and ACh-mediated DA release in the striatum?®
(FIG. 1C,D; see also?®-51). Notably, mAChR modulation differs across striatal subregions.
In the dorsal striatum, M2 and M4 receptors limit ACh-driven DA release, while only

the M4 receptor is implicated in this process in the NAc%2. In line with these findings,
when DA release is evoked by CIN optogenetic stimulation, mAChRs, presumably located
on CINs, mainly decrease ACh release and subsequent DA release??3, However, this
process involves not only mAChRs but requires the participation of NAChRs, due to

the previously-discussed low-pass filtering nAChR effect during brief bursts of afferent
activation31:52, ACh regulation of DA release is thus a complex process in which mAChR
activation causes reduced ACh release from axon terminals and conveys a self-inhibitory
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signal that involves the indirect participation of these receptors along with desensitization of
B2 subunit-containing nAChR activity>2.

The /n vivo consequences of DA release modulation by mAChRs include alteration of
responses to psychoactive drugs. For example, systemic mAChR antagonist administration
dose-dependently attenuated priming-induced cocaine seeking but not priming-induced
reinstatement of sucrose seeking®?. Intra-NAc antagonist injection also decreased cocaine
priming-induced reinstatement®4. Interestingly, intra-NAc core, but not shell, antagonist
injection attenuated sucrose reinstatement, demonstrating that mAChRs have different
roles for natural and non-natural rewards and that in the core region they may play a
central role in motivated behaviors®*. A recent study demonstrated that intra-NAc mAChR
antagonist administration abolished motivation enhancement induced by optogenetic D2-
SPN activation®®. This finding demonstrates that increased motivation for natural rewards
is dependent on striatal cholinergic signaling, and that mMAChR interactions with DA in
different striatal subfields may play distinct roles in motivated behaviors related to hedonic
value.

Glutamate autoreceptors

Gajo-coupled mGlus including mGlu, act as autoreceptors at glutamatergic synapses,
where they produce both short term modulation and LTD. In the striatum, recent studies
using optogenetics to selectively assess modulation of cortical vs. thalamus inputs revealed
that mGlus, activation inhibits both corticostriatal and thalamostriatal transmission, and in
turn inhibits DA release evoked by thalamic activation of CINs®6 (FIG. 1C). Inhibition

of VGCCs on terminals is likely the predominant mechanism involved in this mGlu,
action®’. Several studies have implicated group Il mGlus as modulators of striatum-
dependent behaviors. For example, group Il mGlu activation reduces self-administration
and seeking of psychoactive drugs including methamphetamine, nicotine, and alcohol®8-60.
In addition, group Il mGlu activation reduces locomotor responses to psychostimulants, and
microdialysis studies have shown that these effects correlate with reduced drug-evoked

DA release®0-62, Conversely, activation of group 11 mGlus does not reduce locomotor
activity or DA release evoked by stimulation of the substantia nigra pars compacta

(SNc), suggesting that these receptors specifically modulate DA release evoked through
local mechanisms®L. This is supported by recent fast-scan cyclic voltammetry findings
demonstrating that activation of mGlu, selectively inhibits nicotinic receptor-dependent
dopamine release in striatal slices®3. Concordantly, activation of mGlu, reduces operant
responding for optogenetic stimulation of thalamic terminals in the striatum®3. It will be
interesting to determine if these behavioral effects involve short-term depression or LTD.

Endocannabinoid Heteroreceptors

Endocannabinoids (eCBs) are lipid metabolites that activate the CB1 and CB2 Ga.j/o-
coupled GPCRs. The eCBs participate in a unique form of juxtacrine modulation in

which they are produced from lipid catabolism in response to receptor- and calcium-based
signals and released in a non-vesicular manner®. At most synapses, eCB production and
release appears to occur postsynaptically. The eCBs then traverse the synaptic cleft in a
“retrograde” direction to inhibit neurotransmitter release via activation of the CB1 receptors
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that are almost exclusively located on presynaptic terminals. The production and release of
eCBs requires strong postsynaptic activation and/or activation of Gaq-coupled GPCRs that
stimulate production of DAG which can then be metabolized to the eCB 2-arachidonoyl
glycerol (2-AG) through catalysis by the DAG lipase enzyme. The CB1Rs are expressed
predominantly on GABAergic and glutamatergic presynaptic terminals in the brain, but also
on other terminal types®. In the striatum, eCBs and CB1 reduce glutamate release from
corticostriatal terminals, as well as GABA release at synapses onto SPNs®* (FIG. 1B,E,

see also*9:65-67) These CB1 actions are implicated in short-term modulation and LTD of
GABA and glutamate release. Endocannabinoid and CB1 mediated synaptic depression at
orbitofrontal cortex glutamatergic synapses onto neurons in dorsomedial striatum contributes
to the shift from goal-directed to habitual control of instrumental actions®8.

