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Abstract

Dopamine transmission is critical for a variety of functions in the brain including reward
processing and movement while its pharmacological regulation is used to treat dysregulation states
like depression and psychosis. Despite its importance, relatively little is known about the
mechanisms regulating dopamine receptor sensitivity and signal transduction in large part due to the
complex nature of the pathway. Dopamine is sensed by a family of receptors called G protein-
coupled receptors (GPCRs) which is a large family that senses a wide variety of neurotransmitters
such as endogenous opioids, serotonin, acetylcholine, glutamate, adrenaline, adenosine, and
signaling lipids. Understanding the regulation and signal transduction pathways of dopamine
signaling is therefore important both for understanding the roles of dopamine in the brain and for

broader insights into G protein signaling.

Dopamine is produced by midbrain dopamine neurons which send projections and release
dopamine throughout the brain, but also release dopamine from dendrites as a form of regulation
between dopamine neurons. These neurons express inhibitory D2 receptors which couple to G
protein-coupled inwardly rectifying potassium (GIRK) channels that reduce dopamine neuron
excitability. Dendritic dopamine release and the resulting D2 dependent inhibitory post-synaptic
current (IPSC) depends on molecular machinery common to other forms of neurotransmission and
similarly exhibits pre-synaptic plasticity, but the post-synaptic regulation of cellular response has

received less description.

The bulk of this dissertation focuses on D2 receptor-GIRK channel coupling. Chapter topics
include how structural variants of the D2 receptor modulate G protein engagement, measurements
of the time course of dopamine-D2 receptor functional interactions in the IPSC, and characterization

of post-synaptic interactions between GABAg and D2 receptor signaling.
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Following a chapter focusing on tool development (Chapter 3), the first experimental
chapter (Chapter 4) consists of a study using genetically modified mice that express only the long or
short isoform of the D2 receptor. These experiments followed from results of a previous study using
virally expressed receptors which found a major difference between the long and short splice
variants was differential sensitivity to calcium. However, results from these new strains of genetically
modified animals showed a calcium sensitivity for both receptor subtypes. This difference highlights
the distortions associated with protein over expression. Despite this difference from previous results,
data did confirm differential response to cocaine pre-treatment suggesting the two splice variants

may indeed play a role in longer-term responses to drug-induced plasticity.

Next, this dissertation presents the results of studying a constitutively active mutant D2
receptor (D2-1212F) discovered by studying the pathology of a human family. Experiments with
virally transduced dopamine neurons clarified a dual role of constitutive activity and slowed kinetics
in signal termination, consistent with molecular dynamic models of modified receptor movements.
These results highlight the role of agonist unbinding for the decay of the endogenous D2 receptor
IPSC by dramatically increasing the duration of responses, associated both with increased receptor
affinity and deficiencies in returning the intracellular face to its off state. These results complement
data from Chapters 3 and 6 showing how high agonist-receptor affinities slow the kinetics of
response such that agonist unbinding may be a substantial determinant of the time course of

signaling.

Chapter 6 explores the functional kinetics of agonist-receptor interactions and subsequent
GIRK currents using a photosensitive chemically caged D2 receptor antagonist. Blocking the D2
receptor at different time points following electrical stimulation of dopamine release showed 100 ms

of functional agonist-receptor interaction produces the peak of the IPSC.
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Finally, use of rapidly applied agonist to probe post-synaptic plasticity shows functional
crosstalk between D2 receptor signaling and other GPCRs coupled to a shared pool of GIRK channels
with robust heterologous desensitization. These results also highlight the non-linear GIRK
concentration response curve as co-activation of multiple receptor subtypes show facilitating
interactions which are parsimoniously explained by models of the GIRK channel concentration-

response curve.

In conclusion, the results of this dissertation shed additional light on mechanisms of signal
transduction for D2 receptor signaling and acute plasticity of dopamine signaling which can support a

growing knowledge base of GPCR signaling.
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Chapter 1 — Introduction

Basics of (dopamine) neuron function

The primary function of a neuron is to receive, process, and transmit information between
neurons, most commonly by neurotransmitter release. The information that is received can be
sensory such as with mechanosensitive cells like somatosensory systems sensing things like touch
(Handler and Ginty, 2021) or auditory hair cells sensing vibrations (Gillespie and Walker, 2001), or
information can be received from other neurons. But a common feature of all neurons is the use of
electrochemical ion gradients to set up a voltage gradient across neuronal membranes and use of
active and passive ion channels to allow for ion currents to control and respond to voltage (Hille,

2001).

Neurotransmitter release is sensed through membrane neurotransmitter receptors that
directly or indirectly open ion channels to affect membrane voltage (Dale, 1914; Loewi, 1921).
Neurotransmitters like glutamate can directly excite neurons by opening sodium conductance to
depolarize membranes. Depolarized membranes activate voltage-sensing ion channels to further
depolarize the neuron’s membrane voltage (Fonnum, 1984). Other voltage-sensitive ion channels
then respond to depolarized voltages and open inhibitory potassium ion conductance to
hyperpolarize the membrane with the complete cycle of rapid depolarization to hyperpolarization

known as an action potential (Hodgkin and Huxley, 1952).

Neurons are polarized cells which receive information in their dendrites, an often-complex
branching structure that can receive many summating inputs to control somatic voltages. This
information is then transmitted down the axon via self-propagating action potentials to open calcium

channels at axon terminals. The digital action potential is converted to chemical by calcium



dependent fusion of synaptic vesicles to release neurotransmitter (Katz and Miledi, 1967). However,
dopamine neurons, the subject of this dissertation, deviate from this directionality of information
flow as rather than simply receiving information in their dendrites, they exhibit somatodendritic
release as a form of lateral inhibition onto neighboring dopamine neurons (Bjérklund and Lindvall,

1975; Wilson et al., 1977; Beckstead et al., 2004).

Ligand-gated ion channels like glutamate-sensitive AMPA and NMDA receptors can directly
affect voltage by the presence of ion channels in these same protein structures that bind
neurotransmitter, but other classes of neurotransmitter sensitive receptors also exist that often have
more subtle effects on neuronal function. G protein-coupled receptors (GPCRs) represent a large
class or receptors that do not directly gate ion channels but work through second messenger
systems to modulate neuronal activity via functions like inhibition of voltage-sensitive channels
(Loewi, 1921; Lefkowitz, 2013). Dysregulation of GPCR signaling can often lead to disease states due
to this indirect modulation, rather than the seizures and death that might follow from dysregulation
of ligand-gated ion channels. The modulatory nature of GPCR signaling has also been leveraged by
pharmaceutical sciences for therapeutic medication, to the point that 30-60% of medications target
GPCRs (Schoneberg et al., 2004; Hauser et al., 2017). Disease states such as depression, psychosis,
and movement disorders are thought to be due to dysregulation in neurotransmitter systems sensed
by GPCRs such as serotonin, dopamine, adrenaline/epinephrine (Wong et al., 2000). Most
recreationally used drugs also act through GPCRs with examples such as cannabis (Howlett et al.,
2010), opioids (Brownstein, 1993), amphetamines, cocaine (Hyman et al., 2006), MDMA (Kalant,
2001), LSD (Liechti, 2017), mescaline, psilocybin (Aghajanian and Marek, 1999), and salvia (Coffeen
and Pellicer, 2019) all work through systems of GPCRs, with mechanisms acting either directly on

GPCRs or by modulating the agonists that activate these receptors.



The subject of this dissertation is dopamine transmission between dopamine neurons whose
axonal dopamine release is important in reward-processing and movement (Schultz, 2007). Two
classes of GPCR primarily sense dopamine: excitatory D1-like receptors (Kebabian, 1978) and
inhibitory D2-like receptors (Seeman et al., 1976) meaning dopamine can have differential effects on
neurons in the same brain region based on the receptors expressed. Midbrain dopamine neurons are
the primary source of neuronal dopamine, and these neurons send long axons with highly arborized
projections throughout the brain (Matsuda et al., 2009). One notable feature of dopamine neurons is
their ability to release dopamine not just from axon terminals, but from their dendrites (Bjorklund
and Lindvall, 1975; Wilson et al., 1977; Beckstead et al., 2004). Inhibitory D2 receptors expressed on
dopamine neurons couple to GIRK channels (Pucak and Grace, 1994, Beckstead et al., 2004) such
that dopamine release results in lateral inhibition to coordinate the actions of connected dopamine
neurons (Figure 1.1). This D2-mediated inhibitory post-synaptic current (D2 IPSC) is an atypical form
of neurotransmission that both modulates critical functions of cognitive functioning. Furthermore,
that D2 receptors couple to GIRK channels provides a window into often opaque dynamics of G

protein signaling.

Synaptic plasticity

The brain is plastic; it can change and grow. Connections between individual neurons are
also plastic (Hebb, 1949). The number of synaptic connections can increase or decrease, as can the
strength of those connections both in pre-synaptic release probability and number of receptors
sensing that release (Citri and Malenka, 2008). These changes can be long lasting or as short as
milliseconds with an array of mechanisms and functions for every synapse. The ability for change is

critical for making new associations and learning new concepts— with synaptic plasticity often being



referred to as the cellular correlate of learning (Hawkins et al., 1983)— but also for maintaining

homeostasis and avoiding overexcited circuitry causing seizure (Bridi et al., 2018).

The D2 receptor IPSC exhibits synaptic plasticity like any other neuronal connection with
many molecular mechanisms shared with other forms of neurotransmission (Beckstead et al., 2004;
Fortin et al., 2006; Mendez et al., 2011; Gantz et al., 2013; Robinson et al., 2019). However,
compared to systems sensed by ligand-gated ion channels, many basics of dopamine transmission
are still poorly described. Fundamentals such whether there are true synaptic connections with
directly opposed release sites and receptors are still contested (Cragg and Rice 2004; Wiencke et al.,
2020). Recently developed optical sensors of dopamine concentration have promise for
sophisticated experiments to strengthen our current understanding of pre-synaptic control and
release of dopamine (Patriarchi et al., 2018, Sun et al., 2018), but relatively little is known about
post-synaptic plasticity to quantitatively translate (Ford et al., 2009) extracellular concentrations into

post-synaptic effects.

D2 receptor signaling is known to desensitize (Beckstead and Willams, 2007), measured in
dopamine neurons as decline or “sag” in peak current response in the continued presence of agonist
(Figure 1.2). The relevance of this desensitization to normal biology of dopamine neurons is unclear.
With ligand-gated ionotropic signaling, receptors are known to rapidly desensitize, even shaping the
response to single vesicle release events (Otis et al., 1996). But the repertoire of D2 receptor
plasticity has not been described except in the context of non-physiological application of sustained
high concentration of agonists (Beckstead and Willams, 2007; Perra et al., 2011; Gantz et al., 2015;
Robinson et al., 2017). It is unclear if physiological desensitization would happen rapidly enough to
affect short-term integration of signals and if yes, whether recovery would be sufficiently rapid to

reset dopamine systems to new input. Characterizing these properties of plasticity is one of the



major goals of this dissertation (Chapter 7) as well as how variations in the intracellular region of the

D2 receptor contribute to acute and long-term plasticity (Chapter 4).

Fundamentals of GPCR biology

The GPCR signaling cascade is a subject that has required decades of experimentation with
new fundamental jumps in understanding continuing to this day (Kiihn H, 1974; Touhara and
MacKinnon, 2018). As the name would imply, G protein-coupled receptors couple to heterotrimeric
G oy proteins (note: there are other types of G proteins than heterotrimeric G proteins, but for the
purposes of this dissertation, “G proteins” refers exclusively to G afy), known as G proteins for their
interactions with guanosine triphosphate (GTP) and guanosine diphosphate (GDP) which act as
molecular on and off switches (Sternweis et al., 1981; Gilman, 1984; Gierschik et al., 1985). Agonists
binding to receptors causes structural changes that are transduced to the receptor’s intracellular
face (Figure 1.3A; Dunham and Farrens, 1999; Rasmussen et al., 2011). Inactive GDP-bound G
proteins interact with the activated receptor and the G a subunit opens to allow for the higher
concentrations of intracellular GTP to displace the GDP (Figure 1.3B). In turn, GTP-bound G a
assumes a different conformation which lowers its affinity for G By and the heterotrimer splits into
GTP-bound G a and free G By (Figure 1.3C). Both halves of the now split G protein diffuse and
participate in cellular signaling functions. The active GPCR continues to catalyze GTP exchange for
other GDP-bound inactive G afys in a process of signal amplification. After a time, either through the
innate GTPase activity of G a or by interaction with RGS proteins which accelerate this GTPase
activity, the terminal phosphate of GTP is cleaved, leaving GDP bound to the G a subunit (guanosine
triphosphate to diphosphate Figure 1.3D). With the return of the initial GDP-G a conformation with
high affinity for G By, the two halves of the heterotrimer rebind, returning to the start of the G

protein cycle (Figure 1.3E) (see Birnbaumer, 1990 for a contemporary review of G protein signaling).



Both GTP-G a and free G By act as second messengers for GPCRs (Figure 1.3C) and serve in
an array of cellular functions depending on the G protein subtype and presence of effector systems
expressed in the cellular context. That second messenger systems involve many steps translates to
slower signaling rates than “primary messages” that directly affect cell systems such as ligand gated
ion channels where ion flux serves as the primary output (Hille, Chp7, 2001). For instance, ionotropic
signaling peaks in milliseconds after neurotransmitter release vs taking hundreds of milliseconds for
the peak of GCPR dependent GIRK currents (Beckstead et al., 2004). None-the-less, GPCR signaling
can still be rapid in the context of behavior. For instance, the retina senses light through rhodopsin,

one of the first characterized GPCRs (Deupi, 2013).

There are many related systems of G proteins with each serving different cellular function
and with each GPCR having different affinities for G protein subtypes. But for the purposes of this
dissertation, two main classes are considered: excitatory G as and inhibitory G ais.. An interesting
quirk of G protein signaling is that G a signaling was initially considered the “important” one in G
protein signaling. Almost all the effects of Gs-coupled are dependent on interactions with the G as
subunit without much acute contribution of G By (Birnbaumer, 1990). In contrast, though G ai/ also
performs cellular functions, much of Gi,,-coupled GPCR activity such as GIRK channel gating acts
through G By. Yet, the By in G asBy heterotrimer is not much different from G ai/oBy, so how does By
produced by Gs-coupled GPCRs not activate effector pathways such as GIRK channels? This question
has only recently been addressed. A first hint comes from affinity measurements of G By for GIRK
channels in isolated systems showing that their affinity is actually quite low (K4 of hundreds of
micromolar) (Wang et al., 2014; Wang et al., 2016). GIRK channels also have four G By binding sites,
all of which must be occupied for efficient gating. Therefore, GIRK channels require a high
concentration of G By to open (Wang et al., 2016). Following from this observation, it was

demonstrated that Gi,-coupled GPCRs have a much higher catalytic rate for producing active G



proteins as compared to other GPCRs. Gs-coupled GPCRs simply do not produce enough free G By to

activate GIRK channels or other G By effector systems (Touhara and MacKinnon, 2018).

Combined with data suggestion G proteins are quite mobile (Sungkaworn et al., 2017), these
observations lead to the conclusion that inhibitory G protein signaling through By is a fundamentally
graded response rather than the sum of a large number of high affinity interactions each
contributing a small portion of maximal response; active receptors contribute to a shared pool of
active G proteins to interact with effectors with low affinity (Touhara and MacKinnon, 2018). In other
words, effectors like GIRK channels become sensors of G By concentration rather than acting through

rarer but higher affinity triggered responses.

D2 receptors in dopamine neurons are found in clusters (Robinson et al., 2017) which has
been suggested as an efficient means of boosting local G protein concentrations to overcome steep
concentration requirements (Touhara and MacKinnon, 2018). The predictions of this model are
concentration gradients of higher concentration proximal to clusters of receptors but with G By
concentrations being raised across the membrane due to the mobility of G proteins. Efficient
coupling to GPCRs can be achieved by proximity to receptors or clusters of receptors. This view of
GPCR signaling has several implications discussed in Chapter 7 regarding how different types of

receptors coupled into this same G protein system interact.

The combination of unknown rates between agonist receptor interactions, receptor-G
protein interactions, G protein diffusion and lifetime dynamics, and time course of dopamine release
make understanding the D2 IPSC from a reductionist standpoint difficult. Chapter 6 describes work
uncovering the functional time course of dopamine-receptor interactions in the IPSC by rapidly
antagonizing receptors with light-activated antagonist. Combined with Chapter 5, which consists of

work describing a novel mutation in the D2 receptor that modifies how the receptor couples to G



proteins, this dissertation contributes to a progressive demystification of the GPCR-G protein

signaling system.
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Figure 1-1 Schematic of Dopamine Neurons

A) Axons projecting from other brain regions make synapses on to dopamine neurons to control their
excitability. Excited dopamine neurons release dopamine on to neighboring neurons as a form of
lateral inhibition. Action potentials are generated based on the combination of afferent and local
neurotransmission combined with intrinsic neuronal properties. Action potentials then travel down
axons projecting to other brain regions to release dopamine in those regions. B) Dendrodendritic
dopamine release between dopamine neurons produces a D2 dependent inhibitory post-synaptic
current (Top; Beckstead et al., 2004). This “outward” potassium mediated current causes a voltage
hyperpolarization to regulate dopamine neuron firing (bottom). C) Immunofluorescent labeling of
dopamine neurons with tyrosine hydroxylase (a protein expressed in dopamine neurons) in green

and D2 receptors in red (Robinson et al., 2017).
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Figure 1-2 Desensitization of D2 receptor signaling

Example trace of a D2 dependent GIRK current generated by bath perfusing a D2 receptor agonist
(quinpirole) and reversed with an antagonist (sulpiride). Desensitization of signaling can be seen by

the decline in current amplitude in the continued presence of agonist.
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Figure 1-3 The G protein cycle of GPCR signaling

A) Agonists bind receptors which changes their confirmation into the active state. B) Active receptors
associate with GDP-associated heterotrimeric G afy. Receptors then catalyze the exchange of GDP
for GTP in the G a subunit, activating the G proteins. This catalysis does not inactivate the receptor
so a single activated GPCR can catalyze GTP exchange for multiple G proteins depending on context.
C) GTP-G a loses its affinity for G By and the two subunits split off, diffuse away, and participate in
cellular signaling by binding effector proteins. In the case of inhibitory GPCRs, GTP-G ai will bind to
and inhibit adenyl cyclase to broadly suppress cell excitability and G By interacts with a wide array of
effector proteins including functions to suppress calcium channels or bind GIRK channels and induce
inhibitory potassium currents. D) Over time, either through intrinsic GTPase activity or facilitation by
RGS proteins, G a cleaves the terminal phosphate from GTP, converting it back into GDP which turns
off G a signaling functions. E) GDP-G a then binds G By with high affinity and returning the
heterotrimeric G protein to its basal inactive state at the start of the G protein cycle, ready to be

reactivated by an active GPCR.
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Chapter 2 — Materials and Methods

Slice preparation and whole-cell electrophysiology

Mice (male and female, C57BL/6J, 8-12 weeks) were deeply anesthetized with isoflurane and
decapitated. Brains were removed and horizontal sections (222 uM) were cut using a Leica
vibratome. Brains and sections were kept warm (32-34°C) throughout this process using Krebs buffer
(with concentrations in mM, 126 NaCl, 1.2 MgCl,, 2.4 CaCl,, 1.4 NaH;PO4, 25 NaHCOs, and 11 D-
Glucose). Throughout all, bath solutions were bubbled with 95%/5% 0,/CO gas. MK-801 (2.5 uM)
was including in the cutting solution as well as the recovery bath (10 uM) where slices were allowed
to recover for >30 minutes before they were hemisectioned and returned to Krebs without MK-801.
For experiments, slices were perfused with Krebs (2-3 mL/minute) and maintained at 34-36 °C. Two
internal recording solutions were used with different calcium buffers (concentrations in mM): EGTA
(0.1 EGTA, 130 K-methanesulphonate, 20 NaCl, 1.5 MgCl,, 10 HEPES(K), 2 ATP, 0.2 GTP, and 10
phosphocreatine) and BAPTA (10 BAPTA(4K), 90 K-methanesulphonate, 20 NaCl, 1.5 MgCl;, 10
HEPES(K), 2 ATP, 0.2 GTP, and 10 phosphocreatine). Each experiment type used an even mix of the
two recording solutions except for those in Figure 7.5 which only used the EGTA internal to more
closely match endogenous calcium buffering. Recordings were made using glass electrodes (1.4-1.9
megaohm) and gigaohm seals were achieved prior to breaking into whole-cell configuration. Nigral
dopamine neurons were first identified anatomically and verified by a combination of pacemaker
firing while recording cell-attached and response to D2 and GABAg receptor agonists. Cells were
maintained at -60 mV with voltage clamp using an Axopatch200A amplifier (Axon Instruments),
continuously monitored with Chart 5.5.6 (AD Instruments, Colorado Springs, CO)., and individual
trials using AxoGraph X. Input resistance and membrane resistance and capacitance were measured.
For experiments involving electrical stimulation, a metal bipolar electrode (World Precision

Instruments) was placed in the nigra and two 0.5 ms pulses (40 Hz) were used to elicit release.
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Mice

All studies were conducted in accordance with the Institutional Animal Care and Use
Committees at the VA Portland Health Care System (VAPORHCS) and Oregon Health & Science
University (OHSU). Twelve mice (4 male and 8 female, 59-96 days old on day of surgery) were used
in the study of the I1212F mutation. Auto-D2-KO mice were bred at the VAPORHCS Veterinary Medical
Unit by crossing Drd2loxP/loxP mice (Bello et al., 2011), obtained from Jonathan Javitch (Columbia
University, USA), with heterozygous B6.SJL-Slc6a3tm1.1(cre)Bkmn/J mice(56) obtained from the
Jackson Laboratory (JAX stock no. 006660). All lines are maintained on a C57BL/6 background. Mice
were housed in standard plastic containers on a 12 h light/dark cycle with food and water available
ad libitum. For expression of recombinant D2S receptors in dopamine neurons, auto-D2-KO mice
were immobilized in a stereotaxic alignment system after injection of an anesthesia cocktail
consisting of 7.1 mg/kg xylazine, 71.4 mg/kg ketamine, and 1.4 mg/kg acepromazine (10 mL/kg, i.p.).
Mice received bilateral 500 nL injections of AAV-DIO-hD2S-WT or -1212F in the ventral tegmental
area, at a rate of 200 nL/min, with the injection needle left in place for an additional 5 min before it
was slowly withdrawn. The coordinates for injections were AP -3.26 mm, ML £1.2 mm, DV -4.0 mm.
After injections, mice recovered in individual (male) or group (female) housing for 2—3 weeks to

allow for expression.

Mice with genetic deletion of the long splice variant of the dopamine D2 receptor (D2L-KO
or D2L-/-) and the short variant of the D2 receptor (D2S-KO or D2S-/-) were used in this study in
addition to wild types from each of these lines. Mice originated from the Borrelli laboratory (UC

Irvine). For further information on creation of lines refer to Usiello et al. (2000) and Radl et al. (2013).

Bilateral stereotaxic injections of AAV9 (Syn dLight1.3b, Vigene Biosciences) into the
substantial nigra were done in mice anesthetized with isoflurane. The coordinates were AP -2.3 from
bregma: ML £ 1.3: DV -4.5 mm. Injection volume was 120 nl. Experiments were done 1-3 weeks
following the surgery.
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Pharmacology

Most drugs were applied with bath superfusion. CyHQ-O-dopamine was dissolved in DMSO
(50 mM) and aliquoted for a fresh vial to be used daily. The working solution (50 uM) was
recirculated over the slice for 5+ minutes prior to the start of experiments. Similar procedures were
used for CDNI-GABA with a stock solution of 50 mM and working concentration of 50 M. Photolysis
of these caged compounds was induced by a ThorLabs M365LP1-C1 LED (3.8 mW, 265 nM, 2.5 ms for
experiments in supplemental Figure 7.1, 0.2 mW). For iontophoresis, thin-walled glass electrodes
(70-110 megaohm) were filled with 1 M DA or 500 uM GABA. GABA acidity was adjusted to 3 pH to
reduce the zwitterion for easier electric control. Agonists were held in the pipette with a backing
current (5 nA and 2 nA for DA and GABA respectively) and expelled from the pipette with a 200 nA
pulse. For experiments using electrical stimulation, NBQX (1 uM) and picrotoxin (100 uM) to block
AMPA and GABAA receptors respectively in addition to the pre-treatment with MK-801 to block

NMDA receptors. All other drugs were applied by bath perfusion.

Forskolin was used to facilitate dopamine release specifically in experiments with the use of
a single stimulus for the experiments in Chapter 6. This treatment increased the amplitude of the
IPSC about 2-fold such that more accurate measurements of block by the CyHQ-sulpiride could be
made. In previous publications forskolin have been shown to have little or no postsynaptic effect on
the D2-receptor activation of potassium conductance. Given that the rate of current decay induced
by CyHQ-sulpride was the same for the IPSC and the exogenously applied dopamine, the results

indicate that forskolin had no postsynaptic action on the kinetics.