Importantly, eCBs also alter DA release. However, the mechanisms underlying these
alterations are indirect, as dopaminergic neurons generally do not express CB1 receptors®.
In the midbrain, CB1 receptors on GABAergic synapses have a disinhibitory effect on
dopaminergic neurons in the ventral tegmental area (VTA) and SNc’°. This effect appears
to involve eCB release from DA neurons (FIG. 1A). Inhibition by eCBs of glutamate
release onto VTA and SNc DA neurons also occurs’0. The disinhibitory eCB effect likely
contributes to enhanced VTA dopaminergic neuron activity and enhanced DA release in the
NAc, and this mechanism is activated by THC and other psychoactive drugs’?.

In contrast to their actions in the midbrain, eCBs decrease DA release via local actions in
the striatum9, Activation of CB1Rs inhibits DA release driven by optical stimulation of
either CINs or glutamatergic medial prefrontal cortex (mPFC) afferents to the striatum3°.
This modulation involves CB1 receptors expressed by the mPFC neurons (FIG. 1B).
Activation of the mPFC afferents increases DA release, at least in part, via glutamatergic
excitation of CINs, which then stimulate nAChRs on dopaminergic terminals, as described
previously. Direct optical activation of CINs stimulates this nAChR-driven DA release, but
also leads to activation of a7 subunit-containing nNAChRs on mPFC terminals that contribute
to DA release. Optical activation of CINs can also produce eCB release that reduces DA
release30, Gag-coupled M1 receptors on SPNs might serve as an ACh-dependent trigger
for eCB release and consequently modulate striatal DA release in a negative feedback
manner’2.73, Furthermore, local eCB modulation of DA release in the NAc curtails reward-
seeking behavior driven by the mPFC30, This action may serve a homeostatic function, e.g.
preventing development of compulsive actions.

Local eCB modulation is observed throughout the brain®74. In the basolateral amygdala
(BLA) and CA1 region of the hippocampus the GABAergic synapses made by
cholecystokinin-expressing basket cells (CCKBCs) onto glutamatergic projection neurons
(PNs) are a prominent site of eCB retrograde signaling”>~78. In both brain regions activation
of Gag-coupled mGlus receptors can stimulate eCB production in the PN to initiate

this retrograde signaling’®79. In BLA, the CCKBCs participate in both feedforward and
feedback inhibition as they are activated by glutamatergic input from extrinsic afferents as
well as the same PNs that they inhibit8. This provides a natural brake on activity when PNs
are strongly driven by extrinsic glutamatergic synaptic inputs. Each CCKBC makes multiple
synapses onto the PN soma and dendrites where the GABAergic input exerts powerful
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control of responses to excitatory synapses and firing of the projection neuron8%. Reduced
GABA release from CCKBCs thus has a net disinhibitory effect on circuit activity that
coincides with periods of especially intense glutamatergic drive.

The BLA is a key part of the neuronal circuitry that uses outcome valence information

to guide learning and memory. Aversive learning involves BLA function as shown in a
voluminous literature®L. In the Pavlovian fear-conditioning (FC) task animals learn to freeze
in response to a conditioned stimulus (CS) associated with footshock. Animals extinguish
the freezing response when the CS and footshock are decoupled. eCB-dependent synaptic
plasticity is implicated in extinction learning, as initially shown in studies by Marsicano and
coworkers who demonstrated a role in this learning process for eCB-dependent LTD at the
GABAergic synapses onto BLA PNs’7. Blocking or genetically removing CB1 receptors
prevented extinction, and eCB levels in BLA were elevated following extinction training.
Extinction was associated with deficient LTD at GABAergic synapses and enhanced LTP

at glutamatergic synapses onto the PNs. Thus, reduced synaptic inhibition due to increased
eCB levels might be a key step in extinction, most likely due to disinhibition of the BLA
output required to re-establish the freezing response. Subsequent studies have extended our
understanding of eCB roles in fear extinction and other aversive memories involving the
BLAB82, Elevating extracellular levels of the eCB arachidonoyl ethanolamine by inhibiting
the fatty acid amide hydrolase catabolic enzyme enhances extinction83. The eCBs have also
been implicated in the fear extinguishing effects of selective serotonin reuptake inhibitor
(SSRI) antidepressants84. There is anecdotal evidence that cannabinoid drugs are used to
self-medicate for posttraumatic stress disorder (PTSD) and other aversive memory-based
psychiatric disorders®, as well as evidence that THC reduces responses to fear-inducing
stimuli in trauma-exposed individuals®®. It is hoped that eCB signaling-targeted treatments
will have efficacy in these disorders without the unwanted cognitive side effects of THC.
The foregoing example indicates how a reduction in synaptic GABA release has a profound
impact on clinically relevant behaviors without a change in AP coding by the GABAergic
neurons themselves.

Gag/gi-coupled GPCRs enhance release

Stimulatory heteroreceptors are also present on axons and terminals. The Gagqjs-coupled
GPCRs appear to have such stimulatory functions, at least at some synapses. As mentioned
above, the Gag-coupled GPCRs increase AC activity and intracellular cAMP. Activation of
AC has been shown to increase synaptic transmission at a variety of CNS synapses8’-90. The
bulk of evidence indicates that this effect is due to increased neurotransmitter release. New
evidence indicates that local modulation via Ga.qs-coupled odorant receptors in olfactory
epithelium contributes to sensation. Although this effect is not presynaptic per se, it provides
a compelling example of complex modulation of neuronal activity by GPCRs (Box 1).

The D1 dopamine receptors (D1Rs) activate Ga, and there is emerging evidence for
presynaptic stimulation of neurotransmitter release by this receptor. In cultured cortical
neurons D1Rs stimulate glutamate release®L. The striatonigral projections made by D1-
expressing direct-pathway SPNs also appear to express D1 receptors on their axon
terminals in midbrain®2, where they facilitate GABA release, presumably when activated by
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somatodendritic DA release from midbrain neurons®. In the ventral pallidum, D1 receptor
activation enhances glutamate release®*. Presynaptic D1Rs also appear to enhance glutamate
release at afferents in the NAc®. This mechanism may have a role in enhancing excitatory
drive onto striatal neurons when cortical and midbrain afferents are co-active, or it may

be a way to boost SPN excitation independent of cortical neuron firing. In the mammalian
retina presynaptic D1Rs have a role in light adaptation%. There are several potential cellular
sites where this modulation might occur, including terminals of ON bipolar or amacrine
cells. Interestingly, the D1Rs induce decreased GABA release at amacrine cell synapses.
This modulation contributes to altered balance of rod versus cone-based visual sensation.
Additional work is needed to determine how presynaptic D1 receptors contribute to the
function so other circuits as well as behavior.

The mechanisms linking Gas-coupled GPCRs and CAMP to neurotransmitter release are
not fully understood. Phosphorylation of vesicle proteins by PKA generally increases
exocytosis?7:98, The hyperpolarization-activated I,-type cation channels are sensitive

to intracellular cAMP levels, and have been implicated in cAMP enhancement of
neurotransmitter release presumably through depolarization of terminals®. The exchange
proteins directly activated by cyclic AMP (EPAC) also regulate exocytosis. Direct
interaction of EPAC with vesicle-associate proteins such as Rim1 regulates vesicle fusion,
and effects on ion channels may also contribute to this regulation®. As discussed later, with
the tools now available to measure and interrogate synapses the time is ripe for investigation
of the synaptic-boosting actions of Gas-coupled GPCRs.

Gag-Coupled GPCRs Stimulate Neurotransmitter Release

GPCRs coupled to Gaq pathways facilitate neurotransmitter release through a variety

of mechanisms, including ion channel regulation and PKC-dependent modulation of
exocytosis-related synaptic proteins'3. Notable examples of Gag-coupled GPCR-mediated
facilitation of neurotransmitter release occur in layer 5 of the mPFC, where activation

of Gag-coupled receptors including 5-HTa, a, hypocretin receptor-2, and mGlug

robustly increase the frequency of spontaneous excitatory post-synaptic potentials (SEPSCs)
recorded from pyramidal neurons®®-10%. In most cases, Ga.q-coupled receptor facilitation of
neurotransmitter release is inferred from electrophysiological or electrochemical measures;
rarely accompanied by compelling anatomical evidence or direct recordings of presynaptic
effects. However, a recent report that the Ga4-coupled designer receptor exclusively
activated by designer drugs (DREADDs) hM3Dq enhances DA release in coronal NAc brain
slices after selective expression in midbrain dopamine neurons provides direct evidence

that Gag-coupled GPCR activation can produce effects on synaptic transmission through
regulation of terminals®2. Supporting the behavioral relevance of Gaq-coupled GPCR
facilitation of neurotransmitter release, direct infusion of the DREADD agonist clozapine-N-
oxide (CNO) at terminals enhanced cued reinstatement of cocaine seeking.

In the context of presynaptic modulation it is worthwhile considering that spontaneous, AP
propagation-independent neurotransmitter release relies on unique mechanisms of calcium
regulation and vesicle-associated proteins!®3 and therefore could be differentially modulated
by GPCRs when compared with AP propagation-driven release. For example, proteins such
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as Rim1la that are implicated in GPCR modulation and LTD may contribute exclusively

to alterations in AP/Ca2*-dependent excitation-secretion coupling. Differential regulation
of release modes has been observed in group | mGlu receptor modulation of calyx of

Held terminals in the medial nucleus of the trapezoid body (MNTB) where receptors
increase SEPSC frequency, and this effect is prevented by TTX194, Electrophysiology
recordings from the large calyx of Held presynaptic terminals revealed that mGluys
activation produces subthreshold depolarization and enhances persistent TTX-sensitive
sodium currents. These events likely increase AP-independent neurotransmitter release by
increasing stochastic opening of VGCCs. Enhancement of glutamate release by mGluys at
calyx of Held synapses is unique to spontaneous release modes, as evoked glutamate release
is inhibited by postsynaptic mGlus activation and subsequent retrograde eCB signaling1.
Activation of persistent sodium currents could also underlie TTX-sensitive enhancement of
neurotransmitter release by Gaq-coupled receptors at other synapses.