Recombinant cDNA Constructs

All human D2 receptor cDNA constructs (for work in Chapter 5) contained a signal peptide
and a FLAG epitope tag at the receptor N-terminus. The wild type (WT) short (SF-hD2S) and long (SF-
hD2L) isoforms of human D2 receptors as well as the SF-hD2L(1212F) and SF-hD2S(1212F) variants in

pcDNA3 and the corresponding RLuc8 fusion proteins for arrestin BRET assays were described
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previously (van der Weijden et al., 2021). Other plasmids for arrestin3 recruitment BRET assays
(human arrestin3 fused to mVenus and human GRK2), for measuring G protein activation (Gail-91-
RLuc8, V1-GR1 and V2-Gy2), and for inhibition of cAMP accumulation (pcDNA3I-His-CAMYEL; ATCC
MBA-277) were previously described (Clayton et al., 2014; Jiang et al., 2007), except for the plasmid
GaoA-91-RLuc8 (Marcott et al., 2018; Sauliére et al., 2012) that was obtained from Jonathan Javitch
(Columbia University, USA). For animal studies, recombinant adeno-associated viral (AAV8.2) vectors
containing a Cre recombinase-dependent double-floxed inverted open reading frame (DIO) for hD2S-
WT or -1212F, tagged at their C terminus with a self-cleaving 2A peptide and EGFP, were described
previously (van der Weijden et al., 2021) and were produced by Virovek, Inc. (Hayward, CA, USA). To
generate stable transfected HEK293 cells, pcDNA3.1[SF-hD2S-P2A-EGFP] was obtained from
Jonathan Javitch (Columbia University, USA). Plasmids containing wild type and mutated D2L
isoforms (pcDNA3.1[SF-hD2L-P2A-EGFP] and pcDNA3.1[SF-hD2L(I1212F)-P2A-EGFP], respectively) and
mutated D2S isoform (pcDNA3.1[SF-hD2S(1212F)-P2A-EGFP]) were generated by digesting
pcDNA3.1[SF-hD2S-P2A-EGFP] with BstEll and Pmll (New England BioLabs, MA, USA). The purified 6.8
kb fragment was ligated to each 782 bp insert generated by BstEll/Pmll digestion of pcDNA3[SF-
hD2L] and pcDNA3[SF-hD2L(1212F)] or 695 bp insert of pcDNA3[SF-hD25(1212F)], using T4 DNA Ligase
(New England BiolLabs). All new constructs were verified by DNA sequencing at the OHSU Vollum

DNA Sequencing Core Facility (Portland, Oregon, USA).

Cell Culture and Transfection Conditions

HEK293 cells obtained from Caroline Enns (Oregon Health & Science University, USA) were
maintained in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% FetalClone |
serum (FCS; Thermo Fisher Scientific; Waltham, MA, USA) at 37 °C in a 5% CO2 atmosphere. New cell
cultures were initiated frequently from frozen stocks. Eighteen hours before transfection, HEK293
cells were plated in 100 mm dishes at 60—80% confluence. HEK293 cells were transfected with equal

amounts of D2-WT or D2-1212F receptor DNA, except in some arrestin recruitment (Figure S5.1) and
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D2-mediated inhibition of cAMP (Figure 5.3C,D) assays. Transient transfections were performed with
polyethylenimine (PEI; MAX 40K reagent, Polysciences, Inc.; Warrington, PA, USA) in Opti-MEM |
(Gibco by Life Technologies; Logan, UT, USA). In most cases, two 100 mm Petri dishes per condition
were transfected to allow us to carry out BRET and radioligand binding assays using identically
treated cells. Transfections were incubated for 5-6 h at 37 °C in the 5% CO2 humidified atmosphere,
after which the medium was replaced by fresh DMEM plus 10% FCS. Cells were harvested 48 h post-

transfection for BRET studies and frozen for radioligand binding assays.

To study quinpirole affinity of the D2 variants, stable HEK293 cells expressing either SF-
hD2L/S-P2A-EGFP or SF-hD2L/S(1212F)-P2A-EGFP were generated by transfecting the respective
plasmids with PEl in 12-well plates, as described above. Two days after transfection, cells recovered
from each well were plated into two 100 mm dishes in supplemented DMEM containing 500 ug/mL
of G-418 (Gold Biotechnology Inc.; MO, USA). Colonies were initially screened for EGFP expression by
immunoblotting. Then, EGFP-positive clones were screened for Flag tagged-D2 expression by
immunoblotting, using a rabbit polyclonal antibody anti-DYKDDDDKC epitope tag (Invitrogen; CA,
USA), and radioligand binding assays as described below. Stable transfected cells were maintained in

DMEM plus 10% FCS, with 500 ug/mL of G-418.

Bioluminescence Resonance Energy Transfer (BRET) Assays

For arrestin3 recruitment, cells were cotransfected with plasmids containing mVenus-Arr3
(2.5 pg) and the WT or 1212F-mutated D2 receptor fused to RLuc8 (0.25 pug except for Figure S5.1,
where D2-WT receptor DNA amounts were adjusted to yield similar levels of receptor expression for
the allelic variants), with or without hGRK2 (2 pg). For G protein activation, cells were cotransfected
with WT or 1212F-mutated D2 receptor (0.5 ug), the G protein subunits V1-GR1 (2 pg) and V2-Gy2 (2
pg), and the Ga proteins Gail-91-RLuc8 (0.2 ug) or GaoA-91-RLuc8 (0.2 ug). For cyclic AMP
accumulation, cells were cotransfected with WT (0.2 pg for WT-Low and 0.5 ug for WT-High) or
1212F-mutated D2 receptor (0.5 pg) and the cyclic AMP sensor CAMYEL (2.5 pg). Control cells were
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transfected with CAMYEL and nonspecific plasmid DNA. After 48 h, cells were harvested, washed,
resuspended in PBS containing CaCl2, MgCl2, and 11 mM d-glucose, plated at 100 000—150 000
cells/well in 96-well OptiPlates (PerkinElmer Life Sciences), and incubated at 37 °C and 5% CO2
atmosphere for 1 h before adding the agonist quinpirole. Compound 101 (Cmpd101; HelloBio,
Princeton, NJ) was initially dissolved in DMSO at 100 mM and subsequently diluted in PBS. For GRK2
inhibition during arrestin recruitment-BRET assays, HEK293 cells were pretreated with 30 uM of
Cmpd101 or vehicle (DMSO diluted in PBS) 30 min before agonist addition. For D2-mediated
inhibition of cyclic AMP, HEK293 cells were pretreated with the dopamine D1 receptor antagonist
SCH 23390 (1 uM) and the B-adrenoceptor antagonist pindolol (0.1 uM; Sigma-Aldrich; MO, USA)
before the addition of inverse agonist (10 uM sulpiride or 1 M spiperone) and 10 uM forskolin
(Sigma-Aldrich; MO, USA). Emission of the donor (460 um) and acceptor (535 um) was measured at
room temperature several times after adding the luciferase substrate coelenterazine h, and BRET

ratios were calculated as previously described (Clayton et al., 2014; Pfleger et al., 2006).

D2 Receptor Radioligand Binding

Membrane expression of the receptors was evaluated exactly as described previously (van
der Weijden et al., 2021). Cells were lysed in ice-cold hypotonic buffer (1 mM HEPES, 2 mM EDTA, pH
7.4), scraped from the plate, and centrifuged at 17 000 x g at 4 °C for 20 min. The resulting pellet was
resuspended in Tris-buffered saline (TBS: 50 mM Tris, 120 mM NaCl, pH 7.4) and homogenized for 10
s using a Polytron homogenizer (Brinkmann Instruments, Westbury, NY). Protein determination was
performed using the BCA Protein Assay Kit (Thermo Scientific). Samples were incubated in TBS
containing 0.002% BSA and [3H]spiperone at 37 °C for 1 h in a final volume of 1 mL before addition of
ice-cold buffer and vacuum filtration. Nonspecific binding was assessed using (+)-butaclamol (2 uM).
Competition binding assays were carried out using membranes prepared from HEK293 cells stably

expressing each of the four receptor variants. The ability of various concentrations of quinpirole to
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inhibit the binding of [3H]spiperone (~85 pM) was analyzed by nonlinear regression. IC50 values

were converted to Ki according the method of Cheng and Prusoff (Yung-Chi and Prusoff, 1973).

2-photon microscopy

Imaging was carried out using a custom built 2-photon microscope with Scanlmage software
(Pologruto et al., 2003). Full frame images (128x128 pixels) were taken at a rate of 4 Hz. Line scans

through areas of interest were taken at 2 ms/line.

Quantification and statistical analysis

Phasic currents were analyzed with AxoGraph. Peak currents were quantified by the find
peak function and averaged + 20 ms from peak (for more accurate estimate of slow currents). Traces
that were analyzed for width were then heavily filtered (down to as low as 20 Hz) to a point where
accurate readings could be measured due to the way AxoGraph measures peak width.
Measurements of heterologous synaptic enhancement was also done using graph subtraction
functions and integral transformations. Statistical analysis was done using GraphPad Prism 7.
Desensitization and recovery from desensitization measures were analyzed by non-linear curve fit,
respectively one-phase decay or association. T tests were used to compare data with two sample
groups and 2way ANOVA with Sidak’s multiple comparison test was used to analyze the experiments
testing heterologous enhancement of synaptic currents (Figure 7.5). Further statistical detail can be

found in the results section and figure legends.

Kinetic simulations of G By concentrations and interaction with GIRK

The equations and starting conditions for kinetic simulations were reproduced from Tauhara
and MacKinnon 2018 and the G By-GIRK concentration response curve was modified from Wang et al

2016.
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Table 2-1 G protein cycle reactions and rates used to model GPRC-GIRK interactions

Reaction Forward-rate Backward-rate

R* + Go(GDP)By = R*-Ga(GDP)py | ko= 1HM sec” ki Lsec’

R*-Go(GDP)By= R* + Ga(GTP) + kas: 1 sec™ ka3: assumed
GBy irreversible
R* + Ga(GTP) + GBy=Go(GDP) + ksa: 2 sec ka3: assumed
GBY irreversible
— Kas: 0.7x108 M1 ksa: 0.002 sec™
Ga(GDP) + GBy = Go(GDP 45 54
o(GDP) + Gy o(GDP)By o

The equations for change over time as a function of reactant concentration and rates were
schematized in Mathematica and NDSolve was used to solve for reactant concentrations over time.
The initial concentrations used for analysis in Tauhara and MacKinnon 2018 used receptor and
heterotrimeric G proteins were concentrations of 10 and 20 micromolar, respectively. For the
purposes of simulating phasic GPCR activation, receptor concentration was changed from staticto a
falling concentration with a time constant equal to dopamine concentration decay follow
dendrodendritic release in the nigra (t=223 ms, Supplemental Figure 7.2) as measured by dLight
(Condon et al, 2021). As the G By-GIRK binding reaction is thought to be diffusion limited, this
interaction was simplified and predicted GIRK activity was simulated merely by passing the G By

concentrations throug8h the GIRK concentration response curve (Wang et al, 2016). It should be
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noted that the affinity of G By for GIRK2/3 channels is not static. To gate the channel requires the
coordinated actions of Na*ions, phosphatidylinositol 4,5-bisphosphate (P1(4,5)P2), and G By with
each additional molecule increasing the affinity of others by stabilizing the open confirmation and
thermodynamic linkage (Wang et al, 2016). This affect also increases the maximal conductance of
the GIRK channels. For the purposes of simulating G By-GIRK interactions in this context, PIP2
concentrations are assumed to be static, matching the conditions of Wang et al 2016, and sodium
concentration set to be that used in the internal solution of the recording pipette, 20 mM. Note, it is
also worth mentioning that both works discussed here from the MacKinnon lab, Wang et al 2016 and
Taurara et al 2018, convert 2D protein density in the membrane to 3D concentration close to the
membrane by multiplying by a linear distance into the cytoplasm equal to the length of G By. These
two papers use slightly different assumptions of this multiplier, so calculations from Wang et al 2016
are here converted into the distances used by Tauhara and MacKinnon 2018 (70 vs 80 A). As
described in the results sections, the concentrations of G By produced using a phasic pulse under
these initial assumptions are relatively low, so if these concentrations were accurate to a dopamine
neuron, tonic G By concentrations produced by low-level GABAg receptor activation would also be
low. To simulate tone in a normalized fashion, low tonic G By was set to be equal to 30% and high
tone equal to 100% of the peak concentration and from the associated phasic pulse in each condition
(Supplemental Figure 7.2). As can be seen, this addition passed through the GIRK concentration-
response curve does indeed show facilitation, however the level of facilitation is much greater than
observed in dopamine neurons so already this first set of assumptions does not seem accurate to

dopamine neurons.

To move beyond the set of assumptions from Tauhara et al 2018 which was attempting to
model GPCR activation in CHO cells, conditions may be quite different in a dopamine neuron which
natively uses GPCR-GIRK signaling. Whereas their set of assumptions produces a standing

concentration of G By maxing out at ~5 uM, previous work from the MacKinnon lab gave estimates
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of G By concentrations in dopamine neurons produced by maximal GABAg activation equal to 245
1M (280 uM as published but converted from 70 to 80 A assumption of linear distance into the
cytoplasm). Clearly, this concentration is much higher than would be possible with the base

assumptions of receptor concentrations of 10 uM and G protein concentrations of 20 uM.

For the next set of assumptions attempting to match conditions in dopamine neurons, both
receptor and G protein concentration must be increased. Only increasing one or the other
bottlenecks the system such that it still cannot approach the 245 uM G By measured in dopamine
neurons. Precise measurements of surface D2 or GABAg receptor density is not available, but
detailed measurements of GABAB receptor density have been done with freeze-fracture EM for
Purkinje neurons, another neuronal subtype where GABAg activation is coupled to GIRK channels
(Lujan et al, 2018). Here, authors give two density measurements, one for overall compartment-
specific densities, and one for compartment-specific cluster densities. Tauhara and MacKinnon
(2018) uses the assumption that overall receptor density is concentrated into 10% of the membrane
based on the previous observation that single-particle GPCR-G protein interaction happen in
membrane hotspots equal to about 10% of the membrane, even in non-specialized cells
(Sungkaworn et al 2017). It is notable that the density estimates given by freeze fracture gold-
particle labeling of GABAg receptor clusters vs total membrane are in reasonable agreement with this
10% hypothesis, though there is effect of cluster size affecting density. GABAg receptor density in
spines was found to be 227.62 uM or 2276.2 uM! cluster density by the 10% membrane hypothesis
or 455.2 uM based on the Tauhara and MacKinnon (2018) conversions of membrane density to
concentration at the membrane. Therefore, for the next model initial receptor concentration was
simplified to 500 uM and G protein concentration was set at 600 uM (Supplemental Figure 7.3). With
these conditions, G protein concentration peaks at ~55 uM. The same interactions with tonic G By
can be seen here with facilitation of the amplitude and duration of GIRK response can be seen.

However, given this model of receptor activation starts with full receptor occupancy that decays, this
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nicely mimics what would be expected with a strong pulse of dopamine uncaging. Given comparison
to real data, this set of assumptions still does not produce a high enough concentration of G By if

max GABAg response produces 245 uM G By. The high tone condition also results in more facilitation
than low tone, which is a potential contrast to experimental data which shows the facilitation effect

on amplitude can saturate.

For the final model (Figure 7.6), initial receptor and G protein concentrations are kept at 500
and 600 uM, but reaction rates are increased. Critical rates complied and used by Tauhara and
MacKinnon (2018) were measured at room rather than physiological temperatures. Rather than
attempting to accurately guess the temperature sensitivity of each reaction, the forward reaction
rate of G protein-receptor binding (ki2), GDP-GTP exchange (ka3), and G protein GTPase activity (ksa)
were all multiplied by 10. This results in similar equilibrium concentrations, but equilibrium is
reached much faster and the simulated response to the phasic receptor activation is much higher
(peak of ~160 uM). As discussed in the results section, the specific numbers and assumptions foe
each of these models are certainly wrong, but in every case, the models predict facilitation of GIRK
current amplitude and prolongation of decay times, and this final model additionally predicts

saturation of facilitation of amplitude.

D2 Receptor Homology Models and Molecular Dynamics Simulations

Homology modeling was performed using YASARA Structure (Krieger et al., 2002) that
features a CASP- (Critical Assessment of Structure Prediction) approved protocol (Krieger et al.,
2009). The inactive state of the D2 receptor was modeled using inactive structures of the p2-
adrenoceptor (2RH1), the A2A adenosine receptor (3EML and 6GT3), the M2 muscarinic receptor
(3UON), bovine rhodopsin (1GZM), and the D2 receptor (6CM4) as templates. The D2 receptor active
state model was built using active-state structures of the M2 receptor (4MQS), the B2-adrenoceptor
(3SN6 and 3P0G), the A2A receptor (2YDV and 5WF6), the CB1 receptor (6N4B), the p-opioid
receptor (6DDE), and rhodopsin (3PQR) as templates. Multiple D2 receptor models for inactive and
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active states (48 and 45 models, respectively) were obtained, and side chain rotamers were
optimized using backbone-dependent probabilities and knowledge-based force fields in YASARA
(Krieger et al., 2004). The resulting models were further optimized for hydrogen bonding, refined
using short molecular dynamics simulations, and ranked. Residue-specific quality graphs were
calculated for each model, and a final hybrid model was developed through an iterative process,
replacing poorly scoring regions in the best model with the corresponding regions from other
models, with the goal of increasing the accuracy beyond each of the contributing models. The
stereochemical properties of the homology models were verified using the PROCHECK module
(Laskowski et al., 1993) of the PDBSum server, which examines protein quality based on parameters
such as percentage of residues lying in favored and allowed regions, the number of glycine and
proline residues, the orientation of dihedral angles including phi (¢) and psi (), and backbone
conformation. The VERIFY3D (Eisenberg et al., 1997) server was used to check the compatibility of
atomic models (3D) with its own primary amino acid sequences (1D). The RSMD of the a-helical
segments of the resulting active-state homology model of the D2 receptor was 1.62 and 1.63,
respectively, relative to 6CM4 and the recently published active-state structure of the D2 receptor

6VMS (Yin et al., 2020).

To assess the potential functional impact of the 1212F substitution on the active and inactive
D2 receptor homology models, the system was simulated atomistically for 15 ns using the YASARA
software package under an NPT ensemble with the AMBER14 force field (Ponder and Case, 2003),
with a time step of 5.0 fs. Simulation conditions were conducted with periodic boundaries, at 0.9%
NaCl concentration by mass, pH 7.4, 298 K, at atmospheric pressure. The water model employed was
TIP3 equiv. Snapshots were saved every 100 ps. Structures were visualized using YASARA and the
distances between the atom OE1 of E368 and HH1 and HH2 atoms of R132 were monitored during

the simulation and plotted using Prism GraphPad software.
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Chapter 3 — Tool development and characterization

Preface

In studying D2 autoreceptor plasticity, the method of agonist application must always be
considered. Electrical stimulation to induce endogenous dopamine release introduces pre-synaptic
plasticity as a variable and clouds interpretation of results. Bath perfusion of drugs is useful in
studying D2 receptor desensitization, but it is a blunt instrument. The dense architecture of brain
slices makes for slow wash in and wash out of any compound, but particularly with the drugs
currently available for the D2 receptor. Dopamine iontophoresis is useful in applying phasic pulses of
dopamine, but the thin glass tips are prone to variability in thickness, can be difficult to place
precisely, and small changes in tip position can lead to large changes in response kinetics and
amplitude. In short, as useful as it can be, iontophoresis cannot be considered a quantitative method
of agonist application. Though not without its own consideration, an alternative method of fast

exogenous drug application is the use of chemically “caged” compounds with photolabile linkers.

The following section is from a methods paper describing the synthesis and properties of
such a caged compound, CyHQ-O-dopamine. This compound, designed and synthesized by the Dore
Lab, is nearly inert at baseline, but following exposure to UV light, the CyHQ compound breaks off
from the rest of the molecule, freeing dopamine to interact with the D2 dopamine receptor. My
work on this paper was to characterize the properties of its use in brain slice as a tool to study
dopamine neuron biology. In the context of this dissertation, | show that it is a well-behaved
molecule that | then use throughout the rest of my work that can be repeatedly uncaged when
recirculated without damaging the health of cells or with significant reduction in total concentration

if using moderate intensity and duration UV flashes. One downside of this compound is that rather
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than being totally inert, | found that it retains some level of low affinity or low efficacy interaction
with the D2 receptor. This is exemplified by producing a standing outward current when applied to
dopamine neurons. When used at lower concentrations (50 pM was my chosen working
concentration, in part due to the findings of this study), this effect is minimal, but can be significant
when used at sufficiently high concentrations. To confirm that the current produced by CyHQ-O-
dopamine was not due to free dopamine, | used a high concentration and applied a D2 receptor
antagonist. This treatment only partially reversed the current meaning sulpiride could only partially
out compete the agonism. If the current produced by CyHQ-O-dopamine was due to a small amount
of free dopamine, it would readily be reversed by sulpiride, but that sulpiride could only partially
reverse this current suggested it was competing with a high concentration of a very low efficacy
agonist. For the purposes of my future work, it simply meant | should choose a relatively low

concentration for experiments.

Though the bulk of this publication was focused on CyHQ-O-dopamine, also included was
work looking at CyHQ-sulpiride, a caged antagonist. It similarly seems to have some level of baseline
activity, either from free sulpiride or lower affinity interaction with the D2 receptor, but it has been
another tool | have been able to leverage to useful effect in studying dopamine signaling in the rest

of this dissertation.
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Results

Asad et al. states:

Photoactivation of Dopamine in Brain Slice

Midbrain dopamine neurons provide an ideal target for testing CyHQ-O-DA in acute brain
slice. Substantia nigra pars compacta neurons express the inhibitory D2 receptor that activates the G
protein-coupled inwardly rectifying potassium (GIRK) channel. These currents can be measured with
whole cell voltage clamp recordings to provide a convenient readout of receptor activation. When
recirculated over the slice (150 uM, 5 mL), flash photolysis of CyHQ-O-DA produced a robust GIRK-
mediated outward current with a rapid activation phase and a slow decay (Figure 3.1). The response
increased in amplitude and duration when cocaine was added, as would be expected with an
inhibition of dopamine uptake, and all response was blocked with the addition of the D2 receptor

antagonist sulpiride (500 nM).

The kinetics of the flash response were compared to synaptically released dopamine and
iontophoretically applied dopamine (Figure 3.2). For medium-strength conditions for photoactivation
(2.5 ms of a 1.8 mW pulse, 50 uM CyHQ-0O-DA), picked because stronger pulses result in slower
kinetics, the time the current response took to rise from 10 to 90% of the peak was 210 ms
compared with 141 and 270 ms for synaptically released and iontophoretically applied dopamine,
respectively. Although only the inhibitory postsynaptic current (IPSC) response was significantly
faster than iontophoresis (p = 0.002 one-way ANOVA with Tukey’s multiple comparison), the kinetics
of the photolysis response represented a middle point between the two (p = 0.08 photolysis vs
IPSC, p = 0.13 photolysis vs iontophoresis). The concentration of dopamine sensed by neurons in
synaptic release is thought to be quite high (10-30 uM) with lower concentrations producing slower
rise-time kinetics (Courtney and Ford, 2014). The kinetics of the photolysis response suggests an

upper limit in effective dopamine concentration as lower than synaptic, but still in the micromolar
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range. Comparison to iontophoresis concentration is difficult as iontophoresis pipettes cannot be

directly proximal to a neuron.

CyHQ-0O-DA was tested for any agonism in the absence of photolysis. A concentration—
response curve was generated for CyHQ-O-DA (Figure 3.3). CyHQ-O-DA did elicit an outward current
on its own at higher concentrations but was minimal at working concentrations. The current
produced is unlikely to be due to free dopamine as the addition of sulpiride (1 uM) was unable to
fully reverse the effect (Supplemental Figure 3.1). A low concentration of contaminating free
dopamine would be easily blocked by sulpiride, but the data are consistent with a high concentration

of a partial agonist competing with sulpiride.

Using a concentration of CyHQ-O-DA on the lower end of the concentration-response curve
(50 uM), a flash—response curve was generated by sequentially increasing the flash durations and a
cocaine concentration to reach maximal response (Figure 3.4A). Even this lower concentration of
CyHQ-O-DA was able to effectively saturate the response of the cell with a 100 ms light flash. Note
that cocaine itself produced a small current due to inhibiting removal of spontaneously released
dopamine, which is consistent with cocaine-induced cell behavior in the absence of CyHQ-O-DA
(Lacey et al., 1990). This current was included in the calculation of maximum response. To test for
stability over time, CyHQ-O-DA was photolyzed once per minute with a 10 ms flash, which gave a
half-maximal response in the flash-response experiment, for 15 min with no appreciable decline in
response (Figure 3.4B). This indicates that a relatively small proportion of CyHQ-O-DA in the 5 mL of
recirculating solution was photolyzed to produce the half-maximal response. This suggests that

longer experiments can be feasible particularly with larger recirculation volumes.