An additional layer of Gag-coupled GPCR-mediated regulation of neurotransmitter release
from presynaptic terminals occurs via crosstalk between Ga - and Gajjo-coupled

GPCRs (Box 2). For example, group 1l mGlu receptors inhibit 5-HT-evoked increases

in spontaneous glutamate release in the mPFC106, Similar antagonism occurs between
other pairs of Gay- and Gajjo-coupled GPCRs such as hypocretin-2 and mu opioid
receptors®®. Thus, unique combinations of GPCRs in different axon terminals can produce
complex modulation. Like 5-HT, hallucinogenic 5-HT agonists increase the frequency
of spontaneous EPSCs in layer 5 pyramidal neurons in the mPFC, and this effect is
attenuated by activation of mGlu,196:107_ Sypporting the /7 vivo relevance of this example
of GPCR interactions, mGlu, activation reduces the head twitch response induced by

DOI administration. These findings suggest that GPCR crosstalk substantially influences
behavioral responses to classic hallucinogens in rodents, and these findings have inspired
drug discovery efforts aimed at identifying novel treatments for psychosist06.

Assessing Presynaptic Function In Vivo

It should be clear that local modulation at axon terminals alters neuronal signaling,
neurotransmitter release and effects of somatic APs. However, we know little about how
these interactions contribute to circuit function and behavior. Fortunately, the newest
neuroscience research tools should allow for significant progress in this area (FIG. 2).

The use of viral and transgenic strategies for removing specific molecules from discrete
neuronal populations in adult mice has revealed important roles for receptors involved in
local modulation (FIG. 2A). For example, deleting CB1Rs from frontal cortical neurons
using viral Cre expression in conditional knockout mice removes modulation of glutamate
release at terminals in striatum3968, As CB1Rs are only expressed presynaptically in these
neurons, this knockout will only affect local modulation in striatum. This strategy revealed
that these receptors and their cognate eCB ligands play important roles in habit learning and
reward-driven behavior as discussed in previous sections of this review.

Chemogenetic and optogenetic strategies have been used to alter neuronal activity, including
specific manipulations of axon and axon terminal functions08-115 (FIG. 2A). These
techniques are now well-established, and thus we will not describe them in detail. However,
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it is worth noting that the G protein-coupled DREADDs are designed to mimic GPCR
effects on neurotransmitter release, and indeed they have already been used in this capacity
in several studies58:102.116-120 More experiments using DREADDSs and other chemogenetic
tools will be valuable for assessing local effects and their contributions to circuit function
and behavior. The study in which Mahler and coworkers used local CNO infusion to
inhibit VP GABAergic inputs to VTA is an outstanding example of a complete presynaptic
DREADD study, including both behavioral and physiological confirmation of receptor
efficacy1®. More experiments of this type are needed throughout the brain.

Investigators have also developed light-activated GPCRs by designing chimeric receptors
including portions of rhodopsin121-125(FI1G. 2A). This approach, sometimes termed OptoX,
allows for activation or inhibition of intracellular signaling with precise spatial and temporal
control. Light activation of gene expression and repression is also in play'26:127 and these
approaches should be useful for manipulating expression of presynaptic receptors and
signaling molecules with improved spatial and temporal precision. One OptoX receptor,
based on the A2A adenosine GPCR, has been shown to impair memory when activated

in hippocampus28, Another OptoX construct based on the mu opioid receptor can alter
place preference or aversion based on the locus of expression2?, It is not yet clear if the
behavioral effects of OptoXRs are mediated by presynaptic activation, but newly developed
Gajjo-targeted constructs show promise for this purposel23.124,

The latest revolution in neurotransmitter detection is the development of genetically
encoded neurotransmitter sensors (GENS) (FIG. 2B). These molecules are a hybrid of a
neurotransmitter-binding protein and a circularly permuted fluorescent protein (cpFP). Two
major classes of GENS have been developed, one using GPCRs as the binding protein and
the other using bacterial periplasmic binding proteins (PBPs) to bind the neurotransmitter.
With either molecular scaffold, binding of the neurotransmitter to its cognate site results

in a conformational change that increases fluorescent emission from the cpFP moiety.
There are now GENS that detect a variety of neurotransmitters and neuromodulators!30-132,
These sensors can be expressed in specific brain regions or neurons via viral injection,

and greater specificity can be obtained with Cre-loxP-based expression strategies. This
technology is allowing neuroscientists to estimate the magnitude and duration of changes

in extracellular neurotransmitter concentrations using photometric and imaging techniques
both in brain slices and /n vivo®133-139 While previously available technologies for
extracellular neurotransmitter detection have proven useful, GENS combine the temporal
resolution of voltammetric and amperometric techniques with the molecular specificity

of microdialysis and high performance liquid chromatography (HPLC). This has allowed
investigators to examine the real-time dynamics of neurotransmitters in brain regions where
such measurements were not previously possible (e.g., dopamine levels in the neocortex!36).
Indeed, one recent paper suggests a dissociation between midbrain dopamine neuron firing
and dopamine release in striatum3, although this question is still disputed40.

With these new and powerful tools in hand, it is now time to take a closer look at local
neurotransmitter actions that alter signaling between neurons and ultimately affect the output
of nuclei and behavior. Measuring fluctuations in extracellular neuromodulator levels in real
time during ongoing behaviors will indicate when they are likely to have local actions or
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when tonic actions are altered. These approaches can be combined with measurements of
neuronal activity to gauge the physiological impact of changes in neuromodulator levels.
In this context, new techniques for multicolor imaging and photometry will allow for
simultaneous neurotransmitter and activity measures'#1:142, Improvements in genetically
encoded voltage sensors should also allow better measurement of neuronal firing to facilitate
direct comparisons to neuromodulator levels143:144, This approach will aid in determining
if there are indeed mismatches between neuronal firing and transmission /in vivo. When
manipulations are performed to alter neuronal activity, neurotransmitter secretion, specific
receptors and signaling molecules using the techniques described previously, the specific
roles of the molecular and cellular targets of local modulation can be assessed. This is
indeed a promising time for neuroscientists to employ these new tools to explore the
richness of local neuromodulation.

Given that neuromodulators produce many of their actions through intracellular signaling
molecules, it is vital to measure and manipulate these signaling pathways /n vivoto
determine the subcellular impact of local modulation. Genetic techniques are in place to
alter expression of various proteins involved in intracellular signaling (e.g. AC, PLC, protein
kinases). However, it will be even more useful if disruption of signaling can be restricted

to subcellular compartments, especially presynaptic terminals. This cannot be achieved

with genetic techniques that eliminate proteins from entire neurons. However, techniques
for assessing the effects of protein knockout on neuromodulator release are certainly

in play. Development of tethered inhibitors4> or other means of targeting inhibitors to
subcellular compartments may also be possible. Genetic manipulations combined with small
molecules may also be useful in altering the function of proteins involved in intracellular
signaling!46. Optical methods for rapid synthesis of intracellular signaling molecules will
also be useful®’. There is mounting evidence that local mRNA translation occurs in
presynaptic terminals'48.149, Thus, subcellular depletion of key proteins may be achieved
by reducing RNA levels in terminals if they are synthesized locally. However, one major
barrier to manipulating intracellular signaling is the relative lack of information about which
specific proteins reside in which subcellular compartments. For example, ten AC subtypes
have been identified!®0, and mRNA for each subtype is expressed in one brain region or
another. However, localization of the different AC proteins has been hampered by poor
specificity of antibodies. Prior to attempting to manipulate subcellular AC expression, it will
be necessary to determine which AC subtypes are in which compartments. If immunological
techniques cannot be brought to bear on this question, then proteomic approaches combined
with separation of different neuronal subcompartments may be necessary to address this
problem. Similar mapping for subcellular expression of other signaling-regulatory proteins
will also be required.

One area where assessment of intracellular signaling is already making significant progress
is real-time measurement of signaling molecules (FIG. 2B). As mentioned above, it is

now possible to measure intracellular calcium in specific neurons and subcompartments
using genetically encoded calcium sensors such as GCaMP2151.152 Newer GESs have been
developed to measure cCAMP, DAG and phosphorylation and/or activation of PKA153-155,
Use of these sensors in brain slice experiments and in vivo is just beginning155-158,
Examination of these intracellular signals in different subcompartments of living neurons
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can help us understand how neuromodulation is playing out in real time. Combining these
powerful new tools with the other approaches discussed in this paper has the potential

to provide fine-grained analysis of neuromodulation and how it alters trans-neuronal
communication by modifying effects of somatic APs.

Conclusions and suggestions for future studies

Somatic APs had long been the standard measurement of neuronal activity and
communication /in vivo. However, it is now clear that local neurotransmitter effects on
presynaptic terminals and other neuronal elements influence neuronal activity and synaptic
transmission in ways that modify effects of APs, and in some cases independent of APs
altogether. A growing literature indicates that altering these local signals has effects on

a variety of behaviors. Thus, there is clearly nonlinearity between somatic AP firing and
neurotransmitter release. However, methods to assess the impact of local signaling on CNS
neurophysiology /n vivo lagged behind these behavioral assessments. With the advent of
powerful new techniques for real-time measurement of neurotransmitters and intracellular
signaling, combined with the array of methods to manipulate these physiological functions,
the field is gaining a new appreciation of the complex intercellular communications that
must be characterized to fully understand CNS function.