Photoactivation of Sulpiride in Brain Slice

One of the uses for a caged antagonist is to probe the dissociation rates of agonists by

measuring the decay constants of receptor signaling following photolysis. To test the properties of
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CyHQ-sulpiride with dopamine neurons, dopamine (1 uM) or quinpirole (300 nM) was recirculated to
activate D2 receptors. Following the period of initial application, CyHQ-sulpiride (5 pM) was added,
which induced a small reduction in the D2 receptor dependent current, indicating a small amount of
antagonism for the still-caged sulpiride (Supplemental Figure 3.2). For initial tests, CyHQ-sulpiride
was photolyzed with a long flash (1 s) from and LED (6.5 mW) (Figure 3.5). The time constant of
decay for quinpirole (t = 635 ms) was significantly slower than that of dopamine (t = 307 ms), which
dissociates faster (koff = 1.69 min~2, de Witte et al., 2018) than quinpirole (koff =0.17 min~%, Lepiku
et al., 1997) (p = 0.0011 by t test, n = 4 and 2 for quinpirole and dopamine, respectively). The
amplitude of the peak response of the agonists were not significantly different, so cannot be

considered a confounding factor.

To enable more precise experiments such as those used for studying dopamine synaptic
biology, we tested the ability of CyHQ-sulpiride to mediate D2 receptor signaling under more
stringent conditions. A single 50 ms light pulse while CyHQ-sulpiride (5 M) recirculates through the
slice preparation is sufficient to block the dopamine IPSC, consisting of a 10-30 uM local
concentration of dopamine near the receptors (Figure 3.6). This result and the previously observed
kinetics of the block on the standing currents suggest CyHQ-sulpiride can be used to probe dopamine

synaptic release and receptor signaling with fine temporal precision.
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B 1 ms flash
B 1 ms flash + 3 uM cocaine
B 1 ms flash + 500 nM sulpiride

200 pA

T

Figure 3-1 Activation of D2 receptors on substantia nigra dopamine neurons with 365 nm light.

Blue arrow indicates point of 1 ms flash. In blue is the response with CyHQ-O-DA (150 uM), in red is
the response after the addition of cocaine (3 uM) to inhibit dopamine transport, and in black is the

response after D2 receptors were blocked with sulpiride (500 nM).
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Figure 3-2 Kinetic comparison of normalized dopamine responses.

(A) Scaled responses to flash photolysis (2.5 ms, 1.8 mW) of CyHQ-O-DA (50 uM), electrically
stimulated dopamine IPSC (single stimulation), and dopamine iontophoresis (1 M dopamine, 4 nA
backing current, 10 ms of a 100 nA ejection pulse). (B) Rise times from 10 to 90% of peak current as
outlined in A. There was a gradient of speed with the IPSC response being the fastest, then flash
photolysis, then iontophoresis. Though only the IPSC response was significantly faster than
iontophoresis (one-way ANOVA with Tukey’s multiple comparison), the kinetics of the photolysis

response were on the edge of significance on both ends (p = 0.08 vs IPSC, p = 0.13 vs iontophoresis).
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Figure 3-3 Concentration—response curve for CyHQ-O-DA applied to dopamine neurons in the
absence of photolysis.

The current generated from adding CyHQ-O-DA was measured and normalized to the size of the cell

as measured by capacitance in picofarads (pF).
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Figure 3-4 CyHQ-O-DA is effective at low concentrations.

(A) Electrophysiological response of CyHQ-O-DA (50 uM) when photolyzed by flashes of increased
duration. (B) Electrophysiological response from repeated photolysis of CyHQ-O-DA (50 uM) with 10

ms light flashes every minute.
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365 nm LED

M1 uM dopamine
B 300 nM gquinpirole

Figure 3-5 Photolysis of CyHQ-sulpiride can rapidly antagonize D2 receptors.

Representative traces of the effects of CyHQ-sulpiride photolysis on currents produced by the D2
receptor activated by quinpirole (300 nM) or dopamine (1 UM, currents have been scaled for better
comparison of kinetics). The rate of decline for quinpirole was significantly slower for quinpirole than
for dopamine (p =0.0011, t =635 and 307 ms, n =4 and 2 for quinpirole and dopamine,

respectively).
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B Baseline
B After 50 ms CyHQ-sulpiride
photolysis

Figure 3-6 Short light pulses and CyHQ-sulpiride are effective at blocking synaptic activity.

The baseline IPSC with CyHQ-sulpiride (5 uM) recirculating over the slice is shown in black. The blue
trace shows the complete block of the dopamine IPSC elicited 1 min after a single 50 ms flash of 365

nm light from an LED.
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Supplemental Figure 3-1 The current produced by CyHQ-O-DA (1 mM) is not fully blocked by
sulpiride

(A) Example trace produced from superperfusion of 1 mM CyHQ-O-dopamine in the dark. The

current elicited reaches a peak in about a minute then the D2 response begins to desensitize.

Antagonism with sulpiride (1 uM) only partially reverses the current, suggesting it is not due to a low

concentration of free dopamine. (B) Summary data for the experiment depicted in (A). The peak

current is matched with the remaining shift in baseline current after application of sulpiride.
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Supplemental Figure 3-2 CyHQ-sulpiride alone has a small level of antagonism prior to photolysis.

Quinpirole (100 nM) was recirculated at a low concentration, picked to emphasize any partial
receptor block. CyHQ-sulpride (5 uM) was then added and a small amount of antagonism can be

observed by an inward deflection of the outward current prior to photolysis.
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Chapter 4 — D2 receptor isoforms

Preface

This chapter and the next are two largely separate stories but share a common theme in
probing how D2 structure helps determine regulation and coupling to G proteins. The experiments
featured in this chapter were some of the first | conducted in the Williams lab and were a joint effort
between Dr. Robinson and myself. The study was part of a continuing effort comparing two splice
variants of the D2 receptor, D2-short (D2S) and D2-long (D2L), to understand functional differences
between the two isoforms. This work follows from a previous paper using virally expressed D2S and
D2L (Gantz et al., 2015). One of the findings of this previous study was that D2S expressing neurons
were sensitive to a calcium dependent desensitization which is also observed in WT conditions
(Beckstead and Willaims, 2007), whereas desensitization D2L was insensitive to calcium. This calcium
dependence was lost following a single treatment with cocaine the day prior to experiments in WT
conditions, but not for D2S expressing neurons, leading to the hypothesis that cocaine treatment
induces an adaptive shift in receptor subtype from D2S to D2L (Gantz et al., 2015). However, the
results of this follow up study using genetic knock outs of either D2S or D2L, rather than
overexpressing one or the other, differ in a few key ways including the finding that non-

overexpressed D2L receptors maintain sensitivity to calcium dependent desensitization.

In the context of this dissertation, these data highlight several features of D2 receptor
biology. First, it highlights the ability for the intracellular structure of the receptor to acutely regulate
receptor plasticity in the form of desensitization. But one of the most interesting features here is the
example it sets where changing the number of molecules involved in G protein signaling can produce
dramatically different results. The different results seen between this study and the previous one
using virally expressed versions of the same receptors (Gantz et al., 2015), can likely be explained by

the increased copy number gained from viral overexpression. Subtleties of regulation of D2 receptor
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signaling are lost when the system is pushed to extremes. This is a theme | take forward throughout
the rest of this dissertation with an emphasis on using WT animals in experiments and using methods
of agonist application that are more physiological than bath perfusion of agonist to maximally

activate the systems of G protein signaling.
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Abstract

The dopamine D2 receptor has two splice variants, D2S (Short) and D2L (Long). In dopamine
neurons, both variants can act as autoreceptors to regulate neuronal excitability and dopamine
release, but the roles of each variant are incompletely characterized. In a previous study we used
viral receptor expression in D2 receptor knockout mice to show distinct effects of calcium signaling
on D2S and D2L autoreceptor function (Gantz et al., 2015). However, the cocaine-induced plasticity
of D2 receptor desensitization observed in wild type mice was not recapitulated with this method of
receptor expression. Here we use mice with genetic knockouts of either the D2S or D2L variant to
investigate cocaine-induced plasticity in D2 receptor signaling. Following a single in vivo cocaine
exposure, the desensitization of D2 receptors from neurons expressing only the D2S variant was
reduced. This did not occur in D2L-expressing neurons, indicating differential drug-induced plasticity

between the variants.

Introduction

Dopamine D2 autoreceptors decrease neuronal excitability when activated by
dendrodendritic release of dopamine in the midbrain. The D2 receptor has short (D2S) and long
(D2L) splice variants that differ by a 29 amino acid section in the third intracellular loop. While both
variants are expressed in dopamine neurons and function effectively as autoreceptors (Khan et al.,
1998; Jang et al., 2011; Dragicevic et al., 2014; Jomphe et al., 2006; Neve et al., 2013), subtle
differences have been reported suggesting the variants are not redundant. Agonist induced
desensitization of the variants has been shown to differ in multiple reports. The D2S receptor
desensitizes and internalizes to a greater degree than D2L (Liu et al., 1992; Itokawa et al., 1996; Ito et
al., 1999; Morris et al., 2007; Thibault et al., 2011). Desensitization of the D2S receptor-dependent

activation of G protein-gated inwardly rectifying potassium (GIRK) conductance was also greater and
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was dependent on the level of intracellular calcium buffering (Gantz et al., 2015). Desensitization of
the D2 receptor is decreased following in vivo acute drug exposure to ethanol (Perra et al., 2011),
cocaine (Dragicevic et al., 2014; Gantz et al., 2015), or L-DOPA (Dragicevic et al., 2014). A reduction in
desensitization following drug exposure would conceivably result in a more effective autoreceptor
(and therefore reduced neuronal excitability) during the next high dopamine situation, which would
have widespread effects on dopamine signaling throughout the brain. However, studies using viral
expression of single D2 receptor variants in D2-KO mice were inconclusive in determining whether
the plasticity induced by cocaine resulted from adaptation of a single variant, or perhaps an altered
ratio of splice variant expression/function (Gantz et al., 2015). To resolve this issue, the present
study used mouse models that express only the D2S (D2L-KO; Usiello et al., 2000) or D2L variant
(D2S-KO; Radl et al., 2013). The results show that a single treatment of animals with cocaine reduced
acute desensitization of the D2S variant. Treatment with cocaine did not alter the expression of
either D2 receptor variant, and the desensitization of the D2L variant was not changed. Thus, it
appears that plasticity in D2 receptor signaling induced by a single cocaine treatment results from

adaptation of the D2S variant.

Results and discussion

The calcium sensitivity and desensitization of the short and long variants of the D2 receptor
were effectively studied with the use of viral expression of D2S and D2L receptors in dopamine
neurons of D2-KO mice (Gantz et al., 2015). However, the adaptation in D2 receptor desensitization
following in vivo cocaine treatment could not be replicated with mice virally expressing D2 receptors
(D2S, D2L, or a combination of both) and therefore there was uncertainty about the source of
adaptation. To address the issue, D2L-KO and D2S-KO mouse lines were employed. These mice

express a single D2 variant at physiological levels (Usiello et al., 2000; Radl et al., 2013). Whole-cell

42



recordings from dopamine neurons in brain slices containing the substantia nigra pars compacta
(SNc) were used to measure desensitization. The selective D2 receptor agonist quinpirole (10 uM)
was applied for 5 min and the decline from the peak outward D2-GIRK current was measured after
90 s. This experiment was done in slices taken from untreated and cocaine treated (20 mg/kg 24 hr
prior) male mice between 61 and 106 days old. Each genotype was examined using two internal
solutions, a weak calcium buffering EGTA (0.1 mM) and a strong calcium buffering BAPTA (10 mM)
solution. The comparison of these two internal conditions allows the parsing of processes dependent
on and independent of intracellular calcium signaling. Results from wild type littermates from both
genotypes were combined as no differences between the groups were seen. D2-GIRK currents from
wild type mice desensitized to a greater extent with the weak calcium buffering EGTA internal
solution compared to the strong buffering BAPTA internal. With the use of EGTA (and not BAPTA)
internal solution the D2-GIRK current desensitized significantly less in cells from animals that were
treated with cocaine (Figure 4.1A). This confirms previous results obtained in wild type mice (Gantz
et al., 2015). The results from experiments with the D2L-KO mice (expressing D2S only) were similar
to experiments in wild type mice. The decline in the quinpirole current with EGTA internal was
greater than with BAPTA internal and was significantly reduced following in vivo cocaine treatment
(Figure 4.1B). In D2S-KO mice (expressing only D2L), some calcium sensitivity in current decline was
still present (EGTA currents declined significantly more than BAPTA currents), but treatment with
cocaine had no effect in these animals (Figure 4.1C). Representative traces of currents from naive or
cocaine-treated mice of each of the three genotypes in Figure 4.1 further demonstrate that D2S, and
not D2L, adapts following cocaine exposure. Desensitization is measured 90 s post peak. This initial
phase of desensitization is calcium sensitive and differs between D2 receptor variants (52.7 £ 5.1%
vs. 36.1 = 2.9% decline with EGTA internal p<0.01 with Student’s t-test, comparison not depicted). In
the wild type and D2L-KO genotypes, the initial decline from peak becomes substantially shallower

following cocaine exposure indicating an adaptation in a calcium-sensitive aspect of desensitization.
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The calcium sensitivity of D2 autoreceptors remains incompletely understood. The L-type
calcium channels (Dragicevic et al., 2014; Gantz et al., 2015) and intracellular calcium stores (Perra et
al., 2011; Gantz et al., 2015) are two sources of calcium that impact D2 receptor signaling. However,
there are likely calcium binding proteins that act as intermediaries between the ion and the D2
receptor. Indeed, the intracellular domains of the D2 receptor can bind calmodulin (Bofill-Cardona et
al., 2000; Liu et al., 2007), NCS-1 (Kabbani et al., 2002; Dragicevic et al., 2014; Pandalaneni et al.,
2015), and S100B (Liu et al., 2008; Dempsey and Shaw, 2011) among other potential calcium
sensitive proteins. The present results show that while the D2S is more calcium sensitive than D2L,
the long variant maintains some calcium sensitivity as evidenced by decreased desensitization when
calcium is strongly buffered by the BAPTA internal solution. One explanation is that the calcium
sensitivity of the D2 receptor involves multiple sources. Recent imaging of endogenous D2 receptors
revealed a clustered and static localization (Robinson et al., 2017). It is possible that an array of
proteins, potentially including several that are calcium sensitive, forms a complex with D2 receptors

modulating their placement and signaling.

Importantly, the desensitization of GABAB receptor-induced GIRK currents with baclofen (30
KM) was not sensitive to the two different internal solutions and did not change in any genotype
following cocaine exposure (Figure 4.3A—C). Thus, the calcium sensitive desensitization and the
cocaine-induced adaptations are specific to the D2 receptor and not general to Gi-coupled GPCRs or

GIRK channels.

Adaptation in one D2 receptor variant but not the other is relevant to studies in humans
that have identified two intronic single nucleotide polymorphisms (SNPs) in the DRD2 gene that
cause an increase in D2L expression relative to D2S. These SNPs have been found to be associated
with cocaine (Moyer et al., 2011; Levran et al., 2015), alcohol (Sasabe et al., 2007), and opioid abuse

(Clarke et al., 2014; Levran et al., 2015). This has been interpreted mainly as altering the balance
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between striatal postsynaptic D2 receptor activation (assumed to be D2L) vs. dopamine neuron
autoreceptor activation (assumed to be D2S), but our data call into question this hypothesis about
the dichotomous function of the D2 receptor splice variants (current results; Neve et al., 2013; Gantz
et al., 2015). However, because dopamine neurons can express either variant, the ratio of D2
autoreceptor variants could very well be important in drug related behaviors. Increased presence of
the D2L variant as the autoreceptor would alter the dopamine reward circuitry because this variant
desensitizes less (suggesting it is a more efficacious autoreceptor) and does not appear to adapt
following a single cocaine exposure. Furthermore, following cocaine exposure desensitization of the
D2S variant adapts to resemble the D2L variant. In this assay, preexisting prevalence of the D2L

variant would resemble a previous cocaine experience.

The present results are in some respects at odds with the previous study that used viral D2
receptor variant expression and found no calcium-dependent desensitization of D2L and no cocaine-
induced adaptation of either variant (Gantz et al., 2015), rather than decreased calcium-dependent
desensitization of D2L and selective cocaine-induced adaptation of D2S. A possible explanation is
that virally transduced D2 receptors have altered expression levels (often superphysiological)
resulting in reduced sensitivity to adaptive mechanisms. It must be noted, however, that we cannot
exclude the possibility of developmental abnormalities in mice that are constitutive knockouts of
D2S, D2L or both D2 variants. One clear advantage of the D2S- and D2L-KO mice used in this study
over viral receptor expression is the maintenance of physiological levels of expression. Figure 4.2
shows the current densities in pA/pF (a reliable measure of expression) of D2-GIRK currents from
wild type, D2L-KO, and D2S-KO animals. While viral receptor expression is not well controlled and
often much higher than physiological levels (Gantz et al., 2015), the KO animals were in the same
range, or lower (Figure 4.2B—C) compared to wild type (Figure 4.2A). The previously shown trend of
GIRK currents having increased amplitude upon strong calcium buffering is clearly present (Figure

4.2A-B), however in the D2S-KO genotype, there is no significant difference between current
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densities in the EGTA and BAPTA groups (Figure 4.2C). Additionally, a comparison between D2L-KO
and D2S-KO groups reveals an overall significant effect of genotype on current density (F(1, 28)=5.27,
p=0.029, two-way ANOVA). This effect is likely not due to differences in GIRK channel expression
because GABAB-GIRK current density was not different between the groups (in pA/pF D2L-KO EGTA
16.3+ 2.3, BAPTA 18.2 + 3.6 vs. D25-KO EGTA 16.0 £ 0.6, BAPTA 18.8 + 1.2, p>0.05 two-way ANOVA,
data not shown). Because of the similarity of D2S-mediated responses to responses of neurons from
wild type mice, despite the presence of mRNA for both subtypes (Khan et al., 1998; Jang et al., 2011;
Dragicevic et al., 2014) and the ability of both to activate GIRKs (Jomphe et al., 2006; Neve et al.,
2013; Gantz et al., 2015), it was speculated that D2L function is in some way occluded under basal
conditions (Gantz et al., 2015). The lower current density for D2L in this study, despite similar levels
of expression of the splice variants in these two lines of mice (D. Radl, M. Chiacchiaretta, R. Lewis, K.
Brami-Cherrier, L. Arcuri, & E. Borrelli, manuscript in preparation), is consistent with this notion.
Alternatively, the lower current density for D2L and lack of calcium-dependent desensitization could

both be explained if the D2L receptor were constitutively desensitized.

Concluding remarks

A genetic strategy was used to address the outstanding question of how the desensitization
of dopamine D2 autoreceptors adapts following in vivo cocaine exposure. Mice with either the long
or short splice variant of the D2 receptor constitutively knocked out were employed to show that the
cocaine-induced decrease in D2 receptor desensitization occurs when D2S is the only variant
expressed. This mimics the wild type phenotype and does not occur when only the D2L variant is

expressed.
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Figure 4-1 Cocaine-induced adaptation in D2 receptor desensitization.

Shown on the left are representative traces from naive and cocaine-treated groups in all genotypes
of quinpirole (quin., 10 uM)-induced D2 receptor-GIRK currents (I-quinpirole) reversed by sulpiride
(sulp., 600 nM) recorded from dopamine neurons in the SNc using EGTA internal solution. For further
comparison, scaled and peak aligned current declines are also shown (horizontal scale bars =90 s,
vertical scale bars = 100 pA). (A) In wild type animals there were significant overall effects of internal
solution (F(1, 30)=23.57, p<0.001) and cocaine treatment (20 mg/kg, F(1, 30)=4.259, p=0.048) on the
decline of I-quinpirole. Post-hoc analyses indicate that in both treatment conditions the decline using
BAPTA (B) internal was less than that using EGTA (E, p<0.001 for naive and coc-treated). Additionally,
with EGTA internal there was significantly reduced decline following cocaine treatment (p=0.049, n =
7-9 neurons from 5 to 8 mice). (B) In mice in which the long isoform of the D2 receptor has been
knocked out (D2L-KO), there was an overall effect of internal solution (F(1, 32)=37.09, p<0.001), but
not of cocaine treatment (F (1, 32)=2.917, p=0.097). In post hoc analyses, there was significantly
more decline when using EGTA internal than BAPTA internal in both treatment conditions (p<0.001
for naive, p=0.002 for cocaine-treated), and the decline was significantly reduced following drug
exposure when EGTA internal was used (p=0.021, n = 8-12 neurons from 4 to 7 mice). (C) In animals
with the short isoform of the D2 receptor knocked out (D2S-KO), there was an overall effect of
internal solution (F(1, 28)=21.24, p<0.001) with EGTA currents declining significantly more that those
of BAPTA in both treatment conditions (p=0.001 for naive, p=0.007 for coc-treated, n = 7-9 neurons
from 4 to 7 mice). Cocaine treatment caused no change in desensitization of the D2-GIRK current in
this genotype. Comparisons were done using two-way ANOVAs followed by Fisher’s LSD when

p<0.05. *p<0.05, **p<0.01, ***p<0.001.
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Figure 4-2 Amplitude of D2-GIRK currents.

(A) In wild type mice, there was an overall significant effect of internal solution on D2-GIRK current
density (pA/pF, F(1, 30)=76.32, p<0.001). The current density was greater when using the strong
calcium buffering BAPTA (B) internal solution compared with the weak buffering EGTA (E) internal
solution (p<0.001 for naive and coc-treated, n = 7-11 neurons from 5 to 7 mice). There was no
difference between naive and cocaine-treated groups. (B) From D2L-KO mice, there was an overall
significant effect of internal solution (F(1, 32)=12.85, p=0.001). The current density of the BAPTA
group was significantly larger than that of EGTA in both naive and coc-treated conditions (p=0.016
for naive, p=0.016 for coc-treated, n = 7-12 neurons from 4 to 7 mice), however there was no
difference between treatment conditions. (C) In D2S-KO mice, there was no significant effect of
internal solution or drug treatment (n = 7-9 neurons from 5 to 7 mice). Analyses were done by two-

way ANOVAs followed by Fisher’s LSD when p<0.05. *p<0.05, **p<0.01, ***p<0.001.
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Figure 4-3 No change in GABAB desensitization following cocaine exposure.

GABAB receptor decline/desensitization was measured by bath application of baclofen (30 uM) for
~5 min. There were no significant effects of EGTA (E, 0.01 mM) versus BAPTA (B, 10 mM) internal
solution or treatment condition (naive versus coc-treated) on the decline in GABAB-GIRK currents (I-
baclofen) from (A) wild type mice, (B) D2L-KO mice, or (C) D2S-KO mice (p<0.05, n = 5-9 neurons

from 3 to 6 mice). Analyses were done using two-way ANOVAs
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Chapter 5 — A constitutively active D2 receptor

Preface

This chapter describes work studying a spontaneously occurring mutation in the D2 receptor
found in a Dutch family presenting with a hyperkinetic movement disorder (van der Weijden et al.,
2021). Sequencing found that this novel disorder was due to a single amino acid substitution in the
D2 receptor, I1212F, a position at the N-terminus of the third cytoplasmic loop. Initial work from the
Neve lab using heterologous expression systems in cell culture suggested this was a constitutively
active receptor, notably useful in understanding how the D2 receptor couples to G proteins. To
further characterize this mutation, the Neve lab virally expressed D2-1212F in dopamine neurons
lacking native D2 receptors and collaborated with us for ex vivo slice work. Dr Robinson and |
recorded various aspects of D2-1212F biology either with endogenously released dopamine or with
exogenously applied dopamine or sulpiride. Work with the IPSC done by Dr Robinson working with
the IPSC was published in an initial paper, which included descriptions of the patients’ phenotypes
(van der Weijden et al., 2021). This chapter consists of the second publication, which went further
into descriptions of molecular interactions, molecular dynamic simulations comparing D2-WT and
D2-1?2'F, and my work characterizing its behavior in dopamine neurons. In agreement with Dr
Robinson’s findings with the IPSC, my work found evidence for constitutive activity when expressed
in dopamine neurons, yet an even more pronounced effect in prolonging responses to agonist
exposure. These findings can be explained by the molecular dynamic simulations, which found 1212
was near an ionic lock holding the intracellular face of the D2 receptor in the off position. The 1212F
mutation weakens this interaction causing the receptor to spontaneously open and presumably
contribute to the deficiency in turning off when agonists unbind or when constitutive activity is

reversed by the inverse agonist sulpiride.
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This chapter ends with some unpublished data generated in these experiments where |
apply baclofen to activate GABA; receptors in mutant and WT D2 receptor expressing neurons
following the experiments published in Chapter 5/Rodriguez-Contreras et al. (2021). The reduced
amplitude and current decline of these GABAg currents suggest the constitutive activity and
increased sensitivity of D2-1212F induces tonic heterologous desensitization of Gi.-coupled GPCR
activity in dopamine neuron, an effect predicted by work I'll show in chapter 7 where | present work
studying D2 receptor desensitization. This tonic desensitization may also explain the smaller peak

current amplitudes seen in D2-1212F expressing neurons in response to dopamine.
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Abstract

A dopamine D2 receptor mutation was recently identified in a family with a novel
hyperkinetic movement disorder. Compared to the wild type D2 receptor, the novel allelic variant
D2-1212F activates a Gau:P1y. heterotrimer with higher potency and modestly enhanced basal activity
in human embryonic kidney (HEK) 293 cells and has decreased capacity to recruit arrestin3. We now
report that omitting overexpressed G protein-coupled receptor kinase-2 (GRK2) decreased the
potency and efficacy of quinpirole for arrestin recruitment. The relative efficacy of quinpirole for
arrestin recruitment to D2-1212F compared to D2-WT was considerably lower without overexpressed
GRK2 than with added GRK2. D2-1212F exhibited higher basal activation of Ga,s than Gay; but little or
no increase in the potency of quinpirole relative to D2-WT. Other signs of D2-1212F constitutive
activity for G protein-mediated signaling, in addition to basal activation of Gai/,, were enhanced basal
inhibition of forskolin-stimulated cyclic AMP accumulation that was reversed by the inverse agonists
sulpiride and spiperone and a ~4-fold increase in the apparent affinity of D2-1212F for quinpirole,
determined from competition binding assays. In mouse midbrain slices, inhibition of tonic current by
the inverse agonist sulpiride in dopamine neurons expressing D2-1212F was consistent with our
hypothesis of enhanced constitutive activity and sensitivity to dopamine relative to D2-WT.
Molecular dynamics simulations with D2 receptor models suggested that an ionic lock between the
cytoplasmic ends of the third and sixth a-helices that constrains many G protein-coupled receptors in
an inactive conformation spontaneously breaks in D2-1212F. Overall, these results confirm that D2-
[212F is a constitutively active and signaling-biased D2 receptor mutant and also suggest that the
effect of the likely pathogenic variant in a given brain region will depend on the nature of G protein

and GRK expression.
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Introduction

The dopamine D2 receptor is a G protein-coupled receptor that signals through both Gai/o
and arrestin to regulate movement and motivated behavior (Beaulieu et al., 2005; Donthamsetti et
al., 2020; Rose et al., 2018). The D2 receptor is a target of virtually all antipsychotic drugs currently in
use and also a frequent drug target in the treatment of movement disorders such as Parkinson’s
disease and chorea (Cepeda et al., 2014; Moritz et al., 2018). The D2 receptor has long (D2L) and
short (D2S) splice variants; if and in what way the splice variants are functionally distinct is an active

area of research (Gantz et al., 2015; Radl et al., 2018).