We recommend an /n vivo “modulomics” approach using the techniques described in the
previous section to fully address this subject. Many of our recommended future directions
have been discussed earlier in this review but without discussion of possible research
priorities. In our view, the most pressing need is to identify in vivo situations in which
neurotransmitter release does not match somatic firing. This will require multidisciplinary
in vivo experiments combining electrophysiological, neurochemical and genetic approaches
with behavior. It is also important to determine which presynaptic receptors and associated
signaling molecules in specific axon terminals in particular brain regions are involved in
which behaviors. This will require use of the sophisticated genetic techniques outlined in
the previous section, along with physiological assays indicating how decreased or increased
receptor function impacts synaptic transmission the brain regions of interest. Another urgent
need is determining which synapses are affected by which presynaptic receptors, especially
outside of heavily studied brain regions such as hippocampus and striatum. Indeed, there
has been relatively little work on some presynaptic receptors, most notably Gaq and
Gagjif-coupled GPCRs. Combining slice physiological studies with in vivo analysis of
neurotransmitter release, receptor localization, pharmacological and genetic approaches will
all be needed to gather this information. In this context, it is crucial that new tools be
developed and employed to determine which molecules are in which terminals. In addition
to immunological approaches and high resolution/super-resolution microscopy, proteomic
analysis of isolated terminals would be valuable for this research. We stand on the threshold
of exciting breakthroughs in understanding presynaptic modulation and function, but much
work will be needed to get to the other side.
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gap junctions
intercellular channels that permit direct cell—cell transfer of ions and small molecules

adhesion molecules
cell surface proteins that mediate the interaction between cells, or between cells and the
extracellular matrix

synapses
a small gap between two neurons, through which the two neurons communicate by
neurotransmitters release and binding to receptor proteins

juxtacrine

a signaling process where the cell producing the effector molecule (e.g. a neurotransmitter or
protein) interacts with receptor proteins of an adjacent responding cell, usually needing to be
in direct contact or within ~20 mM of each other

paracrine

a signaling process where the cell producing the effector molecule (e.g. neurotransmitter,
hormone) acts on nearby responding cells, usually involving the diffusion over short
distances of the effector molecule

chemogenetic
a technique that uses genetically engineered receptors and selective ligands to facilitate the
study and manipulation of neuronal activity

optogenetic

a technique aimed at controlling the physiology of neurons (or other cell types) with light,
generally involving genetically encoded light-sensitive cation or anion channels such as
channelrhodopsin or halorhodopsin, respectively

somatic action potential

rapid sequence of changes in the membrane voltage of a neuron soma, characterized by a
rapid rise in voltage (depolarization), followed by a subsequent decrease (repolarization and
hyperpolarization), consequence of opening Na+ and K+ channels, respectively

synaptic plasticity
activity-dependent modification of the connections between neurons

cognitive functions
mental processes involved in the acquisition of knowledge, manipulation of information,
thinking, remembering, decision making, perception, etc

Synaptosomes
isolated synaptic terminals representing mainly the presynaptic portion and, often, with an
attached postsynaptic membrane, that conserve functional traits of the synapse
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voltammetric

an electrochemical technique used to measure neurochemicals in the brain by taking
advantage of the oxidation and reduction reactions that some molecules, such as
catecholamines (i.e. dopamine, norepinephrine), undergo when a specific voltage is applied,
as measured by current changes

long-term depression (LTD)

synaptic plasticity process in which a long-lasting reduction in the strength of synaptic
transmission is observed after receiving certain types of recurrent synaptic stimulation
and/or receptor activation

neuromodulator
substance that modulates the effectiveness of a neurotransmitter by influencing its release or
receptor response to it

priming
protocol to investigate a behavioural response facing a previous stimulus, for example, a
priming injection

VGCCs

\oltage-Gated Calcium Channels are transmembrane proteins sensitive to voltage that,
upon activation after depolarization, allows the entry of Ca2* ions into the cell, further
depolarizing membrane voltage and eliciting downstream intracellular effects including
neurotransmitter release

psychoactive drugs
substances that when administered can affect mental processes (such as perception), mood
and behaviour

microdialysis
a technique that enables the collection of small-molecular-weight substances (i.e.
neurotransmitters) from the interstitial space

fast-scan cyclic voltammetry

electrochemical technique where the voltage is rapidly (i.e., 400 V/s) increased and
decreased between a maximum and a holding potential repeatedly (i.e. 10 Hz), allowing
sufficient temporal resolution to study release of neuromodulators including dopamine

short-term depression

transient synaptic plasticity process by which high presynaptic transmission reduces the
strength of transmission onto the postsynaptic terminal; considered as a low-pass filter for
synaptic information transfer

psychiatric disorders

behavioral, emotional, or cognitive dysfunctions that are not readily controlled by the
individual and are related to clinically significant distress or impairment in one or more
areas including social, occupational, and interpersonal functioning
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amacrine cells
retinal interneurons that interact at the second synaptic level of the vertically direct pathways
consisting of the photoreceptor-bipolar-ganglion cell chain

spontaneous EPSCs (SEPSCs)

spontaneous excitatory postsynaptic currents show the depolarizing flow of ions through
postsynaptic ionotropic glutamate receptors in the absence of external stimuli, ultimately
increasing the chance of evoking an action potential in the postsynaptic terminal

DREADD

G protein-coupled receptors engineered to activate different downstream effector pathways
in response to a specific ligand, modulating cell physiology, and allowing the study of
certain biological processes in unrestrained animals and in a cell-specific manner

chimeric receptors
genetically engineered receptors that combine functional elements (e.g., binding domains,
signaling domains) from different proteins

bacterial periplasmic binding proteins (PBPs)

receptors present in bacteria with high ligand affinity, that experience drastic conformational
changes after the binding of a ligand rendering them a good protein scaffold for the
development of fluorescent biosensors for neurotransmitters and other molecules

circularly permuted fluorescent protein

modified fluorescent proteins (FPs) that respond to conformational changes with changes in
fluorescence intensity and can be used for studying various biological processes in living
systems

cre-loxP-based expression
activation or inactivation of genes when the Cre recombinase is present and active; Cre
expression is often driven by a cell type-specific promotor

amperometric

electrochemical method in which the potential applied to a sensing electrode is controlled
instrumentally and kept constant. The current produced by oxidation/reduction at the
electrode surface is recorded as the analytical signal

HPLC

a column chromatography technique that pumps a sample mixture or analyte in a solvent
(known as the mobile phase) at high pressure through a column with chromatographic
packing material (stationary phase), separating and identifying compounds that are present
in any sample that can be dissolved in a liquid in trace concentrations as low as parts per
trillion

tethered inhibitors
recombinant proteins engineered to block protein function via a tethered toxin in a specific
subcellular compartment, such as the membrane, used to manipulate G protein-coupled
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receptors and ion channels in a subcellular and cell-specific manner allowing for the study of
genetically-defined populations in vivo

proteomic approaches

the large-scale study of proteins, known as the proteome, encompassing all the proteins
produced and modified by a cell or organism, allowing for the study of the different proteins
involved in a process, cell population or cellular compartment

subfields

region inside a brain nucleus with distinctive neuronal populations, synapses, and
neurotransmitters, that might have a differential impact on behavioural processes in
comparison to neighbouring regions within the same nucleus

extinction training
behavioural protocol where the animal learns to eliminate a previously learned association or
behavior (e.g., extinction of lever-pressing for a drug)
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Box 1.
GPCRs shape the odor experience

Recent studies suggest that GPCR-based modulation at synapses involving Ga.qi¢ and
cAMP signaling can influence how sensory information reaches the brain1®9. In the
olfactory epithelium odorants bind to GPCRs located on the dendritic knobs of olfactory
receptor neurons (ORNS) and this is the fundamental basis of odor sensation and the first
step in perception160, Each ORN expresses only one olfactory GPCR61, Approximately
1000 odorant-responsive GPCRs have been identified, allowing mammals to sense

a huge variety of airborne chemicals through activation of individual receptors and
combinations thereof. Furthermore, a single odor can affect many receptors providing
combinatorial effects through influences on several ORNs®®. These receptors couple

to the Gas-type of G-protein leading to AC activation opening of cCAMP-activated ion
channels, ORN depolarization and action potential generation162. In a recent study

by Xu and coworkers, large-scale imaging of 1000s of ORNs was used to examine
responses to combinations of odorants®°. The investigators found that odors can enhance
or suppress increases in intracellular calcium produced by other odors. In some cases,

the odors with these enhancing or suppressing effects did not themselves elicit cellular
responses, thus essentially producing allosteric effects through the odor-sensitive GPCRs.
These remarkable findings indicate that GPCR-mediated neuromodulation helps to shape
odor perception at the level of the primary sensory organ, determining the olfactory
information that reaches the brain.
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Box 2.

Getting Meta with Presynaptic GABA-Glutamate Interactions in the
Hypothalamus

In the hypothalamic paraventricular nucleus (PVN), short-term synaptic depression at
GABAergic synapses can itself be modified by local glutamatergic transmission63,
Depolarization of PVN parvocellular neurons that express corticotrophin-releasing factor/
hormone (CRF) stimulates retrograde eCB signaling that depresses GABA release.

The duration of this depression is relatively short when the GABAergic synapses are
activated simultaneously with glutamatergic synapses. However, when Gag-coupled
mGlus receptors are blocked, the duration of depolarization-induced suppression of
inhibition (DSI) is prolonged. A similar long-lasting DSI is also observed when
GABAergic synapses are activated in the absence of glutamatergic transmission, and
the duration is curtailed by application of an mGlug agonist. Additional evidence
indicates that presynaptic Gag-induced signaling is responsible for this mGlus action.
This mechanism provides metaplastic control of local synaptic depression that might
override disinhibition during periods of strong glutamatergic synaptic activity. It will be
interesting to determine the signaling mechanisms in presynaptic terminals that mediate
this Gaq suppression of Gaj,-mediated signaling, and to see if this mechanism is
observed at synapses in other brain regions.
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Box 3.