We recently described a four-generation family with an autosomal dominant genetic
disorder characterized by chorea and cervical dystonia, in which affected family members carry the
novel D2 receptor missense variant DRD2 (c.634A > T;p.1212F) (Van derWeijden et al., 2021). lle212
(le2125.61 according to the Ballesteros-Weinstein numbering scheme) (Ballesteros and Weinstein,
1995) is in the cytoplasmic extension of the fifth transmembrane a-helix, at the N-terminus of the D2
receptor third cytoplasmic loop. A deep mutational analysis of the B2-adrenoceptor identified
position 5.61 as being one of the top four mutationally intolerant positions at the B2-Gas interface
and also in a part of the receptor where many mutations are activating or inactivating (Jones et al.,
2020). Mutations introduced in this region of the D2 receptor decrease the binding of at least three
D2 receptor-interacting proteins: arrestin (Lan et al., 2009; Clayton et al., 2014), calmodulin (Liu et
al., 2007), and S100B (Liu et al., 2008; Lee et al., 2021). Our initial studies demonstrated that
recruitment of arrestin by D2L/S-1212F in human embryonic kidney (HEK) 293 cells is decreased
compared to wild type D2L/S (D2 L/S-WT), whereas D2L/S-1212F activation of a GailB1y2

heterotrimer and inhibition of cAMP accumulation are enhanced (Van derWeijden et al., 2021).

G-protein-coupled receptor (GPCR) kinases (GRKs) facilitate arrestin recruitment by

phosphorylating serine and threonine residues on the intracellular domains of GPCRs, typically
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leading to receptor desensitization, internalization, and either degradation or resensitization, and
also promoting arrestin-mediated signaling (Moor et al., 2007). GRK is frequently cotransfected in
cellular studies of arrestin recruitment to maximize the signal. GRK2/3 are ubiquitously expressed
GRKs that are the major subtypes interacting with the D2 receptor (Kim et al., 2001; Gurevich et al.,
2016; Namkung et al., 2009). Thus, our previous arrestin recruitment studies were performed with

overexpressed GRK2.

Similarly, we assessed D2 receptor activation of a G protein heterotrimer containing Gail
even though the D2 receptor activates both Gai and Gao (Neve et al., 2004). Gao is the most
abundant Ga subunit in mammalian brain, comprising about 1% of total membrane protein (Jiang
and Bajpayee, 2009). Furthermore, Gao knockout mice have greatly decreased dopamine-stimulated
GTPyS binding and a complete loss of GTP-sensitive dopamine binding in brain, suggesting that Gao
contributes importantly to dopamine signaling (Jiang et al., 2001). Both Gai and Gao mediate D2
receptor signaling in brain, with the contribution of specific subtypes varying among brain regions

(Marcott et al., 2018).

We now report that D2L/S-1212F receptors have a more stringent requirement than D2-WT
for GRKs, so that the novel allelic variant had a more profound loss of arrestin recruitment,
compared to that of D2-WT, in the absence of overexpressed GRK2 than when the kinase was
overexpressed. We also describe the effect of the mutation on D2 receptor activation of GaoA,
which differed from Gail activation in effects on both agonist potency and basal activity.
Furthermore, the mutation increased constitutive inhibition of cyclic AMP accumulation in HEK293
cells and increased the apparent affinity of quinpirole for the D2 receptor. In midbrain dopamine
neurons expressing D2-1212F, photoactivated sulpiride inhibited a substantial tonic current,
consistent with both the constitutive activity and enhanced agonist potency suggested by studies of

the novel variant in HEK293 cells. Molecular dynamics (MD) simulations indicate that these effects of
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the mutation are associated with the breaking of an “ionic lock” that constrains many unliganded

GPCRs in an inactive conformation.

Results and Discussion

Arrestin3 Recruitment by D2-1212F Depends Heavily on GRK2

We previously investigated the ability of D2S/L-1212F receptors to recruit arrestin3 under
the most favorable conditions by overexpressing GRK2, which enhances arrestin recruitment to the
D2 receptor (Kim et al., 2001). We reported that recruitment of arrestin3 by D2S/L-1212F is reduced
by about 30-50% compared to that of D2S/L-WT receptors, whereas the potency of quinpirole is
modestly enhanced at D2S/L-1212F (van der Weijden et al., 2021). We now describe arrestin3
recruitment in the absence of GRK2. HEK293 cells were transiently cotransfected with D2S/L-WT or
D2S/L-1212F fused with RLuc8 (BRET donor) and mVenus-tagged arrestin3 (BRET acceptor). Previous
results with overexpressed GRK2 are shown for comparison. Quinpirole-induced recruitment of
arrestin3 by both D2 receptor splice variants was substantially decreased for D2L/S-1212F with or
without overexpressed GRK2 (Figure 5.1A,B; Table 5.1), whereas the potency of quinpirole was
modestly increased for all conditions compared to D2-WT (Table 5.1). The mutation-induced
reduction in maximal recruitment of arrestin was considerably larger in the absence of expressed
GRK2 for both splice variants. Thus, with added GRK2, Emax for D2L/S-1212F was decreased by 44%
(D2L) or 27% (D2S), but in the absence of overexpressed GRK2, Emax for D2L/S-1212F was decreased
by 73% (D2L) and 64% (D2S) compared to the corresponding condition for D2-WT (Table 5.1). In
contrast, omitting GRK2 decreased the potency similarly for all variants, ranging from a 4.2-fold

decrease for D2s-WT to a 6.7-fold decrease for D2L-1212F (Table 5.1).
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In the presence of overexpressed GRK2, maximal arrestin recruitment peaked by the first
measurement, (1 min after adding coelenterazine h, which was approximately 4 min after addition of
quinpirole), whereas maximal recruitment was delayed without overexpressed GRK2, particularly for
D2S/L-WT (Figure 5.1C,D). Emax decreased more rapidly for D2L/S-1212F than for D2L/S-WT and
more rapidly without overexpressed GRK2 than with GRK2 transfection. Thus, a significant
interaction among the three factors of time, GRK2 condition, and genotype was determined by 3-
way RM ANOVA (D2L: F ((6, 60) = 17.77, p < 0.0001; D2S: F (6, 60) = 6.689, p < 0.0001). This was
followed by 2-way RM ANOVAs to assess the interaction between genotype and time (D2L + GRK: F
(6, 24) =69.15, p < 0.0001; D2L No GRK: F (6, 36) = 81.08, p < 0.0001; D2S + GRK: F (6, 36) = 118.9, p <
0.0001; D2S No GRK: F (6, 24) = 12.49, p < 0.0001) and between GRK treatment and time (D2L-WT: F
(6,30)=103.7, p <0.0001; D2S-WT: F (6, 30) = 71.26, p < 0.0001; D2L-1212F: F (6, 30) = 16.62, p <
0.0001; D2S-1212F: F (6, 30) = 19.16, p < 0.0001). Consistent with our previous report (van der

Weijden et al., 2021), expression of D2L/S-1212F was only 35—-40% of D2L/S-WT (Table S5.1).

Decreased Arrestin3 Recruitment by D2-1212F Was Not Due to Lower Receptor Expression

Based on unpublished data mentioned previously (van der Weijden et al., 2021), we
considered it unlikely that the reduced arrestin recruitment by D2L/S-1212F was simply due to lower
receptor expression. Furthermore, the mutation-induced instability of the interaction with arrestin
(Figure 5.1C,D) and the greater dependence of arrestin recruitment to D2L/S-1212F on GRK2 are
difficult to explain as simply due to lower receptor number. Nevertheless, to confirm that reduced
arrestin recruitment by D2-1212F was not a consequence of lower receptor expression, we repeated
these experiments with D2L under conditions where the wild type and mutant variants were
expressed at similar levels and observed a similar mutation-induced decrease in Emax (Figure S5.1).
At this lower level of D2 receptor expression, GRK2 overexpression had no effect on Emax for D2-WT

but continued to regulate quinpirole potency at D2-WT.
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Contribution of Endogenous GRK to Arrestin3 Recruitment

To determine if endogenous GRK2/3 contributes significantly to arrestin recruitment in this
assay, we repeated the experiments above with D2L-WT and D2L-1212F, adding a condition in which
cells were pretreated with the GRK2/3 inhibitor Compound 101 (Cmpd101). In the absence of
Cmpd101 (Table S5.2), results were indistinguishable from those presented above and replicate prior
results for D2L-WT and D2L-1212F with overexpressed GRK2 (Table 5.1). Inhibiting endogenous
GRK2/3 significantly decreased the maximal response for both allelic variants with (Figure S5.2A,C) or
without (Figure S5.2B,C) overexpressed GRK2. Nevertheless, maximal arrestin recruitment by D2L-
[212F was always less than the corresponding condition for D2L-WT (Table S5.2). In contrast,
quinpirole potency was decreased by either omitting overexpressed GRK2 or adding Cmpd101, but

there was no detectable additivity (Figure S5.2D; Table S5.2).

GRK2 has both phosphorylation-dependent and phosphorylation-independent effects on D2
receptor function (Namkung et al., 2009a; Namkun et al., 2009b). Inhibition of arrestin recruitment
by the active-site inhibitor Cmpd101 (Thal et al., 2011) may suggest that at least some of the
observed effects of GRK2 require D2 receptor phosphorylation, although it is notable that
translocation of GRK2 to the p-opioid receptor can be inhibited by Compd101 (Gondin et al., 2019;
Miess et al., 2018). Observed effects of overexpressed GRK2 despite the presence of Cmpd101 may

reflect phosphorylation-independent processes.

D2-1212F Receptor Expression Increased Basal GaoA Protein Activation

We assessed G protein activation using a Gao energy donor (GaoA-91-RLuc8), a GB1/Gy2
acceptor (mVenus-GB1y2), and D2S/L-WT or D2S/L-1212F transiently expressed in HEK293 cells.
Quinpirole produced a concentration-dependent increase in GaoA protein activation for both D25/L-
1212F and D2S/L-WT receptors (Figure 5.2A,B). For D2L, no significant difference in the potency of

quinpirole at D2L-WT and D2L-1212F receptors was observed, whereas quinpirole was slightly but
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significantly more potent at D2S-WT (1 nM) than at D2S-1212F (2 nM; Table 5.2). On the other hand,
basal GaoA activation by D2L-1212F (43% of maximal stimulation) or D25-1212F (57%) was markedly
higher than for D2S/L-WT (set as 0%; Figure 5.2A,B; Table 5.2). Enhanced basal activity was observed

despite lower expression of D2S/L-1212F than D2S/L-WT (Table S5.1).

Because the effect of the 1212F mutation on GaoA protein activation differed in several
respects from what we observed previously using Gail (van der Weijden et al., 2021), we repeated
those experiments with D2L-WT and D2L-1212F (Figure 5.2C; previously published results for D2S
shown in Figure 5.2D for comparison). Whereas quinpirole potency for activating GaoA was not
substantially changed by the 1212F mutation, we confirmed our previous observation that the
potency of D2L-1212F for activating Gail (3 nM) is markedly increased compared to that of D2L-WT
(21 nM; Figures 5.2C and 5.3A). Basal activity of Gail was enhanced by 25% of WT Emax in cells
expressing D2L-1212F (Figure 5.2C). This enhanced basal activity associated with D2-1212F expression

was significantly lower than that observed for GaoA for both splice variants (Figure 5.3B).

Quinpirole was considerably more potent at GaoA than at Gail for D2-WT, consistent with
prior work (Gazi et al., 2003). The G protein subtype-specific effect of the mutation on agonist
potency is particularly interesting in light of recent findings that Gao mediates a relatively high-
affinity response to dopamine in the mouse nucleus accumbens that is eliminated by repeated
treatment with cocaine (Marcott et al., 2018). This is in contrast to a lower-affinity, cocaine
treatment-insensitive response in the dorsal striatum that is mediated by Gai. In our results, the
mutation-induced shift in potency of quinpirole at Gail eliminated the difference between the G
protein subtypes (Figure 5.3A; Table 5.2). Thus, mice expressing D2-1212F might display higher
sensitivity responses to dopamine in both nucleus accumbens and dorsal striatum, responses that

would perhaps be unaffected by repeated cocaine treatment.
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Constitutive Inhibition of Cyclic AMP Accumulation

Increased basal activation of G proteins by D2-1212F could be indicative of a higher
constitutive activity than that of D2-WT. To test this hypothesis, we measured the ability of D2
receptors to inhibit forskolin-stimulated cyclic AMP accumulation in the absence of agonist. HEK293
cells were transiently cotransfected with the BRET-based cylic AMP sensor, CAMYEL (Jiang et al.,
2007) and D2L/S-WT or D2L/S-1212F. Compared to control cells, cells transfected with a higher
amount of D2L/S-WT plasmid DNA (0.5 pg) or D2L/S-1212F showed reductions in cyclic AMP
accumulation that were greater for D2-1212F (41-50%) than for D2-WT (17-21%) (Figure 5.3C,D; D2L
=83 + 7% of control for WT High vs 59 + 6% for D2L-1212F; D2S = 79 £ 2% of control for WT High vs
50 + 5% for D2S-1212F). Preincubation with either of the inverse agonists sulpiride and spiperone not
only reversed the constitutive inhibition of cyclic AMP accumulation but also yielded significantly
enhanced cyclic AMP levels that were highest for D2L/S-1212F (Figure 5.3C,D; D2L-1212F =126 + 11%
of control for sulpiride and 128 + 12% of control for spiperone; D2S-1212F = 128 + 12% for sulpiride
and 132 + 14% for spiperone). We hypothesize that increased FSK-stimulated cyclic AMP
accumulation in the presence of inverse agonists reflects heterologous sensitization of adenylyl
cyclase resulting from prolonged constitutive activation of Gai/o by D2-1212F (Watts and Neve, 1996;

Watts and Neve, 2005).

Enhanced Affinity of D2-1212F for Quinpirole

Receptor constitutive activity is commonly reflected in increased affinity for agonists (Parker
and Ross, 1991; Kjelsberg et al., 1992; Wilson et al., 2001). We carried out competition binding
assays to compare the apparent affinity of D2-WT and D2-1212F for quinpirole in membranes
prepared from HEK293 cells stably expressing the receptors (Figure 5.53). In four experiments, the
geometric mean for quinpirole Ki decreased from 1.5 to 0.4 uM (D2L-WT and D2L-1212F,

respectively; p = 0.0027) and from 1.9 to 0.5 uM (D2S-WT and D2S-1212F, respectively; p = 0.0005).
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Thus, the affinity of D2L/S-1212F for quinpirole was increased roughly 4-fold compared to that of

D2L/S-WT.

Altered D2-1212F Receptor-GIRK Currents in Mouse Midbrain Slices

To characterize effects of the mutation in a native environment for brain D2 receptors, we
used AAV-mediated expression of DIO-Flag-D2S-WT or -1212F to restore D2 receptor function in
dopamine neurons of auto-D2-KO mice and characterized D2 receptor activation of G-protein-
regulated inward-rectifying potassium channels (GIRKs). We used D2S for these studies because of
evidence that this splice variant might contribute more than D2L to autoreceptor activity (Gantz et
al., 2015; Radl et al., 2018). The effect of the mutation on D2 receptor function in HEK293 cells was
qualitatively similar for both splice variants. Values for both basal G protein activation and maximal
arrestin recruitment were greater compared to D2L/S-WT for D2S-1212F than for D2L-1212F, although
for most experiments there was neither a significant main effect of splice variant nor an interaction
with genotype. The only statistically significant difference among the data presented here was a
greater relative efficacy of D2S-1212F for recruitment of arrestin in the presence of GRK2 compared

to that of D2L-1212F (p = 0.001).

In midbrain slices prepared two weeks after AAV injection, the GIRK response to
iontophoretically applied dopamine (Figure 5.1A) was smaller in amplitude (Figure 5.1B), slower in
rise time, and longer in duration (Figure 5.1C) for D25-1212F-expressing neurons compared to that of
D2S-WT transduced controls. Despite the smaller peak amplitude, the prolonged duration of the
response meant that total charge transfer was higher for D2S-1212F (409 + 92 pC) than for D2s-WT

(207 + 29 pC; Figure 5.1D).

Photolytic release of sulpiride from CyHQ-sulpiride (Asad et al., 2020) produced a small
inhibition of a tonic GIRK current in cells expressing D2-WT (-9 pA) and a much larger inhibition in

cells expressing D2-1212F (-62 pA; Figure 5.2A,B). The tonic current could reflect constitutive
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activation of G proteins, similar to what we observed in HEK293 cells (Figure 5.2 and Figure 5.3D), or
it could reflect the heightened sensitivity of D2-1212F to agonist that is suggested by data for
activation of Gail (Figure 5.2C,D) and inhibition of cAMP accumulation (van der Weijden et al.,
2021). To distinguish between these possibilities, we treated slices with reserpine to deplete
endogenous dopamine. Reserpine treatment abolished or greatly decreased the response to
sulpiride in cells expressing D2-WT or D2-1212F, respectively (Figure 5.2B,C), indicating that most of
the tonic current is due to endogenous dopamine to which D2-1212F is more sensitive but that D2-
1212F also displayed some constitutive activity in the presumed absence of dopamine. Because the
mutation increased agonist potency for activation of Gail but not Gao in HEK293 cells, this may
indicate that D2 receptor signaling in SNc dopamine neurons is mediated by Gai. Interestingly, the
current decay in response to sulpiride photoactivation was slower for D2-1212F than for D2-WT even
following reserpine treatment and the presumed absence of dopamine (Figure 5.2D), suggesting that
relaxation of the receptor or uncoupling of the signaling machinery is inherently slower for the

mutant receptor.

Molecular Dynamics Simulations with D2 Receptor Homology Models

One feature of many GPCRs is an “ionic lock” between an Arg residue at the cytoplasmic end
of the third transmembrane domain (TM3, Arg132 in the D2 receptor) and a Glu residue at the
cytoplasmic end of TM6 (Glu368 in the human D2L receptor) (Ballesteros et al., 2001). These
residues are Arg3.50 and Glu6.30 in the Ballesteros-Weinstein index (Ballesteros and Weinstein,
1995). This ionic lock contributes to maintaining the unliganded receptor in an inactive
conformation; the lock is broken in the agonist-activated receptor and, conversely, breaking the lock
frequently creates a constitutively active receptor (Ballesteros et al., 2001; Rasmussen et al., 1999;
Alewijnse et al., 2000). We used crystal structures of the D2 receptor (Wang et al., 2018) and other

Gai/o-coupled GPCRs to build homology models of the human D2 receptor in both inactive and active
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conformations, with either 1le212 or Phe212. As depicted in Figure 5.6, the side chains of Arg132 and
Glu368 are in sufficient proximity to form an ionic bond or salt bridge in both inactive models but are
too distant for salt bridge formation in both active models. After MD simulations for 15 ns, the
Glu368 side chain separated from Arg132 in the inactive D2-1212F model, breaking the ionic lock

(Figures 5.6 and 5.7).

During the MD simulation with the inactive D2-1212F model (Figure 5.8), a comparison of
snapshots obtained at t = 0.5 ns (left panel) or 7.5 ns (right panel) shows that, initially, the Phe212
side chain extends very close to TM3 residue Ser129 (Ser3.47; not shown), whereas lle212 in the
inactive D2-WT model is more distant from TM3 (Figure 5.6). A steric effect of the close Ser129-
Phe212 interaction may provide some of the energy needed to separate the ionic lock residues. As
depicted in Figure 5.8 (right panel), Arg132 appeared to strengthen its interaction with Asp131
(D3.49) likely through ionic interactions (Ballesteros et al., 2001). Concomitantly, the ionic lock
between residues Glu368-Arg132 was disrupted as Glu368 moved away from Arg132 with the
rotation and translocation of TM6, perhaps interacting with other residues in TM6. The Phe212 side

chain was reoriented toward a possible interaction with Leu216.

These results provide a structural rationale for the effects of the mutation on G protein
activation; separation of the lock residues would better enable the conformational rearrangement of
TMB6 that creates space for binding of Ga (Ballesteros et al., 2001; Kling et al., 2016; Farrens et al.,
1996; Rasmussen et al., 2007). Activating mutations of the ionic lock residues also renders the
receptor less stable, which is often reflected in decreased expression (Rasmussen et al., 1999;

Alewijnse et al., 2000; Gether et al., 1997) as observed here (Table S5.1).

Constitutive activation of the receptor potentially explains decreased recruitment of arrestin
to D2-1212F, particularly if one speculates that enhanced binding of Ga might competitively inhibit

binding of arrestin (Mafi et al., 2020; Huang et al., 2020; status et al., 2020). However, we have also
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described concurrent reductions in arrestin recruitment and G-protein-mediated signaling for a D2
receptor with a targeted mutation in this part of the receptor (Clayton et al., 2014), in contrast to the
reciprocal effects described here; therefore, it may be that distinct mechanisms underlie the
observed effects on arrestin and G protein interaction with D2-1212F. For example, abundant data
support a model in which arrestin has separate binding determinants for negatively charged
phosphorylated residues on the receptor (“phosphorylation sensor”) and for receptor sites that are
exposed by receptor activation (“activation sensor”) (Gurevich and Gurevich, 2006; Zhuang et al.,
2013; Hilger at el., 2018). We have proposed that non-natural mutations in this intracellular
extension of the fifth a-helical domain selectively affect presentation of the activation sensor (Lan et
al., 2009). Decreased engagement of the activation sensor could increase reliance on the
phosphorylation sensor, which might explain why arrestin recruitment by D2-1212F has a greater

dependence on GRK2 and GRK2-catalyzed phosphorylation.

Conclusions

The data presented here are consistent with a model in which substitution of lle212 with a
Phe residue in the dopamine D2 receptor breaks an interhelical salt bridge that constrains the
unliganded receptor. As a result, D2-1212F constitutively activates Gai/o and mediates high-potency
agonist activation of at least one Gai/o subtype in HEK293 cells and in dopamine neurons. D2-1212F
is biased toward G protein-mediated signaling, because the enhanced Gai/o activation was
combined with reduced arrestin recruitment that was particularly profound under conditions where
GRK2 activity was limited. A hyperactive D2 receptor would be predicted to cause overinhibition of
D2 receptor-expressing medium spiny neurons of the neostriatum and nucleus accumbens. Mice in
which the activity of these neurons is genetically inhibited show increased locomotor activity
(Bateup et al., 2010). Furthermore, overstimulation of G-protein-mediated signaling by the D2

receptor exacerbates, and overexpression of arrestin3 protects against, L-DOPA-induced dyskinesia
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in mice (Urs et al., 2015). This D2 receptor variant c.634A > T;p.1212F is carried by patients with a
hyperkinetic movement disorder characterized by both chorea and dystonia (van der Weijden et al.,
2021); we speculate that both constitutive activity and G protein bias of D2-1212F contribute to the
clinical phenotype and that an effective treatment should target these characteristics of the

receptor.
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Figure 5-1 Dose-response curves for quinpirole-induced arrestin3 recruitment mediated by D2L/S-
WT and D2L/S-1212F.

Arrestin3 recruitment was measured in HEK293 cells cotransfected with GRK2 (+ GRK2) or nonspecific
plasmid DNA (No GRK2). Values plotted are the means * SD of three to four independent experiments
performed in quadruplicate. (A, B) Quinpirole concentration—-response curves measured at 10 min. Data
from each independent experiment were normalized by subtracting the baseline and expressed as a
percentage of maximum arrestin3 recruitment by D2-WT+GRK2. Data for +GRK2 are from the data
set described in van der Weijden et al. (2021), where results were shown after 20 min of agonist
stimulation. (C, D) Change in Emax values over 30 min, with each condition normalized to Emax for

that condition at 1 min. Data for +GRK2 were previously described in van der Weijden et al. 2021,
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Figure 5-2 Concentration—response curves for Gai/o protein activation mediated by D2-WT and
D2-1212F in response to stimulation with quinpirole.

Results are expressed as the percentage of maximum G protein activation by D2-WT, measured 10 min

after adding coelenterazine h. (A) Activation of GaoA by D2L-WT/1212F. (B) Activation of GaoA by D2S-

WT/I1212F. (C) Activation of Gail by D2L-WT/I212F. (D) Data from van der Weijden et al. (2021) for

activation of Gail by D2SWT/I212F. Values plotted represent means + SD of three (panel C) or four

(panels A, B, D) independent experiments performed in quadruplicate.
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Figure 5-3 Increased constitutive activity of D2-1212F.

Concentration—response curves for Gai/o protein activation mediated by D2-WT and D2-1212F were
analyzed by nonlinear regression to determine quinpirole potency. (A) This was expressed as the — log
EC50, and (B) activation in the absence of quinpirole was expressed as the percentage of Emax for D2-WT.
Data are from Table 5.2. Statistical differences were determined as described in Table 5.2 (*p < 0.05, **p
<0.01, ***p < 0.001). (C, D) Cyclic AMP accumulation was measured in the presence of 10 uM forskolin
(FSK) in HEK293 cells transfected with the cyclic AMP biosensor CAMYEL and either control plasmid DNA
(control), a high (0.5 ug, WT High) or low (0.2 pg, WT Low) amount of D2L/S-WT DNA, or D2 L/S-1212F
plasmid DNA (0.5 g, 1212F). Measurements were taken 10 min after addition of either vehicle, sulpiride
(10 uM) or spiperone (1 uM), FSK (10 uM), and coelenterazine h. Results are expressed as a percentage of
cyclic AMP accumulation by control cells treated with the inverse agonist vehicle. Values plotted are mean
+ SD of four independent experiments performed in sextuplicate. Statistical differences were determined
by 2-way ANOVA followed by Turkey’s posthoc test (*p < 0.05, **p < 0.01, ***p < 0.001 compared to the

corresponding control condition; Tp < 0.05, ¥tp < 0.01, t11p < 0.001 compared to D2-WT).
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Figure 5-4 Activation of GIRK currents by dopamine iontophoresis was assessed in mouse midbrain
slices.

AAV-DIO-D2s-WT or -D2s-1?12F was used to restore D2 receptor expression in dopamine neurons of
auto-D2-KO mice. (A) Representative outward currents in response to iontophoresis of dopamine (1
M) for 10 ms. Mean * SEM is shown for (B) current amplitude, (C) peak half-width, and (D) charge
transfer. The number of cells differs among panels for D2-121%F, because kinetics in the lowest

amplitude response in panel B could not be accurately resolved. Student’s t-test: *p < 0.05, **p <
0.01.
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Figure 5-5 CyHQ-sulpiride photolysis

AAV-DIO-D2s-WT or -D2s-1'2F was used to restore D2 expression in dopamine neurons of auto-D2-KO
mice. CyHQ-sulpiride (5 uM) was circulated over a midbrain slice, and photolysis was induced by a 50
ms flash (365 nm) from a 6.5 mW LED light. The left panels depict representative traces for untreated
slices (A) and slices incubated with reserpine to deplete endogenous dopamine (C). The right panels
depict the mean + SEM of the decreased current amplitude (B) and the rate of decay of the current
after photorelease of sulpiride (D) in control slices and in slices pretreated with reserpine. It was not
possible to calculate a decay rate for reserpine-treated slices from mice expressing D2-WT. For some
conditions, the number of cells differs between panels B and D, because kinetics could not be
accurately resolved in the lowest amplitude responses in panel B. Student’s t test: *p < 0.05, **p <

0.01, ***p <0.001.
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Figure 5-6 Eight panels show TM3-6 ionic lock residues Arg132 (light blue) and Glu368 (magenta),
as well as the variant residue lle/Phe212 (yellow).

Models are shown before (t = 0) and after (t = 15 ns) MD simulations for 15 ns. At t = 0, the distances
between OE1 of Glu368 and HH1 and HH2 of Arg132 are short enough to form salt bridges (purple)
in both inactive models but are too far apart in both active models. After 15 ns MD simulations, the
WT model is essentially unchanged, whereas the presence of Phe212 separates the side chains of
Argl32 and Glu368, preventing maintenance of the ionic lock in inactive D2-1212F. The cytoplasmic

face is up.
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Figure 5-7 Distances between the atoms that form the two bonds of the ionic lock are shown for all
four models during 15 ns MD simulations.

Note that the distances are relatively stable for the active and inactive D2-WT models, whereas the

distances increased 6-8 A in the inactive D2-1212F model and decreased ~5 A in the active model.
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Figure 5-8 Residues involved in the disruption of the ionic lock are shown at t = 0.5 ns (left panel)
and 7.5 ns (right panel) during MD simulation with the inactive D2-1212F model.

Ballesteros-Weinstein numbering for the colored residues is Asp1313.49 (green), Arg1323.50 (light
blue), Phe2125.61 (yellow), Leu2165.65 (red), and Glu3686.30 (magenta).
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Table 5-1 Arrestin Recruitment: Requirement for Overexpressed GRK2?

arrestin recruitment

+GRK2® no GRK2
receptor —log ECso Emmax (% of WT+GRK2) —log ECso Emax (% of WT+GRK2)
D2,-WT 7.69 £0.05 100+ 2 6.85+0.05™" 59 + 41"
D2.-122F 8.06 + 0.03** 56 + 1*** (-44%) 7.22 +0.08%*1* 16 + 1%**117 (_739%)
D2s-WT 7.83+0.01 100+3 7.20+0.13™" 59 + 2t
D2s-1212F 8.24 + 0.04** 73 £ 2¥** (-27%) 7.59 +0.09% ™" 21+ 0.4***%7 (—66%)

aQuinpirole potency is shown as —log ECso. Emax Was calculated by subtracting basal response from
maximal response at 10 min after adding the substrate coelenterazine h and is shown as the
percentage of D2-WT with added GRK2. For D2-12F, the percent reduction compared to the
corresponding D2-WT Emax is included in parentheses. N = three to four independent experiments for
each condition. Data are presented as mean £ SEM.

bFrom the data set described in van der Weijden et al. (2021), except after 10 min instead of 20 min
of agonist stimulation. Statistical differences were calculated by 2-way ANOVA followed by Turkey’s
posthoc test (*p < 0.05, **p < 0.01, ***p < 0.001 compared to D2-WT; "'p < 0.001 compared to the

corresponding +GRK2 condition).
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Table 5-2 Ga Protein Activation in HEK293 Cells @

receptor

D2-WT

D2.-1712F

D2s-WT

D2s-1212F

—log ECso

Gaiin

7.7 £0.05

8.6 £ 0.04***

7.6+ 0.05°

8.4 0.020%**

Goloa

8.9+0.03

8.8+0.09

9.0+0.02

8.7 £ 0.05**

basal activity (% of WT max)

Gatiy Goloa
0+0.01 0+0.02
25 + 3** 43 + G***
0+0.01° 0+0.02
35 £ Go*** 57 4+ G¥*%*

aQuinpirole potency is shown as -log EC50. Basal activity for D2L/S-1212F is expressed as a percentage of

the respective D2-WT maximal response. Data are presented as mean + SEM of three (Gail-D2L) or four

(Gao-D2L/S) independent experiments performed in quadruplicate.

bData are from van der Weijden et al. 2021 Statistical differences were calculated by 2-way ANOVA

followed by Turkey’s posthoc test (**p < 0.01, ***p < 0.001 compared to D2-WT).
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Suplemental Table 5-1 D2 receptor density in HEK293 cells

Arrestin Recruitment

Goao Activation

Gai Activation

Receptor (No GRK)
Bmax N Bmax Bmax
D2.-WT 26+0.5 7 2.3+05 23+0.8
D2.1212¢ 0.940.1* 6 1.140.2% 1.0+0.2
D2s-WT 25103 3 46+1.0 3.2t
0.69
D201212¢ 1.040.01 2 2.3+0.5% 114020+

For most experiments included in Tables 5.1 and 5.2, replicate plates were prepared for analysis of

receptor density. Bmax values (Mean * S.E.M., pmol/mg of membrane protein) were determined by

saturation analysis of the binding of [3H]spiperone to a crude membrane fraction. In some BRET

experiments, the number of cells was not sufficient to start replicate plates for binding. In some

experiments, the number of replications (N) for radioligand binding was greater than the number of

replications of the G protein activation and arrestin recruitment assays because results from
replicate plates of both donor-only and donor+acceptor conditions were included as separate

measurements. a from van der Weijden et al. 2021. Student’s t-test: *p
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Suplemental Table 5-2 Arrestin recruitment: Cmpd101 pretreatment

Arrestin
Recruitment
Receptor n=3)
D2L
-LogECso Emax (% of WT+GRK)

+GRK2 No GRK2 +GRK2 No GRK2
WT Vehicle 7.8+0.02 6.8+0.02777 100 + 2 61+371T
1212F Vehicle 8.2 +0.03* 7.2 £0.04%* 17T 55+ 2%** (:45%) | 19+ 1*** 71T (6%
WT Cmpd101 6.9 + 0.03 6.7+ 0.04 28+2 17+177
1212F Cmpd101 | 7.5 + 0.04*** 7.3+ 0.2%** 12 + 1%** (-57%) 6+ 1*** (-65%)

HEK293 cells were pretreated with vehicle or the GRK2/3 inhibitor Cmpd101 (30 uM), 30 min before

adding quinpirole and coelenterazine h. Data are presented as mean * SEM. Emax Was calculated as

described in Table 1, and is expressed as a percentage of Emax for D2,-WT with added GRK2. For D2-

1212F the percent reduction compared to the corresponding D2-WT Emax isincluded in parentheses. N

= 3 independent experiments for each condition. Bnax values (pmol/mg protein) were 1.68 + 0.08

(D2.-WT, no GRK2), 0.57 + 0.03 (D2.-1212F, no GRK?2),

2.27 £ 0.16 (D2,-WT, + GRK2), and 0.93 +0.25 (D2,-1212F, + GRK2). Statistical differenceswere

calculated by 2-way ANOVA followed by Turkey’s post-hoc test (*p<0.05, **p<0.01,

**%p<0.001 compared to the corresponding D2-WT condition; T'p<0.01, ""p<0.001 compared tothe

corresponding + GRK2 condition).
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Supplemental Figure 5-1 Arrestin recruitment with matched receptor expression levels.

Arrestin3 recruitment was measured in HEK293 cells co-transfected with D2L-WT (50 ng plasmid
DNA) or D2L-1212F (250 ng plasmid DNA) and with GRK2 (+GRK2) or nonspecific plasmid DNA (No
GRK2). Values plotted are the means * SD of 3-4 independent experiments performed in
quadruplicate. Data from each independent experiment were normalized by subtracting the baseline
and expressed as a percentage of maximum arrestin3 recruitment by D2-WT+GRK2.

D2 receptor Bmax values were 0.46 + 0.05 pmol/mg protein (D2-WT, No GRK2), 0.48 + 0.04 pmol/mg
(D2-WT, +GRK2), 0.55 £ 0.01 pmol/mg (D2-1212F, No GRK2), and 0.54 + 0.07

pmol/mg (D2-1212F, +GRK2). Omitting overexpressed GRK2 decreased arrestin recruitment for D2-
1212F by 65%, whereas there was no significant effect of omitting GRK2 on maximal response for D2-
WT at this lower level of expression. On the other hand, the potency of quinpirole at D2-WT
decreased from 6 nM in the presence of GRK2 to 100 nM in the absence of GRK2, and at D2-1212F
from 6 nM to 50 nM.
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Supplemental Figure 5-2 Effect of Cmpd101 on Arrestin3 recruitment by D2L.

Arrestin3 recruitment was measured in HEK293 cells co-transfected with GRK2 (+GRK2) or

nonspecific plasmid DNA (No GRK2) and pretreated with vehicle or the GRK2/3 inhibitor Cmpd101
(30 @M, 30 min). A and B, quinpirole concentration-response curves for D2L-WT (WT) or D2L-1212F
(1212F) with GRK2 (A) or in the absence of overexpressed GRK2 (B). Data from each independent

experiment were normalized by subtracting the baseline and expressed as a percentage of maximum

arrestin3 recruitment by D2-WT +GRK2. Values plotted are the means * SD of 3 independent

experiments performed in quadruplicate. C and D, values from Table S2 for D2L- WT (WT) or D2L-

1212F (1212F) with (+GRK2) or without (No) GRK2, in the presence (Cmpd101) or absence (vehicle) of

Compound 101. C, Emax, expressed as the percentage of Emax for D2-WT with GRK2, and D,

quinpirole potency, expressed as the —LogEC50. Statistical differences determined as described in

Table S2 (***p < 0.001).
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Supplemental Figure 5-3 Quinpirole competition binding curves.

Representative curves are shown for inhibition of the binding of [3H]spiperone (87 pM) by various
concentrations of quinpirole in membranes prepared from HEK293 cells stably expressing each of the

variants. Ki values in this experiment were 1.24 M (D2L-WT), 0.35 £M (D2L-1212F), 1.19 £M (D2S-WT),

and 0.39 £M (D2S-1212F). The leftward shift in the quinpirole competition curves for D2L/S-1212F relative

to D2L/S-WT indicates that the mutation increased the affinity of the D2 receptor for that agonist,

consistent with many studies of constitutively active GPCRs.
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Additional Experiments

In Chapter 7, | will discuss findings that D2 receptors largely desensitize by an unknown
heterologous mechanism that appears to inhibit GPCR-GIRK coupling. This desensitization is
heterologous as it is inducible by and inhibits both D2 and GABAg receptors. To test if this
constitutive D2 receptor activity might affect GABAg receptor signaling, | applied baclofen at the end
of the experiments featured previously in this chapter (same cells/recordings that had previously
been exposed to DA ionto and sulpiride). Results of these experiments (Figure 5.9) show the 1212F
responses to baclofen had smaller peak amplitudes and smaller current decline (p = 0.0063 by two-
way ANOVA for peak amplitude genotype factor, but no individual group was significantly different
than another by Sidak’s multiple comparison, means + SEM =439.3 + 22.9, 389.7 £ 93.99, 246.5 +
84.28, 179.8 £ 45.17 pA for WT untreated, WT reserpinized, 1212F untreated, and 1212F reserpinized
respectively, n=6, 6, 5, and 6; p =0.0141 by two-way ANOVA for normalized remaining current 90 s
after peak, but no individual group was significantly different than another by Sidak’s multiple
comparison, means = SEM = 0.7777 £ 0.0262, 0.7612 + 0.0347, 0.9363 + 0.0884, 179.8 + 0.0392 for
WT untreated, WT reserpinized, 1212F untreated, and 1212F reserpinized respectively, n=5, 6, 5, and

5).

With qualitative observation, in some cells currents would seem to reach peak currents as in
a WT cell, but then drift upwards instead of declining. This effect is captured in normalized remaining
current (Figure 5.9 F), but the simple number undervalues how odd some currents behaved by
increasing amplitude following what appears to be fully equilibrated baclofen currents (peak
amplitude in other cells). Sensitization in the continued presence of baclofen may be consistent with
altered GABAg receptor activity, but it should be noted that a second possibility is that sulpiride

begins to unbind. The removal of the inverse agonist would allow for constitutive activity to up G
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protein concentrations, increasing current by itself or participating in heterologous facilitation
(described in Chapter 7). This constitutive activity induced constitutive desensitization may also
account for smaller peak responses to iontophoretically applied dopamine in D2-1?*2F expressing
neurons (Figure 5.4 A,B). However, as | had not yet published the paper discussing heterologous
desensitization, this observation was left out of the manuscript, potentially to published later or to

help guide future experiments studying this mutant receptor.
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Figure 5-9 Baclofen Currents in D2-WT vs D2-1212F expressing neurons
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Baclofen (30 uM) was perfused over the slice followed by reversal with CGP-55845 (1 uM). A)

Example baclofen response in D2-KO neurons virally transduced with D2-WT (D2S). B) Example trace
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from neurons expressing D2-WT with reserpine pretreatment. C) Example trace from neurons
expressing D2-1212F. D) Example trace from neurons expressing D2-1212F with reserpine
pretreatment. E) Group data for peak amplitude of the GABAg receptor current. There was a
significant effect of genotype on amplitude (p = 0.0063 by two-way ANOVA), but no individual group
was significantly different than another by Sidak’s multiple comparison (means + SEM =439.3 + 22.9,
389.7 £93.99, 246.5 + 84.28, 179.8 + 45.17 pA for WT untreated, WT reserpinized, I1212F untreated,
and 1212F reserpinized respectively, n =6, 6, 5, and 6) F) decline in amplitude of the GABAg receptor
current 90 s after peak current. There was a significant effect of genotype on amplitude (p = 0.0141
by two-way ANOVA), but no individual group was significantly different than another by Sidak’s
multiple comparison (means + SEM = 0.7777 £ 0.0262, 0.7612 + 0.0347, 0.9363 + 0.0884, 179.8 =
0.0392 pA for WT untreated, WT reserpinized, 1212F untreated, and 1212F reserpinized respectively,
n=5, 6,5, and 5). Note: n’s differ between peak current and decline due to some cells having a

reliable peak current, but losing the cell before 90 s after peak.
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Chapter 6 — Dopamine-D2 receptor interactions

Preface

The study presented in this chapter is the result of advances in tool development with the
production of photosensitive caged-sulpiride (CyHQ-sulpiride) and fluorescent sensors for dopamine
(dLight1.3). Following directly from the work | did characterizing CyHQ-sulpiride (Chapter 3), Dr.
Williams, Dr Robinson, and | began to have discussions for the potential use of such a tool. Rapid
application of antagonist has a history of use determining the time course of agonist-receptor
interactions (Lester et al., 1990). To dissect the functional time course of dopamine-D2 interactions
within the IPSC, | performed experiments where | uncaged sulpiride before or just after stimulating
dopamine release to induce an IPSC. | then sequentially shifted the timing of antagonism and
measured the portion of the IPSC that was blocked. | showed that after about 100 ms, uncaging
sulpiride no longer would affect the peak of the IPSC and only affect the decline. That means that
dopamine produces this peak current from no more than 100 ms of interaction with the receptor,
despite the current itself peaking at ~300+ milliseconds post-stimulation. | also found that when |
uncaged sulpiride, | could reliably see a very small 1-2 pA current suggesting there was tonic

dopamine interacting with receptors.

Here seems the right time to note that not a single datum of this work was actually used in
this following paper. Ultimately, both of these findings were surprising as the lab as a whole was
skeptical of tonic dopamine and previous work had showed that a high concentration of dopamine
transiently interacts with receptors with diffusion not substantially contributing. These previous
views seemed in potential contrast to functional interaction lasting 100 ms. | was balancing a

number of different projects at the time, so Dr Williams took over this project. Different
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electrophysiology recording stations have their own characteristics, key here being different UV light
paths and strengths, so he repeated my experiments using the same settings | had identified as
effective. Dr Williams recapitulated and expanded upon my results, producing the data here
presented. He then took advantage of the recently developed dLight1.3 dopamine sensor, a heavily
mutated D1 dopamine receptor with a circularized GFP attached such that rearrangements upon
dopamine binding produce green fluorescence. He was able to use this tool to find sites of dopamine
release and compare the time course of extracellular dopamine with the time course of functional

dopamine-D2 receptor interaction.

Ultimately, the bulk of the credit for this paper has to go to Dr Williams; in another world he
would be both the first and last author of this paper. But the credit | can claim is in collection of
preliminary data, experimental design and discussion during the experiments, and a major

contribution to writing and editing the manuscript.
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Summary

Neuromodulation mediated by synaptically released endogenous transmitters acting in G-
protein-coupled receptors (GPCRs) is slow primarily because of multistep downstream signaling.
What is less well understood is the spatial and temporal kinetics of transmitter and receptor
interaction. The present work uses the combination of the dopamine sensor, dLight, to detect the
spatial release and diffusion of dopamine and a caged form of a D2-dopamine receptor antagonist,
CyHQ-sulpiride, to rapidly block the D2 autoreceptors. Photoactivation of the CyHQ-sulpiride blocks
receptors in milliseconds such that the time course of dopamine/receptor interaction is mapped
onto the downstream signaling. The results show that highly localized release, but not dopamine
diffusion, defines the time course of the functional interaction between dopamine and D2

autoreceptors, which determines downstream inhibition.

Introduction

It has been known for decades that the activation of D2 autoreceptors with the exogenous
application of agonists cause a potassium conductance-mediated inhibition of neurons in the
substantia nigra and ventral tegmental area (Lacey et al., 1987). In more recent years, electrical
stimulation has been used to evoke endogenous dopamine release to drive a D2-autoreceptor-
dependent inhibitory postsynaptic current (IPSC, Beckstead et al., 2004). The lack of identifiable
recurrent collaterals extending from dopamine neurons led to the conclusion that dopamine release
in substantia nigra was from dendrites (Hajdu et al., 1973; Wilson et al., 1977; Groves and Linder
1983). The release of dendritic dopamine appears to be mechanistically similar to axonal release
from projections in that it is calcium dependent, vesicular, exhibits spontaneous release, and is
dependent on RIM, a key scaffolding protein linked to transmitter release (Gantz et al., 2013;

Robinson et al., 2019). However, the lack of clearly identifiable anatomical sites of dendrodendritic
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transmission has created controversy and limited the understanding of this from of endogenous

modulation (Cragg and Rice 2004; Wiencke et al., 2020).

The present investigation addressed the spatial and temporal substrates of dendrodendritic
transmission in the substantia nigra using the combination of the dopamine sensor, dLight (Patriarchi
et al., 2018) and a photoactivatable D2 receptor antagonist, CyHQ-sulpiride (Asad et al., 2020).
Imaging of dLight fluorescence following electrical stimulation found small, isolated sites of intense
fluorescence that followed stimulation. Photoactivation of CyHQ-sulpiride was used to rapidly block
D2 autoreceptors (Asad et al., 2020). The timing of photoactivation relative to the electrical
stimulation used to activate the IPSC was used to determine the time course of dopamine/D2-
autoreceptor activation. The results show the peak amplitude of the IPSC was blocked or reduced by
antagonism of D2 receptors with photolysis up to 90 ms after electrical stimulation. The amplitude of
the IPSC was not affected with photoactivation of CyHQ-sulpiride at times later than 90 ms. Thus, the
functional interaction between dopamine and the D2 receptor occurred at spatially defined spots of
dopamine release that preceded the peak of the IPSC. Together, the results reveal that the IPSC
reaches a peak amplitude after localized spots of dopamine activate D2 autoreceptors for about 100
ms. This approach using CyHQ-sulpiride defines the period of dopamine/receptor interaction that is
independent of the slower (by 10 times) downstream processes that underlie the IPSC and suggests

the viability of generalizing these methods to other GPCR synapses.

Results and Discussion

The release of extracellular dopamine triggered by electrical stimuli was measured using the
viral expression of dLight1.3b. Imaging was carried out using a 2-photon microscope with full field
frame scans (20 x 20 um) at a single z-plane (about 1 um). With this approach widely isolated spots
(1.5-3 um in diameter) of fluorescence following electrical stimulation required extensive searching

and were strikingly obvious once encountered (Figure 6.1). The density of release sites found in the
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substantia nigra was distinctly lower than that found in the striatum. This was expected since the
amount of release in the striatum measured with voltammetry is close to 1,000 times greater than in
the substantia nigra (Ford et al., 2010). Thus, although the density of release sites observed with
dLight in the substantia nigra was low and scattered the results suggest that the high concentration
of dopamine that is required to mediate the D2-receptor-dependent IPSC is very localized. The
fluorescence increase measured in the full field returned to baseline in about 2 frames and remained
a low level (Figure 6.1). Treatment with cocaine (10 uM) increased the duration of the fluorescence

indicating that dopamine reuptake controlled the extent of diffusion in the midbrain (Figure S6.1).

The fluorescence in the distinct spots rose and fell in a single frame (200 ms, 5 Hz, Figure
6.1). To obtain the kinetics of the rise and fall of fluorescence in the isolated hotspots, line scans (2
ms/line) were carried out (Figure 6.1). The initial increase in fluorescence following stimulation
peaked in 10 ms after a single stimulus (n = 4) and 45 ms (n = 6) following 2 stimuli (@ 40 Hz) and
decayed with a time constant of 120 ms (n = 3, single stimulus) and 182 + 44 ms (n = 6, 2 stimuli,
Figure 6.1). The rise and fall of extracellular dopamine in the substantia nigra were similar to high
concentration of dopamine found in spots of fluorescence reported in the striatum using dLight1.2

(Patriarchi et al., 2018).