Integrating Modern Approaches to Determine Circuit-specific Roles for
Presynaptic GPCRs

New work by Castro and colleagues elegantly combines pharmacology, genetic
manipulations, and optogenetic techniques to identify how a presynaptic GPCR
facilitates reward-related behaviorl®4, In this study, the authors identified a subset of
preproenkephalin-expressing dorsal raphe nucleus (DRN) neurons that project to the NAc
shell and express the Gaj;,-coupled mu opioid receptor (MOR), a receptor known to

be involved in both reward and analgesia. They began with the observation that reward
consumption is reduced by either local MOR blockade in the mouse NAc shell or global
deletion of MORs. Because MORs are expressed on both axon terminals and soma in
the NAc shell, the investigators used local or retrograde viral strategies to conditionally
delete MOR either locally or in inputs to the NAc and determined a specific role for
NAc shell-projecting neurons in MOR facilitation of reward consumption. In mice with
global MOR deletion, selective restoration of MOR expression in DRN neurons that
project to the NAc shell restored reward consumption. Measurement of presynaptic
calcium in NAc-projecting DRN neurons with GCaMP6s revealed that this pathway

is inhibited during reward consumption. This reward-associated reduction in DRN
terminal calcium signal was blocked by systemic administration of the MOR antagonist
naloxone. To specifically test the effects of mimicking presynaptic MOR activation

on reward consumption, Castro et al. expressed the light-sensitive chimeric opto-MOR
receptor in NAc-projecting DRN neurons and inhibited the pathway via light delivered
to the NAc shell. This manipulation enhanced reward consumption. Collectively, these
findings provide convergent evidence that endogenous MOR-mediated inhibition of DRN
projections to the NAc shell facilitates reward consumption. Finally, the authors found
that MORs in this pathway are not involved in the analgesic effects of MOR activation,
demonstrating the utility of using complementary circuit-specific approaches to identify
mechanisms by which widely expressed GPCRs exert dissociable effects on behavior.
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FIG 1. Presynaptic ionotropic and metabotropic receptor control of neuronal communication in
cortico-basal ganglia circuitry.

(A) In the VTA, GABA release at synapses onto dopaminergic neurons is modulated

by endocannabinoids via presynaptic CB1 receptors, allowing stronger excitation by
glutamatergic synapses. (B) In the striatum, release of different neurotransmitters

is regulated locally via presynaptic interactions among PFC glutamatergic, midbrain
dopaminergic and striatal cholinergic interneurons. GABAergic transmission can also
regulate these synapses. Molecular players include AMPA, CB1, D2/3, GABAA, hACh,
mACh and mGlu2/3 receptors. (C) In the striatum, thalamic glutamatergic input stimulates
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ACh release, which in turn enhances dopamine release. Presynaptic receptors for

ACh, dopamine and glutamate participate in this regulation, with additional modulation

via GABAARS. (D) In the striatum, GPCR-mediated alterations in release of ACh,
dopamine and GABA (from MSNSs) allows for mutual regulation of different synapses.
Endocannabinoids released from MSNs also modulate GABA release via CB1 autoreceptors
and dopamine release via CB2 heteroreceptors. (E) In the GP, GABA release from striatal
MSN afferents is inhibited by dopamine and endocannabinoids via D2/3 and CB1 receptors,
respectively. Striatal CINS and their synaptic contacts are shown in pale orange. Normal
arrow tips indicate facilitation of neurotransmitter release, while blunt arrow tips refer to
inhibition. ACh: acetylcholine; AMPAR: glutamatergic AMPA receptor, CB1R: cannabinoid
type 1 receptor; CB2R: cannabinoid type 2 receptor; CIN: cholinergic interneuron; D2/3

R: dopamine type 2/3 receptor; eCB: endocannabinoids; GABAA: GABA type A receptor;
GABAB: GABA type B receptor; GP : globus pallidus; M1R: muscarinic acetylcholine
receptor 1; M2/4 R: muscarinic acetylcholine receptor 2/4; M5R: muscarinic acetylcholine
receptor 5; mGlu 1: metabotropic glutamate receptor 1; mGlu 2/3: metabotropic glutamate
receptor 2/3; nAChR: nicotinic acetylcholine receptor; NMDAR, glutamatergic NMDA
receptor; PFC: prefrontal cortex.
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b Observation of presynaptic modulation
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FIG 2. Approaches to observe and manipulate presynaptic activity in vivo.
(A) The behavioral relevance of ligand-gated ion channels (LGIC) and G protein-coupled

receptor (GPCR) modulation of presynaptic activity can be assessed through a variety

of techniques, including conditional deletion of receptors from specific neural pathways.
The effects of activating presynaptic GPCRs in specific circuits can be determined

using light-activated GPCR-based opsins such as OptoX receptors or pharmacological
activation of Designer Receptors Exclusively Activated by Designer Drugs (DREADDS).
Optogenetic activation or inhibition of axon terminals using channel-based opsins

(e.g., Channelrhodopsin-2) allows manipulation of presynaptic depolarization with high
temporal precision. (B) Genetically encoded fluorescent sensors for neurotransmitters and
neuromodulators (NT sensors, e.g., dLight, GRABpa for dopamine detection) can be used to
measure neurotransmission dynamics during behavioral assays. Genetically-encoded sensors
for signaling molecules such as calcium (e.g., GCaMP variants) and other 2"d messengers
allow real-time /n vivo measurement of signaling events that regulate neurotransmission.
VGCC: Woltage-gated calcium channel.
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