Prior to probing of the interaction between endogenously released dopamine and D2
autoreceptors with CyHQ-sulpiride, the time course of D2 receptor blockade with photoactivation of
CyHQ-sulpiride was examined using exogenous application of dopamine. Recordings were made
from neurons in the substantia nigra and dopamine (10 uM) was added to a recirculating solution
containing CyHQ-sulpiride (15 uM, recirculated for at least 5 min prior to use). Photolysis was
accomplished with a full field flash of light through the objective (50 ms, 365 nm, 10 mW). Following
photo-release of sulpiride, the outward current induced by dopamine was completely blocked with a

time constant of 228 + 28 ms (mean % SD, n = 7, Figure 6.2). There was a small delay between the
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onset of light exposure and current suppression. Following the onset of the flash, the time it took to
reach 5% of the total decline in current was 106 + 17 ms (n = 7, Figure 6.2). A visible deflection of
current commenced by the end of the 50 ms flash. The delay in the onset of current decline is likely
the combination of the off rate of dopamine from the receptor and the GTPase activity of Ga and the

rebinding of GBy subunits.

Next, transient outward currents were induced with focal iontophoretic application of
dopamine (20 nA, 5-20 ms). Photolysis of CyHQ-sulpiride to block the dopamine-induced current
that was dependent on the relative timing of the iontophoretic pulse and the start of the 50 ms flash
(Figure 6.2). Photolysis before the onset of the iontophoretic pulse completely blocked the outward
current (data not shown). The time constant of the sulpiride-induced decay in the current induced by
dopamine (223 + 43 ms, n = 12) was independent of the amplitude of the outward current (Figure
6.2). One striking observation was that the time it took to reach the peak outward current induced
by the iontophoretically applied dopamine was dependent on the timing of the flash (Figure 6.2). As
the timing of the flash approached the peak of the outward current, the latency to the onset of
decline in the dopamine current decreased. There are two possible explanations for the change in
latency. First there is a latency of about 50 ms between the application of dopamine and the initial
rise in current, a rate inherent to the signal transduction. Second, at early time points
photoactivation of sulpiride and dopamine compete for receptor occupation. At later times, the
concentration of dopamine is falling such that the latency to current decline was dependent on
dopamine leaving the receptor. In all cases, despite changes in the latency of decline, the time
constant of the sulpiride induced current decay was the same. The results indicate that CyHQ-
sulpiride can be used to determine the time course of interaction between dopamine and D2

receptors that mediate the IPSC.

91



Next, the inhibition of the IPSC induced by CyHQ-sulpiride was examined. As previously
reported the kinetics of the dopamine-dependent IPSC in the substantia nigra scale with amplitude
(Figure 6.2, supplement; Beckstead et al., 2004; Courtney and Ford, 2014). The IPSC had a latency of
about 50 ms, peaked in 275 £ 28 ms (n = 21, mean * SD), the duration measured at the half
amplitude was 403 + 86 ms, and the time constant of decay that was 355 + 82 ms. Each of these
measures did not consistently vary with increased stimulus intensity and current amplitude. The
kinetics of IPSCs evoked by single, pairs (25 ms interval), and trains (5 @ 40 Hz) of electrical
stimulation was examined. In each case, the time course of the IPSCs were unchanged with the

intensity of the stimulus (Figure S6.2).

The IPSC was examined in experiments using systematic antagonism of the D2 receptors
with photolysis of CyHQ-sulpiride before and following electrical stimulation. Initial experiments
used a single electrical stimulus (1/min) to maximize temporal resolution. A solution of CyHQ-
sulpiride (15 uM) was recirculated for a period for at least 5 min. A single flash (50 ms, 10 mW) was
sufficient to completely block the IPSC for at least 10 min, followed by partial recovery over about 30
min. Thus, each experimental replicate required a separate slice preparation. The timing of the flash
was moved in steps ranging from 100 ms before the electrical stimulus to 500 ms after the
stimulation. In each experiment, the effect of photolysis of CyHQ-sulpiride on the IPSC was
compared with the previous IPSC as control. The amplitude of the IPSC induced in conjunction with

photolysis was plotted relative to the preceding (control) IPSC (Figure 6.3).

The results show that photolysis of CyHQ-sulpiride before or simultaneous with the single
electrical stimulus blocked the IPSC. Thus, receptors were blocked within ms following photolysis of
CyHQ-sulpiride. As the time of photoactivation of sulpiride was moved to 30, 60, and 90 ms following
the stimulus, the inhibition became partial such that amplitude of the IPSC increased (Figure 6.3).

After 90 ms, the amplitude of the IPSC was almost unchanged by photolysis of the CyHQ-sulpiride.
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Thus, extracellular dopamine contributes to the peak of the IPSC for ~90 ms. Although the duration
of the IPSC measured at 50% of the peak decreased following photoactivation of sulpiride at
different time points, the time constant of current decay following the flash was the same across all
experiments (Figure 6.3). In addition, the time it took to reach the peak current after photolysis was
about 200 ms in experiments where the timing of the flash was less than 90 ms after the electrical
stimulation. In experiments where photolysis was 90 ms or later, the time to reach the peak
amplitude decreased (Figure 6.3). This observation is similar to that obtained using iontophoretic
application of dopamine (Figure 6.2) with the exception that the kinetics of the synaptically released
dopamine contributing to peak current was dramatically faster than exogenously applied dopamine.
Taken together the results suggest that a high concentration (30-100 uM, Ford et al., 2009) of
synaptically released dopamine binds to the D2 autoreceptor in less than 30 ms to set in motion the
downstream processes that activate the GIRK conductance. The consistency of flash-induced time-
to-peak relative to the timing of the photolytic flash at the early stages of the IPSC suggests the
concentration of dopamine must stay high in order to continue producing the same rate of rise in the
IPSC. Though dopamine concentration is falling in this time frame, as seen both by dLight (Figure 6.1)
or conceptual modeling (Cragg and Rice 2004; Wiencke et al., 2020), concentrations must still be
high enough to almost maximally activate receptors during the time that defines the rising phase of
the IPSC. This conclusion is also supported by experiments using excised macropatches of dopamine
neurons where the duration of ligand-receptor interaction was found to determine the full
amplitude of GIRK conductance (Ford et al., 2009: Courtney and Ford, 2014). The sulpiride induced
block of receptors 30 and 60 ms following electrical stimulation decreased the amplitude of the IPSC
but the initial rate of rise was the same as in control indicating that a high concentration of

dopamine reached the receptors.

Pairs and trains of stimuli (2 or 5 at 40 Hz) were examined next. A flash 90 ms after a single

stimulus decreased the IPSC to 82% + 3% (n = 3) of control but following a pair of stimuli or train of
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stimuli (5 @ 40 Hz) the IPSC was reduced to 69% + 15% (n = 4) and 51% % 13% (n = 7) of control (n =
4), respectively. Photolysis 120 ms after the start of a train of stimuli reduced the IPSC amplitude to
61%  18% of control (n = 7) and flashing at 240 ms was 90% + 7% of control (n = 5). The results

suggest that dopamine release continues with each stimulus so that the timing of receptor blockade
by sulpiride moves to later time points. This result is notable due to the fact that the duration of the

IPSC is the same after 1, 2, and 5 stimuli (Figure S6.3).

The decline in potassium current induced by photolysis of CyHQ-sulpiride is more rapid than
the decline of the IPSC. The time constant of decline in the IPSC was 304 + 6 ms (n = 78), whereas the
time constant decline in the IPSC following photolysis was 253 + 6 ms (n = 36). Thus, the duration of
the IPSC was greater than the termination of the IPSC induced by CyHQ-sulpiride even when
photolysis was late enough to have no effect on peak amplitude (ANOVA, p < 0.001, Tukey post hoc).
The decline in current induced by exogenous application of dopamine was 220 £ 41 ms (n =28, p >
0.05 ANOVA, Tukey post hoc). Thus, under normal circumstances the duration but not the peak of
the IPSC is dependent on the continued presence of dopamine that could be the result of rebinding

of dopamine or diffusion away from the release site.

One unexpected consequence of experiments using the CyHQ-sulpiride was a small (6.8 +
4.0 pA, n = 21) and reproducible inward current that decayed with a time constant of about 200 ms.
This inward current was larger in experiments following the viral overexpression of D2 receptors or
the application of cocaine (3 uM, 25.2 + 13.8 pA, n = 12). The inward current was only observed once
in each slice, but was not observed following the superfusion of sulpiride or after treating the slice
with reserpine to deplete vesicular dopamine (Rodriguez-Contreras et al., 2021). The results indicate
that there was a very low level of D2-receptor activation and GIRK conductance resulting from tonic

levels of extracellular dopamine.
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The activation of the GIRK conductance mediated by GPCRs is dependent on both the
concentration and the duration of agonist application. Short-duration applications (5-10 ms) of a
saturating agonist concentration result in currents that peak in 100-300 ms. Longer applications (50—
150 ms) result in larger amplitude currents with similar rise times (Sodickson and Bean, 1996; Ford et
al., 2009; Courtney and Ford, 2014). The results of the present study indicate that synaptically
released dopamine acts on the D2 autoreceptors for about 90 ms so that the IPSC reaches a peak in
200-300 ms (Figure 6.4). With continued release induced by trains of stimuli, the IPSC scales to that
induced by a single stimulus (Figure $6.2), indicating, as observed with exogenous application of
dopamine, that the duration of the current induced by receptor activation is dependent on

downstream processes.

Given that the affinity of the GRy subunits for GIRK is very low (100 s of uM) both the peak
amplitude and duration of GIRK conductance is dependent on the sequestration rate of GRy subunits
by GDP-bound Ga subunits (Wang et al., 2016; Touhara and MacKinnon, 2018). By increasing the
duration of dopamine release using a train of stimuli for up to 125 ms (5 pulses at 40 Hz) more GRy

subunits are liberated thus increasing the number of GBy-bound GIRK channels.

The decline could be determined by the affinity of dopamine for the receptor and/or GTPase
activity of the Ga subunits. Experiments with the photoactivation of sulpiride on the current induced
by noradrenaline showed that the decline in current was more rapid than currents induced by
dopamine (Figure S6.3). The suggestion is that the affinity of noradrenaline for the D2 autoreceptor
is less than that of dopamine. Thus, the decline in the IPSC is at least in part dependent on the

affinity of dopamine.

Taken together, the concentration of dopamine following dendritic release peaks and
declines more rapidly than the activation of the GIRK-dependent IPSC (Ford et al., 2009). The rise to

the peak of the IPSC is dependent on a concentration approximating 100 uM for roughly 90 ms, 150
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ms prior to the peak amplitude of the IPSC. The decay of the IPSC is somewhat longer than expected
based on the block of receptors by photoactivated sulpiride. Thus, the time course of the IPSC is
determined by both the GTPase activity of the Ga subunits and the decline in the concentration of
dopamine in the extracellular space. The late component of the IPSC is most likely the result of the
trailing component (200-300 ms) of extracellular dopamine measured with dLight (Figure 6.4).
Measures of the amplitude and kinetics of the IPSC were slowed in slices taken from animals that
expressed dLight (Figure S$6.4). This observation was taken as an indication that dLight buffered the
released dopamine and increased the duration of the presence of dopamine as it dissociated from

dLight.

That dopamine transmission is mediated by a synaptic or volume-dependent mechanism has
been debated and modeled on multiple occasions (Cragg and Rice 2004; Wiencke et al., 2020).
Dopamine-dependent transmission is clearly different from a truly synaptic mechanism. For
example, glutamate is present in the synaptic cleft for less than 1 ms, and the time course of the
NMDA-dependent transmission is dependent on the off rate of glutamate from the receptor (tau =
250-400 ms, Lester et al., 1990). Dopamine, on the other hand, must be present for about 100 ms to
achieve the full amplitude of the IPSC. Given that the affinity of dLight1.3b for dopamine is roughly
the same as the D2 receptors, the time course of the dLight transient correlates well with the
functional experiments using the photoactivation of sulpiride. The dLight experiments also indicate
that the concentration of dopamine (30—100 puM) is present in highly localized spots for the required
time (100 ms) to induce the IPSC. Thus, the diffusion of dopamine beyond the highly localized spots

of release is not a major contributor to the amplitude of the IPSC.
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Figure 6-1 Location and kinetics of dopamine release measured with dLight1.3b

(A) Images of the activation of dLight upon electrical stimulation (frame rate 4 Hz). At frame 9 a pair
of electrical stimuli were applied. Scale bar, 20 um.

(B) The fluorescence increase in a spot was measured in each frame and plotted below. The
fluorescence for the entire frame (full field) is plotted on the right.

(C) Images of the activation of dLight upon electrical stimulation. A line scan was carried out along
the spot in the red ellipse. Scale bar, 5 um.

(D) High temporal resolution measure of the rise and fall of dopamine measured with a line scan
through a spot of dLight1.3b fluorescence. Blow is the rise and fall of the fluorescence measured
using the line scan above.

(E) Summary of the time course of dLight fluorescence obtained from line scans of 4 different spots
(4 slices, 3 animals). The dark line is the mean change in fluorescence, and the gray lines are the 95%

confidence limits.
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Figure 6-2 Photolysis of CyHQ-sulpiride blocked D2-autoreceptor activation of GIRK

(A) Left: an experiment where dopamine (10 uM) was applied in the presence of CyHQ-sulpiride (15
uM) and a flash (365 nm, 5 mW, 50 ms) was applied at the arrow. The right side is a summary of
results (n = 7) where the current induced by sulpiride was normalized and averaged. The black line is
the mean and the gray lines are the 95% confidence limits. The arrow indicated the point at which
the current declined to 5% of the maximum (106 + 17 ms following the onset of the 50 ms flash).

(B) Summary of experiments illustrating the time course of current block as a function of the
amplitude of the current induced by dopamine (10 uM).

(C) Traces showing individual experiments with a control current induced by iontophoretic
application of dopamine (gray line) superimposed on the current induced by dopamine followed by
photolysis of CyHQ-sulpiride (black line). The flash was applied at different times (100, 300, 500 ms)
following the iontophoretic application of dopamine.

(D) Plot of the decay of the outward current induced by photolysis of CyHQ-sulpiride as a function of
the amplitude of the outward current.

(E) Summarized results showing the time to reach the peak current relative to the onset of the flash.
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Figure 6-3 Photolysis of CyHQ-sulpiride blocks the D2-autoreceptor IPSC in a graded manner
dependent on the timing of the flash.

(A) Summary of experiments where photolysis was applied at 30 ms prior to the electrical stimulus,

30, 90, and 500 ms post stimulus. Each point is from a separate slice.
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(B) Plot of the amplitude of the IPSC following photolysis relative to the prior (control) IPSC. The
electrical stimulus was applied a 0 ms, and photolysis was induced at the indicated times on the x
axis (mean % SD).

(C) Plot showing the time constant of decay following the flash was not dependent on the timing of
the flash (mean % SD).

(D) Plot of the time it takes to reach the peak of the IPSC relative to the onset of the flash (mean %
SD).
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Figure 6-4 lllustration of the relative time course of the rise and fall of extracellular dopamine
measured with dLight superimposed on the IPSC

This illustration is taken from two different experiments (dLight imaging, IPSC recording). The shaded
red box indicates the 90 ms where most of the amplitude of the IPSC is induced. The remainder of

the fall in extracellular dopamine is suggested to result in prolongation of the IPSC.
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Supplemental Figure 6-1 Cocaine prolongs the presence of dopamine following electrical
stimulation as detected with dLight1.3b (related to Figure 6.1).

Summarized results showing the rise and fall of fluorescence induced by electrical stimulation in
control (black line) and in the presence of cocaine (10 uM, red line). Dotted lines indicate the 95%

confidence limits (n=5 slices, 4 animals).
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Supplemental Figure 6-2 The decay of the IPSC is independent of the stimulus strength and
stimulus number (related to Figure 6-3).

Top — examples of IPSCs evoked with different stimulus intensities and stimulus numbers. Bottom —
Summary of the time constant of IPSCs evoked with 1 (black), 2 (blue) and 5 (red) stimuli plotted

against the amplitude of the IPSC.
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Supplemental Figure 6-3 The inhibition of current induced by noradrenalin by photoactivation of
CyHQ-sulpiride is faster than dopamine (related to Figure 6-4).

Left — normalized average results showing the decline in dopamine (black) and noradrenalin (red)
current induced by photoactivation of CyHQ-sulpiride. The faint lines are the 95% confidence results.
Right is a plot of the currents induced by dopamine and noradrenalin plotted against the time
constant of decay for each experiment. The time constant of decay for dopamine was 232.9 £33.3
(mean % SD, n=8) and noradrenalin was 191.6+38.5 (mean * SD, n=9). The mean difference was 41.2

ms, p=0.033.

106

300



08 - "

e dLight expressing D2-receptor dependent IPSC in a
| @ dLight expressing midbrain slice
[ J
06} o \
@ % a i
= i [ 50 pA
3 L] | \
g 0.4 | ‘\
S e e o control ] » _
o ® ° |\ \ dLight expressing
r® o | o.‘ - | \
e ° e u
02} “ 2s
L f
0 ' ' ' blocked dLight with antagonist (SKF83566)

0 50 100 150 200 250 300
IPSC amplitude (pA)

Supplemental Figure 6-4 Expression of dLight decreases the rate of decline of the IPSC (related to
Figure 6-4).

Left is a plot of the time constant of decline of the IPSC against the amplitude of the IPSC. The time
constant of decline in slices taken from animals expressing dLight (red) are slow compared to control
animals. Right shows an example where blockade of dLight with the D1 antagonist (SKF83566, 1 uM)
resulted in an increase in the decay of the IPSC (dLight expressing tau = 7154273, +SKF83566 =

415+173, n=8, meanzSD, p= 0.0005).
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Chapter 7 — Heterologous interactions

Preface

This final research section consists of work that | consider the core of my dissertation with
its foundations dating back to my initial qualifying exam to become a PhD candidate in my second
year of graduate school. It began by asking how D2 receptor signaling recovered following
desensitization, but quickly led in some unexpected directions. The first feature | uncovered was that
D2 receptors desensitized not just following D2 receptor activation but to other inhibitory GPCRs as
well. In exploring this heterologous desensitization, | found that co-activation of two inhibitory

GPCRs led to the facilitation of GIRK currents despite desensitization.

One of the major questions | had in learning about GPCR signaling was how regulation could
be specific to an individual receptor type if both receptors couple entirely to the same output
systems. This work contributes to a conclusion that by-in-large, systems cross talk a lot more than |
initially thought. The following manuscript is a paired down for clarity, but | present additional
experiments at the end of the chapter. This version is unpublished at the time of writing this

dissertation, but it is the version to be submitted to the Journal of Physiology.

It should also be noted that while my description of methods has its own chapter, | decided
to move one section to this chapter instead (after the discussion section). | decided the story of
facilitation would greatly benefit from modeling the proposed mechanism, but descriptions of the
model and complete results were too complicated to put in a results section. Therefore, this method
section also contains modeling results and a supplemental figure so | felt it should still be grouped

into this chapter.
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Abstract

The activity of dopamine neurons is dependent on both intrinsic properties and afferent
projections. One potent form of inhibition is mediated by the activation of two inhibitory G protein-
coupled receptors, D2 and GABAg receptors. Each of these receptors activate G protein-coupled
inwardly rectifying potassium (GIRK) channels. Recordings in brain slices have shown that co-
activation using saturating concentrations of agonists results in occlusion of the GIRK current. The
present study examined the interaction of agonists using transient applications of sub-saturating
concentrations of agonists where the co-application of one agonist resulted in both facilitation and
inhibition (desensitization) of the other. The heterologous facilitation was modeled based on the
known cooperative interaction between the G protein By subunits and GIRK channels. The results
indicate that a low tonic level of G By results in facilitation of GIRK current and a high level of G By
results in occlusion. The kinetics of the current induced by transient receptor activation is prolonged
in each case. The results suggest that the cooperative interaction between G By subunits and GIRK

channels determines both the amplitude and kinetics of GPCR dependent current.

Introduction

Feedback inhibition of midbrain dopamine neurons is mediated by dendritic release of
dopamine (DA) that activates D2 autoreceptors that increases a G protein-coupled inwardly
rectifying potassium conductance (GIRK) (Pucak and Grace, 1995; Lacey et al, 1987; Beckstead et al.,
2004). Thus, an increase in the activity of dopamine neurons results in autoinhibition that controls
dopamine neuron firing (Beckstead et al., 2004). In addition to autoinhibition, local dopamine acts on
presynaptic terminals to facilitate GABA release (Cameron and Williams, 1993) to activate GABAs
receptors that induce inhibition through an increase in GIRK conductance (Lacey et al., 1988). The

same GIRK channels are thought to mediate inhibition caused by both the D2 and GABAg receptors
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based on the observation that the maximal activation of one receptor occludes the action of the
second. Thus, two receptor-dependent forms of inhibition are mediated by a common mechanism:
the activation of GIRK channels induced through the cooperative binding of 4 free G By produced by
inhibitory G protein-coupled receptors (GPCRs) (Whorton and MacKinnon 2013; Wang et al., 2014;
Wang et al., 2016). Despite the power of GIRK channel control of dopamine neuron activity, how D2
and GABA; receptor-dependent currents interact has not been examined. The common G By
dependent pathway resulting in the activation of GIRK may well result in receptor interactions

beyond occlusion.

The present study used whole cell recording in brain slices to examine how interactions
between D2 and GABAg receptor signaling affect the D2 IPSC in the substantia nigra. The results
using rapidly applied exogenous agonists show coactivation of these two receptors produces
bidirectional actions, facilitation of GIRK conductance, and heterologous desensitization.
Desensitization and the recovery from desensitization of the D2 receptor was similar whether it was
induced by GABA or DA suggesting a shared pathway of desensitization. However, the activation of
GABAg receptors also facilitated the D2 dependent current increasing the amplitude and prolonging
the kinetics of current decline. Even when the combination of desensitization and occlusion
suppressed the amplitude of D2 receptor-dependent current, there was a kinetic change that
significantly increased total overall conductance. The properties of facilitation were consistent with
predictions modeled based on the intrinsic properties of the G By/GIRK channel concentration
response curve (Hartzell et al., 1975; Wang et al., 2014; Wang et al., 2016; Touhara and Mackinnon,
2018). The facilitation was further confirmed to include the currents induced by the synaptic release
of GABA and DA. Together, results show robust interactions between D2 and GABAg signaling with
contrasting facilitating and suppressing effects positioning these interactions to modulate the activity

of dopamine neurons.
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Results

GABAg; receptor activation facilitates and suppresses D2 receptor activation of GIRK

The interactions between D2 and GABAg receptor signaling were first examined by the use
of a photoactivatable dopamine (CyHQ-DA, 50 uM) (Asad et al., 2020). CyHQ-DA was recirculated
and phasic D2-dependent currents (I-DA) were elicited by a flash of UV light (3.8 mW, 2.5 ms)
through the objective every 60 s (Figure 7.1A). Baclofen (3 uM) was then added to the reperfusion
solution to activate GABAg receptors followed by antagonism with CGP-55845 (1 uM). Several phases
of interaction are observed (Figure 7.1B). First there was no consistent change in the amplitude of I-
DA during the rising phase of GABAg receptor activation. The amplitude of I-DA decreased when the
current induced by baclofen reached a peak. Finally, when the current induced by baclofen was
blocked with that addition of CGP-55845, I-DA was significantly decreased. I-DA was normalized to
the start of the experiment (1.014 + 0.031, p= 0.4416), I-DA during the rising phase of baclofen was
unchanged (1.073 £ 0.189, p=0.0001), after the peak of baclofen I-DA decreased (0.7032 + 0.054, p=
0.0001, one-way ANOVA with Tukey’s multiple comparison, n = 14) and following antagonism of the
GABAg receptors I-DA declined to 40.6 + 16.9% of baseline (n=14). Following the inhibition of the
current induced by baclofen, I-DA recovered to pre-treatment amplitude over the course of about

five minutes (time constant of recovery = 170 s).

The results were consistent with the presence of two competing forms of interaction
between D2 and GABAg receptor activation of GIRK conductance: heterologous facilitation during
simultaneous activation and a longer lasting desensitization. To confirm this interpretation of
facilitation, DA was applied via iontophoretic pipette (Figure 7.1B, 1 mM in pipette, 8-15 ms, 20-50
nA, positioned 1-10 um from soma) and evoked transient outward currents. Low concentrations of
baclofen (300-600 nM) were then perfused. The result was a 34.5% increase in current response to

DA (Figure 7.1, baseline mean = 76.9 + 27.3, in baclofen mean = 103.4 £ 26.72 pA, p= 0.0003 by
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paired two-tailed t-test, n=5) confirming a facilitating interaction between D2 and GABAg receptor

signaling.

Heterologous desensitization regulates D2 receptor signaling

The depression and recovery of phasic D2 receptor activation of GIRK following treatment
with baclofen was suggestive of heterologous desensitization. D2 receptor recovery from
desensitization has not been described. To confirm heterologous desensitization, the time course of
recovery from desensitization was measured using DA iontophoresis. After establishing a stable
baseline response, the backing current holding dopamine in the pipette was turned off for one
minute to induce a tonic level of dopamine (Figure 7.2A). The resulting outward current peaked and
declined with a time constant of 38 s. Upon resumption of the backing current, the outward current
returned to baseline. Following the tonic one min application of DA, the phasic current induced by
pulses of DA were substantially smaller (first pulse = 55.7% + 12.6% of pre-desensitization, n=17,
Figure 7.2B). The current induced by pulses of DA recovered to pre-desensitized conditions with a
time constant of 115 s. Similar results were obtained when the iontophoretic pulses of DA were
paired with 60 s of GABA applied through a second iontophoretic pipette (Figure 7.2C). The first
pulse of dopamine following the termination of GABA was 35.5 + 14.5% of control (n = 8). The
decrease in dopamine current induced by baclofen had a significantly greater effect than that
induced by dopamine (p=0.0017 by unpaired t-test). Despite a greater degree of desensitization, the
time course of recovery of the D2 receptor dependent current following GABA was not significantly
different from recovery following desensitization with DA (GABAg t= 195 s, Figure 7.2C,D, DA t= 115
s, Figure 7.2B,D, p=0.3329 by non-extra sum-of-squares F test). The results suggest D2 receptor
activation of GIRK channels is regulated by a form of heterologous desensitization induced by either

GABAg or D2 receptor activation.
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A model of D2-GABAg receptor facilitation

Recent analysis of GIRK channel structure and function may provide explanation for the
observed heterologous facilitation of GIRK activation (Whorton and MacKinnon 2013; Wang et al.,
2014; Wang et al., 2016; Touhara and Mackinnon, 2018). Cooperative association of four G By
molecules are necessary for activation of GIRKs. The result is an S-shaped concentration-response
curve where an increase in By concentration at the foot of the curve produces less change in GIRK
activation than the same net increase in concentration in the presence of a tonic level of By subunits
(Figure 7.3A) (Hartzell et al., 1975). The increase in G By level produced by GABAg receptor activation
therefore would be predicted to facilitate the response to DA by seeding or priming GIRK channels to
By produced by D2 receptor activation. A similar facilitating interaction for is not predicted for
ligand-GPCR interaction because receptors with a single ligand binding site have a different shaped

concentration response curve (Figure 7.3A, green).

The predictions of the GIRK channel concentration response curve were modeled by
calculating GIRK responses to phasic increases in By and comparing predicted currents at baseline
and in high and low tonic By. The modeling results show that the presence of tonic GPCR activity
producing standing By concentrations will facilitate the response to phasic pulses of By (Figure 7.3B
“low tone” example). Furthermore, the shape of the GIRK channel response curve predicts that tonic
By will slow the kinetics of decline of the phasic responses with larger effects at higher tonic
concentrations (Figure 7.3B inset). Even when tonic concentrations are high enough that the model
predicts partial occlusion of the phasic response by GIRK channel saturation (Figure 7.3B “high tone”
example), the model predicts the phasic currents will be prolonged. While this model used By
concentrations based on findings in dopamine neurons, results were replicated using a range of
assumption concentrations with similar conclusions (see materials and methods for details on

modeling).
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These predictions of facilitation and kinetic augmentation was observed experimentally. In
experiments pairing I-DA induced by photolysis and baclofen perfusion (Figure 7.1AB), the duration
of D2-dependent GIRK current was significantly prolonged in the presence of baclofen (Figure 7.3C,
width at 25% of peak at baseline = 1.029 + 0.197 s, p<0.0001, in baclofen 1.345 + 0.318 s, p = 0.0037,
in CGP 1.075 + 0.242 s, p = 0.6356, one-way ANOVA Tukey’s multiple comparison). Kinetic shifts were
observed even when the amplitude of the current was reduced due to desensitization and/or

occlusion but lasted only as long as the GABAg dependent current remained.

The effects of facilitation were further confirmed by using pairs of short and long UV flashes
for DA photolysis to examine different amplitude currents (Figure 7.4). With the perfusion of a low
concentration of baclofen (1 uM), there was a consistent facilitation of the amplitude of the current
induced by the short duration flash (short pulse baseline amplitude = 169.7 + 30.38 pA, in bac =
215.7 £ 55.61 pA, p = 0.0233, paired t test, n = 5), but had no significant effect on larger current
induced by the longer flash (long pulse baseline amplitude = 403.2 + 100.8 pA, in bac =401.7 + 118.6
pA, p = 0.9505, paired t test, n = 5) (Figure 7.4). However, the kinetics of responses to both short and
long duration flash were prolonged (short pulse baseline 25% width = 1.134 + 0.3207, in bac 1.339 +
0.4606, p = 0.0358 by paired t test, n =5, long pulse baseline 25% width =2.325 + 0.8571, in bac
2.734 £ 1.047, p = 0.0296 by paired t test, n = 5). These results were consistent with the model that

predicted that the facilitation of amplitude can saturate while changes in kinetics remain.

Facilitation modulates endogenous release

The experimental and modeling results showed robust facilitation of GIRK currents in both
amplitude and duration, but saturation of GIRK channels or G protein saturation might reduce the

relevance of heterologous facilitation to endogenous signaling. To test if the D2 receptor IPSC can
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participate in heterologous facilitation, electrical stimulation was used to induce an IPSC and was
paired with photolysis of caged DA or caged GABA. Electrical stimulation in the substantia nigra
elicits release of both GABA and dopamine and the D2 IPSC is normally isolated pharmacologically
(Beckstead et al., 2004). To probe the interactions between receptor types, GABAg receptors were
not blocked such that electrical stimulation evoked a hybrid D2/GABAg IPSC (Figure 7.5B). The two
components have different kinetics with GABAg IPSC peaks first followed by the D2 IPSC (GABAg peak
location 135 + 30 ms vs D2 380 + 50 ms, p > 0.0001, unpaired t test, n = 5 and 6 respectively) (Figure
7.5A). A train of three flashes (10 Hz, 0.2 mW, 5 ms, 125 ms after electrical stimulations) was used to
photolyze CDNI-GABA (50 uM) and produce a prolonged sub-saturating concentration of GABA to
look for interactions with endogenous release. In each experiment, the stimulus was sequentially
rotated between electrical stimulation alone, photolysis alone, and combined stimulation +
photolysis with the specific order varied between cells (Figure 7.5B). The resulting currents were
averaged in each condition (n=3) to produce a single experimental replicate. The current generated
from photolysis alone was subtracted from the combined stimulation + photolysis response to test
the degree of linearity in signaling (Figure 7.5CD). If the currents induced by photolysis and
stimulation occlude, then the calculated current generated from subtracting the photolysis response
from the combined stimulation + photolysis current would be smaller than the current induced by
stimulation alone. If the currents have no interaction, the calculated current should match the
current induced by stimulation alone. Facilitation would result in a subtracted current that is larger

than that induced by the stimulation alone.

The results show a ~20% enhancement of the IPSC as measured by total charge transfer
(integral of the current, Figure 7.5DE; raw charge transfers of 25.7 + 7.9 and 31.1 + 8.0 pA*S for
baseline and calculated IPSCs respectively, p = 0.0065 by two-way ANOVA Sidak’s multiple
comparison, n=6). To test if synaptically released GABA acting on GABAg receptors can participate in

facilitation, the parallel experiment of uncaging DA on the hybrid ISPC was performed (uncaging
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shifted forward to overlap with the GABAg portion of the hybrid IPSC). This manipulation had a
biphasic effect on the amplitude (Figure 7.5D right). The early GABAg dominated portion was
facilitated and the later dopamine dominated current was occluded. Both results are consistent with
the model. The combination of the GABAg IPSC facilitating exogenous dopamine yet occlusion
between exogenous and synaptic dopamine meant total charge transfer of the hybrid IPSC vs
calculated/subtracted IPSC was not significantly different from baseline (Figure 7.5E; raw charge
transfers of 19.0 £ 5.3 and 20.1 £ 3.9 pA*S for baseline and calculated IPSCs respectively, p =0.7219
by two-way ANOVA Sidak’s multiple comparison, n=6). These experiments confirm that GABAg and

D2 receptors activated by endogenous release can both participate in heterologous facilitation.

Discussion

The results of this study show a rich interplay between D2 and GABAg receptor signaling
through the activation of GIRK conductance. D2 dependent GIRK currents desensitized with the
activation of both D2 or GABAg receptors, yet coincident activation facilitated even desensitized
responses (Figure 7.1). Cross regulation between these two receptor types is functionally relevant
due to the powerful control that GIRK channels have over dopamine neuron activity (Lacey et al.,
1987; Lacey et al., 1988; Beckstead et al., 2004; Gantz et al., 2013; Evens et al., 2017; Gantz et al.,
2018; Evens et al., 2020). Neuron firing can be silenced by exogenous application of either GABAg or
D2 receptor agonists and both evoked and spontaneous DA release pause the pacemaker activity of
dopamine neurons. Though current amplitudes are relatively small compared to those passed by
ligand-gated channels such as AMPA receptors, the long duration of signals means the total charge
transfer from GIRK channels is large. Beyond simple inhibition, these large GIRK currents can
hyperpolarize neurons to the point of rebound firing in neurons expressing T-type calcium channels
(Evens et al., 2017; Evens et al., 2020). Yet results of the present study showed that control of the

magnitude of D2-dependent GIRK responses is as much dependent on GABA as DA itself as GABA
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alone was able to suppress the response to phasic DA by as much as 65% (Figure 7.2, phasic
responses ~35% of pre-desensitized control). On the other hand, low concentrations of baclofen
facilitated the response to phasic dopamine by as much as 35% meaning that the response to the
same DA stimulus might vary as much as 4-fold depending on context in GABA. Thus, extracellular

measures of DA concentration are only loosely correlated with strength of post-synaptic response.

Heterologous facilitation of GIRK currents not only affects peak amplitude and kinetics, but
what concentrations of DA meaningfully contribute to cellular computation. The amplitude of the D2
receptor IPSC is defined by high concentrations of DA acting on receptors within a few um of the
release site (Condon et al., 2021) but lower concentrations of DA “spill over” in a larger volume and
extends the duration of current decay. This suggests that while such spillover transmission may have
minimal effect on neuronal excitability on its own, both proximal and spillover dopamine
transmission can participate in heterologous facilitation, act as inhibitory coincidence detectors with
GABAg; transmission, and make neuronal behavior such as T-type calcium channel dependent

rebound firing more likely by increased strength of hyperpolarization (Evens et al., 2020).

This facilitation by intrinsic shape of the G By/GIRK channel concentration response curve
not only has implications for increasing amplitude of responses, but for how much regulation is
needed to suppress responses during desensitization. As seen with facilitation, GIRK channels can be
sensitized by relatively small changes in G By concentration, but the inverse relationship is also true.
For example, the steep slope of the curve at low concentrations means that a phasic pulse producing
a peak concentration of 110 uM will produce almost double the peak amplitude of a phasic pulse
producing 80 uM. In this range, a 30% reduction in G protein production would lead to a 50%
reduction in current. Thus, relatively little regulation is needed to desensitize responses. The exact G

By concentrations involved in D2 receptor signaling are unknown, but measurements using Na*
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dependent shifts in G By-GIRK affinity have suggested maximal GABAg receptor activation produces

several hundred uM G By (Wang et al., 2016).

The mechanisms for heterologous desensitization are unclear. Heterologous regulation of
GPCRs is common, but this heterologous desensitization of D2 receptor signaling is surprising as
GABA;g and D2 receptor currents have been extensively studied using bath perfusion of agonists and
this cross regulation has not previously been reported (Lacey et al., 1988; Beckstead and Williams,
2007; Perra et al., 2011; Gantz et al., 2016; Robinson et al., 2017a; Robinson et al., 2017b). It is likely
that the rapid rate of recovery (Figure 7.1 and 7.2) masked these interactions. Desensitization of
comparable p-opioid receptors in locus coeruleus neurons recover over the course of ~30 minutes
(Quillinan et al., 2011, Arttamangkul et al., 2012) versus the ~5 minutes observed here with D2
receptors. However, recovery rate appears to be consistent with the means of desensitization. p-
opioid receptors have been found to desensitize by canonical homologous desensitization involving
phosphorylation by G protein receptor kinase (GRK) and receptor internalization (Reviewed in
Williams et al., 2013). In contrast, D2 receptors are resistant to trafficking following desensitization
(Robinson et al., 2017a) and results from this present study showed that desensitization was
heterologous which may be a more easily reversable process than trafficking (Zhang and Kim, 2017).
There are numerous possible mechanisms for heterologous desensitization. Beyond
phosphorylation, GRKs can sterically block receptor coupling to G proteins (Kanaid et al., 2007) or it
can sequester G By by binding with higher affinity than GIRK channels (Raveh et al., 2010). KCTD 12
has been found to associate with GABAg receptors and similarly desensitizes signaling by G By
sequestration (Schwenk et al., 2010; Turecek et al., 2014; Zheng et al., 2019). RGS proteins in
dopamine neurons have also been suggested to play a role in downregulating GABAs-GIRK coupling
(Labouébe et al., 2007). Regardless of the specific mechanism, the functional results of this study
show that acute desensitization and recovery are poised to play homeostatic roles in normal

dopamine neuron transmission.
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The translation of these findings to other neuronal systems will depend on factors such as
spatial relationships between receptor types and the specific effector system involved. Heterologous
interactions between GPCRs can be blocked by localization to protected membrane compartments
such as lipid rafts (Cui et al 2010). However, given the degree of mobility of G proteins (Sungkaworn
et al., 2017), unless some feature specifically separates GPCR systems, the resulting pools of
activated G proteins are expected to overlap and interact. The level of heterologous facilitation will
also be dependent on the concentration response curve of the effector involved based on the
affinities and cooperativity. The multiple cooperative binding sites on a GIRK channel accentuates
the facilitation effect (Whorton et al., 2013, Wang et al., 2016), but even changing the subunit
composition would be expected to change facilitation. GIRK1 has a higher affinity for G By than
channels composed entirely of GIRK2/3 subunits as found in dopamine neurons (Touhara et al.,
2016; Beckstead et al., 2004). With higher affinities, channel saturation becomes more likely and
overlapping pools of G By may become less important for maximal response. Effector systems with a
single binding site will likely not demonstrate this facilitating effect intrinsic to their concentration
response curve, but non-linear heterologous effects when using more physiological-like modes of

agonist application are still possible.

The findings of this study highlight that a rational modeling approach can be used to probe
mechanisms of GPCR activation. With the current trend of considering biased agonists as potential
solutions to the opioid epidemic (Herenbrink et al., 2016), more quantitative understandings of
GPCR-effector coupling may be critical in translating theory to therapy. Despite the development of
powerful fluorescent optical sensors which enable fine-detail measurements of extracellular DA
concentrations (Patriarchi et al., 2018, Sun et al., 2018), the complexity of GPCR signaling means that
guantitative translations between DA concentration to effector response is still difficult. By refining
models of signaling to mimic those that exist for ionotropic receptors and voltage-gated channels,

this gap can be bridged.
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Figure 7-1 GABAg receptor activation contextually suppresses or facilitates D2 receptor activation
of GIRK.

A) Example experiment using photoactivatable DA (CyHQ-DA) and baclofen perfusion. On zoomed
traces, baseline D2 phasic currents are in black while D2 currents in the presence of baclofen are in
magenta. For complete experiments, D2-dependent currents are pseudocolored green and GABAs
dependent currents pseudocolored magenta. Left- Zoom of individual full-field UV flashes to elicit
D2-receptor dependent phasic currents at baseline and in baclofen. Right- Example full experiment.
B) Group data showing effects of high baclofen on the amplitude of phasic DA as normalized to pre-
baclofen baseline (amplitudes of DA response for the pulse prior to baclofen, during the rising phase
of baclofen, and after the peak of baclofen are 1.014 + 0.031, 1.073 £ 0.189, and 0.7032 £ 0.054

respectively. Prior vs rising bac p = 0.4416, prior vs after peak bac p = 0.0001, and rising bac vs after
peak bac p < 0001 by one-way ANOVA with Tukey's multiple comparison, n = 14) C) Example

experiments showing the facilitating effects of combining low concentrations of baclofen and phasic
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DA pulses. Left- Zoom on individual responses to iontophoretically applied DA at baseline and in low
baclofen. Right- Example experiment showing the current produced by low baclofen and facilitation
of D2-dependent GIRK current. D) Group data showing amplitudes of responses to iontophoretically
applied DA at baseline and in low baclofen (baseline mean vs baclofen mean=76.9 + 27.3vs 103.4 +

26.72 pA respectively, p= 0.0003 by paired two-tailed t-test, n=5)
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Figure 7-2 D2 receptors are sensitive to heterologous desensitization.

A) Diagram of experimental set up. Cartoon neuron and iontophoretic pipette showing standard
positions for these experiments. The iontophoretic pipette is used to apply agonist in two different
modes: phasic current ejections to monitor receptor sensitivity and prolonged desensitizing
applications produced by allowing agonist to freely diffuse out of the pipette. D2-dependent currents
are pseudocolored green. B) example experiment showing baseline dopamine pulses, desensitizing
application, and recovery of phasic responses over time. C) Example experiment showing phasic D2
currents and desensitizing GABAg current (pseudocolored magenta). D) group data comparing
recovery curves following desensitization with DA (green) versus GABA (magenta). Solid lines are
single exponential fits of recovery. Recovery rates are not significantly different (Recovery rates= 195
and 115 s for recovery following desensitization with GABA or DA respectively. P= 0.3329, n=7 and
17).
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A G By-GIRK concentration response curve predicts facilitation
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Figure 7-3 The G By-GIRK channel concentration response curve predicts facilitation of amplitude
and kinetic shifts.

A) Diagram showing the effects of GIRK channel concentration curve (in 20 mM Na*) compared to an
example concentration response curve for a receptor-ligand interaction with a single binding site.
GIRK channels require four bound By molecules to open it is insensitive to lower concentrations but
each additional subunit binding increases affinity. Therefore, the same increase in By concentrations
will produce smaller increases at baseline conditions versus when seeded with tonic concentrations
of By. In contrast, ligand-receptor interactions for receptors with a single binding site (such as D2
receptors) quickly saturate and the relationship is inverse such that tonic concentrations reduce the
sensitivity to the same increase in agonist concentration. B) Results of modeling a phasic rise and fall

of By concentration passed through the GIRK channel concentration response curve. The same shape
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of By concentration is then passed through the concentration response curve when simulated in high
and low concentrations of tone. Responses are facilitated in low tone but saturation of the GIRK
channel predicts occlusion in high tone. The inset depicted currents normalized to show predicted
effects on kinetics where responses are slowed the higher the concentration of tone. C) Effects of
tone on the kinetics of D2 receptor dependent currents. The experiments from Figure 1 are
reanalyzed to measure kinetics of responses as measured by duration at 25% of peak amplitude at
baseline and in high baclofen (3 uM). Left- Zoom on individual responses and same responses
normalized to highlight kinetic change. High concentrations of baclofen produce predicted
elongation of kinetics. Right- Group data showing the effect of baclofen on kinetics. Averaging
response kinetics at baseline, during baclofen, and during recovery show significant augmentation of
kinetics present only while the baclofen-dependent current remains (width at 25% of peak at

baseline =1.029 + 0.197 s, in baclofen 1.345 + 0.318 s, in CGP 1.075 + 0.242 s, baseline vs baclofen
p<0.0001, baclofen vs CGP p = 0.0037, baseline vs CGP p = 0.6356, one-way ANOVA Tukey's multiple

comparison).
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single baclofen concentration (1 pM) produces bidirectional effects on I-DA
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Figure 7-4 Facilitation can saturate, but kinetic shifts remain.

A) Example trace showing experimental setup. Short and long UV flashes were used to release DA

and elicit small and large D2-dependent currents. A sub EC50 concentration of baclofen was then

perfused on to the slice and the effects on small versus large DA currents were measured. D2-

dependent currents are pseudocolored green and GABAg dependent currents pseudocolored

magenta. B) Zoom on example phasic response at baseline and in baclofen. Left- Responses to short

flashes of UV are facilitated in baclofen and kinetics are elongated. Right- Responses to long flashes
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of UV show a mix of depression, facilitation, or no change in amplitude, but kinetics were
augmented. Baseline D2 phasic currents are in black while D2 currents in the presence of baclofen
are in magenta. C) Group data showing amplitude over time as baclofen is applied. Left- normalized
amplitude of responses to short pulses (short pulse baseline amplitude = 169.7 + 30.38 pA, in bac =
215.7 £ 55.61 pA, p = 0.0233, paired t test, n = 5). Right- normalized amplitude of responses to long
pulses (long pulse baseline amplitude = 403.2 + 100.8 pA, in bac =401.7 + 118.6 pA, p = 0.9505,
paired t test, n = 5). D) Group data showing kinetic shift as baclofen is applied. Left- normalized width
at 25% of peak current for responses to short pulses (short pulse baseline 25% width =1.134 +
0.3207 s, in bac 1.339 + 0.4606 s, p = 0.0358 by paired t test, n = 5). Right- normalized width at 25%
of peak current for responses to long pulses (long pulse baseline 25% width = 2.325 + 0.8571 s, in bac

2.734 £1.047 s, p = 0.0296 by paired t test, n = 5).
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Figure 7-5 Currents generated from vesicular release can participate in heterologous facilitation.

A) Comparison of isolated D2 and GABAg IPSCs. B) Averaged traces from a single experiment showing
a hybrid D2/GABAg receptor IPSC, a train of GABA photolysis, and photolysis coincident with a hybrid
IPSC. Qualitative time course of GABAg and D2 receptor dominating currents respectively
pseudocolored magenta and green. C) Example trace generated from subtracting the photolysis only
response (trace #1 in B) from the combined IPSC + photolysis (trace #2 in B). D) Left- Example
comparison of baseline IPSC (black) and calculated IPSC (dark magenta, shown in C) to measure
facilitation induced by GABA photolysis on the IPSC. Right- Example comparison of baseline IPSC
(black) and calculated IPSC (dark green) to measure facilitation induced by dopamine photolysis on
the IPSC (note: photolysis time shifted forward to overlap with the GABAg dominated portion of the
hybrid IPSC). The first part of this current (GABAgs dominated region) was consistently facilitated
whereas the latter (dopamine dominated) was consistently occluded. E) Group data for the
experiments show in D with each cell representing a single N. The integral of each calculated current
was quantified as a measure of total charge transfer and normalized to the same cell (GABA
photolysis: raw charge transfers of 25.7 + 7.9 and 31.1 + 8.0 pA*S for baseline and calculated IPSCs
respectively. p = 0.0065 by two-way ANOVA Sidak’s multiple comparison, n=6; raw charge transfers
of 19.0 £ 5.3 and 20.1 * 3.9 pA*S for baseline and calculated IPSCs respectively, p = 0.7219 by two-

way ANOVA Sidak’s multiple comparison, n=6).
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Kinetic simulations of G By concentrations and interaction with GIRK

The equations and starting conditions for kinetic simulations were reproduced from Tauhara

and MacKinnon 2018 and the G By-GIRK concentration response curve was modified from Wang et al

2016.
K, L
R* + Ga(GDP)By -T R*-Ga(GDP)By s R* + Ga(GTP) + Gy
k., k32 Ko || Ko
k45

Ga(GDP) + GBy

Supplemental Table 7-1 G protein cycle reactions and rates used to model GPRC-GIRK interactions

Reaction Forward-rate Backward-rate

R* + Go(GDP)PBy = R*-Ga.(GDP)By ki2: 1 uM1sec? ka1: 1 sec?
R*-Go(GDP)By = R* + Go(GTP) + GPy kas: 1 sec? ko3: assumed irreversible
R* + Go(GTP) + GBy = Ga(GDP) + GPy kss: 2 sec? kaz: assumed irreversible
Go.(GDP) + GBy = Go.(GDP)By kas: 0.7x10M? sec? | ksq: 0.002 sec’?

The equations for change over time as a function of reactant concentration and rates were
schematized in Mathematica and NDSolve was used to solve for reactant concentrations over time.
The initial concentrations used for analysis in Tauhara and MacKinnon 2018 used receptor and
heterotrimeric G proteins were concentrations of 10 and 20 uM, respectively. For the purposes of
simulating phasic GPCR activation, receptor concentration was changed from static to a falling
concentration with a time constant equal to dopamine concentration decay follow dendrodendritic
release in the nigra (t=223 ms, Supplemental Figure 7.1) as measured by dLight (Condon et al, 2021).
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As the G By-GIRK binding reaction is thought to be diffusion limited, this interaction was simplified
and predicted GIRK activity was simulated merely by passing the G By concentrations through the
GIRK concentration response curve (Wang et al, 2016). It should be noted that the affinity of G By for
GIRK2/3 channels is not static. To gate the channel requires the coordinated actions of Na*ions,
phosphatidylinositol 4,5-bisphosphate (PIP2), and G By with each additional molecule increasing the
affinity of others by stabilizing the open conformation and thermodynamic linkage (Wang et al,
2016). This affect also increases the maximal conductance of the GIRK channels. For the purposes of
simulating G By-GIRK interactions in this context, PIP2 concentrations are assumed to be static,
matching the conditions of Wang et al 2016, and sodium concentration set to be that used in the
internal solution of the recording pipette, 20 mM. Note, it is also worth mentioning that both works
discussed here from the MacKinnon lab, Wang et al 2016 and Taurara et al 2018, convert 2D protein
density in the membrane to 3D concentration close to the membrane by multiplying by a linear
distance into the cytoplasm equal to the length of G By. These two papers use slightly different
assumptions of this multiplier, so calculations from Wang et al 2016 are here converted into the
distances used by Tauhara and MacKinnon 2018 (70 vs 80 A). As described in the results sections, the
concentrations of G By produced using a phasic pulse under these initial assumptions are relatively
low, so if these concentrations were accurate to a dopamine neuron, tonic G By concentrations
produced by low-level GABAg receptor activation would also be low. To simulate tone in a
normalized fashion, low tonic G By was set to be equal to 30% and high tone equal to 100% of the
peak concentration and from the associated phasic pulse in each condition (Supplemental Figure
7.1A-D). As can be seen, this addition passed through the GIRK concentration-response curve does
indeed show facilitation, however the level of facilitation is much greater than observed in dopamine

neurons so already this first set of assumptions does not seem accurate to dopamine neurons.

To move beyond the set of assumptions from Tauhara et al 2018, which was attempting to

model GPCR activation in CHO cells, conditions may be quite different in a dopamine neuron, that
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natively uses GPCR-GIRK signaling. Whereas their set of assumptions produces a standing
concentration of G By maxing out at ~5 uM, previous work from the MacKinnon lab gave estimates
of G By concentrations in dopamine neurons produced by maximal GABAg activation equal to 245
1M (280 pM as published but converted from 70 to 80 A assumption of linear distance into the
cytoplasm). Clearly, this concentration is much higher than would be possible with the base

assumptions of receptor concentrations of 10 uM and G protein concentrations of 20 uM.

For the next set of assumptions attempting to match conditions in dopamine neurons, both
receptor and G protein concentration must be increased. Only increasing one reactant makes the
other rate limiting such that the system cannot approach the 245 uM G By measured in dopamine
neurons. Precise measurements of surface D2 or GABAg receptor density are not available, but
detailed measurements of GABAg receptor density have been made with freeze-fracture EM for
Purkinje neurons, another neuronal subtype where GABAg activation is coupled to GIRK channels
(Lujan et al, 2018). Here, authors give two density measurements, one for overall compartment-
specific densities, and one for compartment-specific cluster densities. Tauhara and MacKinnon
(2018) used the assumption that overall receptor density is concentrated into 10% of the membrane
based on the previous observation that single-particle GPCR-G protein interaction happens in
membrane hotspots equal to about 10% of the membrane, even in non-specialized cells
(Sungkaworn et al 2017). It is notable that the density estimates given by freeze fracture gold-
particle labeling of GABAg receptor clusters vs total membrane are in reasonable agreement with this
10% hypothesis, though there is an effect of cluster size on density. GABAg receptor density in spines
was found to be 227.62 uM* or 2276.2 uM* cluster density by the 10% membrane hypothesis or
455.2 uM based on the Tauhara and MacKinnon (2018) conversions of membrane density to
concentration at the membrane. Therefore, for the next model, initial receptor concentration was
simplified to 500 uM and G protein concentration was set at 600 UM (Supplemental Figure 7.1E-H).

With these conditions, G protein concentration peaks at ~55 WM. The same interactions with tonic G
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By can be seen here with facilitation of the amplitude and duration of GIRK response. This model of
receptor activation starts with full receptor occupancy that decays, which nicely mimics what would
be expected with a strong pulse of dopamine photorelease. Given comparison to real data, this set of
assumptions still does not produce a high enough concentration of G By if max GABAg response
produces 245 uM G By. The high tone condition also results in more facilitation than low tone, which
is a potential contrast to experimental data which shows the facilitation effect on amplitude can

saturate.

For the final model (Figure 7.3 and Supplemental Figure 7.1 I-L), initial receptor and G
protein concentrations are kept at 500 and 600 M, but reaction rates are increased. Critical rates
complied and used by Tauhara and MacKinnon (2018) were measured at room rather than
physiological temperatures. Rather than attempting to accurately guess the temperature sensitivity
of each reaction, the forward reaction rate of G protein-receptor binding (ki2), GDP-GTP exchange
(k23), and G protein GTPase activity (ks4) were all multiplied by 10. This results in similar equilibrium
concentrations, but equilibrium is reached much faster and the simulated response to the phasic
receptor activation is much higher (peak of ~160 uM). The specific numbers and assumptions for
each of these models are certainly wrong, but in every case, the models predict facilitation of GIRK
current amplitude and prolongation of decay times, and this final model additionally predicts

saturation of facilitation of amplitude.
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Supplemental Figure 7-1 Models of tonic and phasic G protein-GIRK interactions

A-D) Conservative model of G protein-GIRK interactions with starting assumption conditions of 10
UM receptor and 20 UM G protein. A) Solution to kinetic equations (Table 1) for a falling
concentration of active receptor from a peak of 10 uM. All reaction components were solved, but
only the input total active receptor (Total R*), active receptor in complex with G aPy, and free G By
are shown for clarity. B) Conditions of high and low tonic G By were simulated by adding a static
concentration of tonic G By to phasic G By concentrations generated in A. The amount of simulated
By added in low and high tone conditions were 30% and 100% of peak phasic concentrations
respectively. C) Phasic concentrations in B are passed through the By-GIRK concentration response
curve (Fig 3A) to show predicted responses. D) The current generated from tonic G By was

subtracted out to isolate the phasic currents and demonstrate predictions of facilitation. Inset shows
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simulated currents normalized to the peak to show kinetic shifts. E-F) Second model of G protein-
GIRK interactions with starting assumption conditions of 500 uM receptor and 600 uM G protein.
Individual panel descriptions the same as for A-D. I-L) Final model of G protein-GIRK interactions with
starting assumption conditions of 500 UM receptor and 600 UM G protein and accelerated reaction

rates. Individual panel descriptions the same as for A-D. The results from panel L are shown in Fig 3B.
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Additional experiments

There are a several experiments regarding heterologous facilitation and desensitization that
didn’t make it into this manuscript essentially for being too complicated to discuss. The first
experiment that led to my exploration of heterologous interactions came directly from Katz and
Thesleff (1957), the paper that was essentially the first to describe the general principle of receptor
desensitization. They showed that acetylcholine receptors not only desensitized to high
concentrations, but to low concentrations as well. | was asked about this in one of my first meetings
with my committee. This sort of behavior is not typical for GPCRs, so | thought | would see negative
data, but tried it none-the-less. Initial experiments with perfusing low concentrations of dopamine
during dopamine iontophoresis were inconclusive due to slow kinetics of was on and potential
occlusion effects. To provide a rapidly reversable source of low dopamine, | used a second
iontophoretic pipette to apply dopamine from a much farther distance. Turning off the backing
current on this secondary pipette allowed for application of an unknown, but qualitatively lower
concentration of dopamine as compared to phasic test pulses (Figure 7-6). After an initial rising
phase in this secondary current, dopamine concentration reached equilibrium and produced a small
standing outward current that was about 20% of that induced by the phasic pulses (Average ratio of
BC-off current over phasic pulse = 0.21 + 0.02 SEM). This application of low dopamine concentration
was sufficient to desensitize the D2 response to the phasic pulses (Figure 7-6B, phasic pulses
measured without including the tonic current), if at a slower rate (t of declining phasic pulses =59 s

vs T of declining desensitizing pulse in Figure 1 = 38 s).

After these unexpected findings, | tested if other unexpected sources could desensitize D2
responses. These experiments led to the experiments included in the main portion of this chapter
showing GABAg activation both facilitates and desensitizes D2 responses. However, the facilitation

made it more difficult to confirm that low levels of GABAg receptor activation could desensitize D2
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responses. To isolate the extent of desensitization despite facilitation, slices were perfused with
baclofen (500 nM) ~10-15 minutes prior to starting the transient application dopamine by
iontophoresis. After establishing a stable outward current induced by dopamine in the continued
presence of baclofen, the GABAg receptors were antagonized using CGP-55845 (300 nM). The change
in amplitude of the transient currents induced by dopamine was distinctly biphasic (Figure 7-6CD). As
the GABAg-dependent current returned to baseline, the current induced by dopamine became
smaller. After the initial depression, the D2-dependent current increased over the course of several
minutes. The results are consistent with an initial loss of facilitation followed by recovery from
desensitization as seen in the previous experiments. The results suggest the heterologous
desensitization of D2 receptors is induced by modest receptor activation of either GABAg or D2

receptors

Next, | included experiments where | uncage GABA or dopamine onto a hybrid IPSC, but the
obvious follow up experiments would be to uncage on isolated D2 or GABAg IPSCs. Figure 7.7 depicts
the full cross comparison of conditions which repeats those included in the above manuscript. When
| uncaged dopamine on an isolated D2 IPSC, the results were expected sublinear addition (Figure 7.7
C,F). However, when | uncaged GABA on an isolated GABAg IPSC, | again saw enhancement of the
synaptic response (Figure 7.7 A,F). This result does not necessarily detract from the results of
uncaging GABA on a hybrid IPSC. The GABAg IPSC was so small (Figure 7.7G) that the result of GABAg-
GABAg facilitation a 25% enhancement of integrated current equaling less than 2 pA*s would not
significantly enhance the much larger hybrid IPSC. Therefore, heterologous enhancement of the

hybrid IPSC must still be due to cross D2 and GABAg interactions.

As for the reasons, my immediate hypothesis was that the relevant pools of activated
receptors were responsible for this enhancement. With the D2 IPSC, Chapter 6 shows that dopamine

release will activate receptors over a region of several microns. That means exogenous dopamine
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will activate the same pool of receptors as the IPSC. In contrast, it has been suggested that GABAg
inputs to dopamine neurons are more point-to-point (Edwards et al., 2017) in addition to evidence in
other neurons as to the specific nature of GABA transmission (Isaacson et al., 1993). This observation
suggests that exogenous GABA versus vesicular release could activate a largely separate pool of
receptors— exogenous application would still hit synaptic receptors, but they would hit an additional
pool of receptors proximal to the synapse which would largely be inactive yet still close enough for
overlapping pools of G proteins. Therefore, these overlapping pools of G proteins could participate in
facilitation at the level of the GIRK channels for synaptic GABAg receptor activation that would be

unavailable to D2 receptor signaling.

To test this hypothesis, | performed parallel experiments this time instead combining
iontophoretic application and photolysis rather than photolysis + synaptic release. Though a similar
level of current, the hypothesis was that these two diffuse means of application would again hit the
same pool of receptors and facilitation would not be observed. As figure 7.8 depicts, no facilitation
was observed via this method for GABA nor dopamine, supporting the hypothesis that separate
pools of receptors underlies the GABA-GABA enhancement of the GABAg IPSC (Figure 7.7 A,F).
However, ultimately this added additional complexity to an already complex story and the effect of
adding an additional pA*s or two of current density to the GABAg IPSC was small anyway. In
conversations with Dr. Williams, it was decided it would be best to leave these data out of the initial

submission, with the ability to bring it back in if requested by reviewers.

Another set of experiments were left out because | felt they were insufficiently conclusive
for inclusion. Though my experiments probing enhancement of synaptic currents were using
exogenous agonist, overlapping activation from the hybrid D2/GABAg IPSC should already undergo
heterologous facilitation. To measure this, | wanted to compare the component of the hybid IPSC

blocked by antagonizing GABAg receptors to the basal GABAg IPSC. If the hybrid IPSC has components
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of heterologous facilitation, the CGP-sensitive component should consist of both the basal GABAg
IPSC and the component of facilitation and so should be larger than the basal GABAg IPSC. Run down
and seal up are a constant factor to consider, and if access drops, so too would the measured
currents. | didn’t want to simply antagonize GABAg receptors as any rundown would be included in
the portion blocked by CGP therefore biasing my assay towards seeing larger currents and
confirming my hypothesis. To bypass this issue, | was able to use some free data with dopamine
uncaging as a control. In the course of my experiments comparing dopamine uncaging on the hybrid
and isolated D2 ISPC, in some experiments | was able to get both conditions from a single cell. | could
record currents for the hybrid IPSC, then antagonize GABAs to record experiments uncaging
dopamine on the D2 IPSC. This meant | also got the isolated CGP current with dopamine uncaging
throughout as a control to confirm the lack of rundown/seal up. The results of this comparison were
that the CGP-sensitive component of the hybrid IPSC was significantly larger than the baseline GABAg
receptor IPSC (Figure 7.9; 20.1+1.0 vs 27.5+2.7, n=5, p=0.0331) which supports a hypothesis that
heterologous facilitation is observable in the hybrid IPSC. Despite this positive result, sample size was
small as was the baseline GABAg IPSC | felt | needed significantly more data to be sure of this
observation and | was conducting these experiments in the winter of 2019 so future plans for this

relatively difficult experiment got dropped a bit.
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Figure 7-6 D2 receptor signaling is desensitized by low levels of GPCR activation.

A) Left- Experimental setup showing relative position of the iontophoretic delivering phasic
pulse proximal to the neuron soma, and secondary pipette positioned far away from the cell.
Right- example trace of showing desensitization of the phasic iontophoretic response by low
concentrations of dopamine delivered by a secondary pipette. Dopamine-dependent currents
are pseudocolored green. B) Group data for the experimental setup shown in A. Due to
occlusion effects, desensitization is only measured during the period that the secondary pipette
is supplying dopamine (subtracting out the tonic current). Dark black line is an exponential
decay fit with a rate constant of 59s (n=10). C) Example experiment using DA iontophoresis with
low baclofen included in the ACSF. GABAg receptors were then antagonized (300 nM cgp-55845)
leading to a transient reduction in amplitude to the response to DA. D) Group data for
experiments shown in C.
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Figure 7-7 Full comparison of IPSC enhancement (extension to Figure 7.5)

A) example trace of GABAg IPSC vs the subtraction of GABA photolysis from photolysis + IPSC. B)
Results of a similar calculation in A, but with GABA photolysis on a hybrid IPSC (repeated from Figure
7.5). C) Result of a similar calculation in A, but with dopamine photolysis on the D2 IPSC. D) Results of
a similar calculation in A, but with dopamine photolysis on a hybrid IPSC (repeated from Figure 7.5).
E) Group data for change in integrated current normalized to baseline IPSC. Quantified baseline

integrated current for GABAg IPSC alone, D2 IPSC alone, and the two data sets of hybrid IPSCs.
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Figure 7-8 Comparison of combined or isolated photolysis and iontophoresis

Left—Comparison of currents generated from a train of GABA photolysis (medium current), GABA
iontophoresis (small black current), iontophoresis + photolysis (largest current), and the subtraction
of photolysis current from combined photolysis + iontophoresis (small blue current). As can be seen,
the data showed no enhancement between the two application methods. Right— Same as left
except using dopamine iontophoresis and photolysis. The purple current is the subtraction of

combined minus isolated photolysis.
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Figure 7-9 Comparison of the CGP-sensitive component of the hybrid ISPC with the baseline GABA;
receptor IPSC

Left— Average of the GABAg IPSC generated from experiments in Figure 7.7 compared with the
averaged CGP-sensitive current generated from antagonizing GABAg receptors after recording the
hybrid IPSC. Right— group data of amplitudes from baseline GABAB IPSC vs CGP-sensitive
component the hybrid IPSC which should include a component of facilitation. CGP-sensitive

component is significantly larger by t-test.
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Chapter 8 — Discussion and future directions

There remains an almost staggering amount of molecular biology and biochemistry work
that needs to be done to fully understand the various mechanisms described in this dissertation. The
benefits of working with WT animals and slice physiology can be enormous, but so, too, can the
downsides where any genetic manipulation is time consuming and costly. This downside of working
with ex vivo tissue samples has been a common barrier in pursuing questions of molecular biology.
From just my experiences during my dissertation work, we had made attempts to run mass
spectrometry on midbrain dopamine neurons to assess content, but the region is so small that there
was insufficient extracted protein to collect clean samples. Pharmacology can also be more difficult
in slice work. The time it takes drugs to penetrate deep into tissue makes rapid application difficult—
the difficulties of which | spend a not small percentage of this manuscript discussing—but some
drugs that seem easy to apply in cell culture have trouble penetrating the dense architecture of brain

slices.

Were | to continue studying these same questions in my postgraduate work, a high priority
would be to learn or develop a system more amenable to experimental manipulation. Neuronal cell
culture is an experimental set up that takes its own level of equipment and expertise, but the
manipulability and accessibility of such systems make them more suitable for some of the questions

that | would wish to pursue.

Calcium dependent and independent desensitization of G protein signaling

Chapter 4 discusses a calcium dependent component of desensitization which is a pathway
that has not entirely been clarified. A multitude of calcium binding proteins interact with the D2

receptor including calmodulin (Bofill-Cardona et al., 2000; Liu et al., 2007), NCS-1 (Kabbani et al.,
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2002; Dragicevic et al., 2014; Pandalaneni et al., 2015), and S100B (Liu et al., 2008; Dempsey and
Shaw, 2011) yet even some basic observations remain contradictory. For instance, NCS-1 and its
interactions with calcium was found to in fact inhibit D2 receptor desensitization in dopamine
neurons (Dragicevic et al., 2014) rather than the opposite effect in preparations from older animals
(Beckstead and Williams, 2007). There have been suggestions that CAMKII regulates calcium
dependent desensitization of D2 receptors (Perra et al., 2011), but again the prep and experimental

paradigm make direct comparisons difficult.

Unpublished data done by Dr. Robinson showed that calcium dependent desensitization can
be significantly modulated by shifting holding potential. By holding at negative potentials to remove
inactivation from calcium channels, then stepping to either -65 (calcium channels largely still
inactive) or -55 mV (at the foot of the L-type calcium channel activation curve) just prior to
quinpirole superfusion to measure desensitization, he showed significantly more desensitization for
the -55 mV condition. This means facilitation of desensitization by calcium is easily poised to regulate
D2 autoreceptor function by weakening D2 receptor inhibition when the neuron rapidly fires, but
where desensitization is less pronounced if a neuron is quiescent. The combination of effects
essentially produce a feedback loop where the current neuronal state is reinforced. High on a list of
follow up experiments to understand both calcium dependent desensitization and the seemingly
related question of D2L versus D2S splice variants (though certainly the link between splice variant

and calcium desensitization is less clear following the results of Chapter 3).

Beyond repetition of pharmacology and use of inhibitory peptides, proximity-based labeling
(Qin et al., 2021) would be useful in studying the calcium-sensitive component of desensitization, but
a time-resolved system like APEX (Lobingier et al., 2017) would be the gold standard. Such

experiments would not be cheap both from the price of mass spectroscopy but also in a theoretical
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world of APEX in neuronal culture, simply producing enough cells for such experiments might be

herculean. Still, with sufficient effort, it could make for an interesting study.

The calcium dependent desensitization appears to be at least somewhat independent of the
heterologous desensitization described in Chapter 7. The heterologous desensitization was present
both in experiments with BAPTA and EGTA included in internal recording solutions and so were
grouped, but further dissection of the interactions would be warranted. In unpublished experiments,
GABAg; receptor signaling is also sensitive to heterologous desensitization, though in agreement with
previous reports showing GABAg receptor signaling desensitizes less than D2 receptors (Beckstead
and Williams, 2007; Perra et al., 2011; Gantz et al., 2015; Robinson et al., 2017), the degree of
desensitization for GABAg induced by dopamine was less than was achievable for D2 receptor
signaling (evidence of this is also seen in the additional experiments section of Chapter 5). As those
same previous reports also show that GABAg receptors are insensitive to calcium dependent
desensitization, it suggests calcium dependent and heterologous desensitization are separate
pathways and that the locus for calcium dependent desensitization is at the D2 receptor or in

associated proteins.

The locus for heterologous desensitization is less clear. As discussed in Chapter 7 and
elsewhere, the mechanism for turning off GIRK signaling is by sequestration of G By by G a (Wang et
al., 2016) and essentially any effector that binds G By will inhibit its ability to couple to GIRK
channels. GRK has been shown to have a phosphorylation-independent ability to sequester G By and
inhibit its coupling to GIRKs (Raveh et al., 2010). KCTD12 is an auxiliary protein for GABAg receptors
that translocates to the membrane by binding and sequestering G By to desensitize local GABAg
signaling (Turecek et al., 2014; Zheng et al., 2019). Even proteins that have no affinity for GRK but
translocate to the membrane based on G protein activity or cytoskeletal remodeling could reduce

coupling to GIRK channels by restricting the mobility of G By.
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Regulation at the level of the GIRK channel is also possible. Direct modification of the
channel is possible as is regulation by controlling PI(4,5)P2 levels which are needed for efficient
channel gating (Mathiharan et al., 2021). PLC beta is activated by G By (Park et al., 1993) which

provides a link between Gy/, signaling to potential control of the channel by cleaving PI(4,5)P2.

Still, use of knockout studies should be able to help clarify some repertoire of relevant
proteins. Despite the complexity of G protein signaling and despite the not inconsiderable cost for
doing so in brain slice, viral transduction of neurons with Cas9 constructs to knockout proteins of

interest from specific neurons would be a good starting point for such investigations.

Regardless of specific mechanism, other unpublished experiments | performed suggest
desensitization is also inducible by the nociception/OFQ receptor (in addition to GABAg receptor
desensitization of D2 signaling). A future direction to pursue would be to test if exogenously
expressed DREADDs could also induce D2 receptor desensitization. Designer Receptors Exclusively
Activated by Designer Drugs (DREADDs) have been used for cellular control with the promise of a
system that provides inducible control of neuronal function. Even moving beyond the finding that
the supposedly pharmacologically inert agonist for DREADDs, clozapine-N-oxide, metabolizes into
the distinctly non-inert clozapine (Manvich et al., 2018), an exogenously overexpressed receptor
hooking into endogenous systems of GPCR control seems anything but non-impactful. | hoped to test
if inhibitory DREADD activation desensitized D2 receptor signaling. If yes, not only would DREADDs
have the desired acute effect of inhibiting neuronal activity, they would change synaptic weights
both by potentially desensitizing inhibitory G protein signaling and potentially also participating in
heterologous facilitation. These planned experiments and potential pitfalls highlight the need for

additional controls when using a tool like DREADDs.
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Signal transduction from agonist to effector

There has yet to be a quantitative description of the signaling pathway from extracellular
agonist concentrations to receptor occupancy to G protein catalysis diffusion, interactions with
effectors, and kinetics of cessation of signaling. Touhara et al. (2018) makes estimates and | made
some of my own by changing the variables in their equations (Chapter 7), but these estimates are
not based on direct measurements of neuron. This means many aspects of D2 receptors signaling are
mysterious. If approximately half of this dissertation has focused on desensitization of receptor-
channel coupling, the other half has worked to understand the underpinnings of the D2 receptor

IPSC and the kinetics of signaling.

Chapter 6 and its description of the time course of dopamine-D2 receptor interactions in the
IPSC highlights the slow nature of signaling. There is about a 50 ms delay between the stimulation
and onset of current. The relevant contributions of agonist binding, build-up of G protein
concentration, and diffusion to effectors is unclear. There is some reasoning to suggest D2 receptors
are somewhat uncoupled from GIRK channels. Part of the function of the family of KCTD accessory
proteins is to physically link GABAg receptors to GIRK channels (Schwenk et al., 2010). If the
mechanism of heterologous desensitization in dopamine neurons is by sequestration of G By, that
GABAg receptors commonly form tight associations with GIRK channels would make them more
resistant to interference of signaling and could explain why GABAg receptors do not desensitize as
much as D2 receptors (Beckstead et al., 2007). GABAg receptors also have a shorter time-to-peak for
their IPSC (Figure 7.5) which could certainly be due to differences in the kinetics of agonist removal
but may represent tighter coupling. GABAg receptors also have a higher current density—potentially

due to close associate with channels—though again this has other potential explanations.
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| hoped to answer these questions of receptor-channel distance by immunofluorescent
labeling of GABAg, D2, and GIRK channels. | began these experiments in the first couple months of
2020 so they took an abrupt pause. Later in the year, | continued my efforts in these experiments but
quickly concluded that there were going to be enough problems to troubleshoot that it would be a
difficult task to complete, particularly as | have only minimal microscopy experience. Available
antibodies for GIRK and GABAg targeted intracellular epitopes meaning | would have to fix and
permeabilize samples. Our transgenic lines of labeled D2 receptors all have extracellular epitope
tags that lose immunoreactivity with fixation. This meant | had to do double labeling steps, one
before and after fixation, then be able to take sufficiently high quality images to be able to parse
surface from intracellular labeling of GIRK and GABAg. Though the distribution of channels and
receptors is critical for understanding the D2 IPSC, | dropped this line of research at the time, but

very much would wish to know more what imaging could tell us about receptor-channel interactions.

Also highlighted in Chapter 6 is the delay between photolysis of sulpiride and decline in
current response (Figure 6.2 and in text). There was a 50 ms delay between CyHQ-sulpiride
photolysis and visible current decline when perfusing dopamine (10 uM) and a delay of 100 ms
before current declined 5%. The blockade of D2 receptors is a competition reaction between
sulpiride and dopamine so the full effect of sulpiride would not be expected to be instant, but
sulpiride should immediately begin to have some antagonistic effects. The stable current response
for a perfused drug means the rate of G By reaching GIRK channels is the same as G By is removed
from the system. This means that G By concentrations will instantly drop the moment receptors stop
producing additional free G By. However, the farther GIRK channels are from the receptor, the more
of a delay between blockade of D2 receptors and any reduction in GIRK channel activity. A future
direction for this line of investigation will be use of a new caged CGP-55845 (produced by the Dore

lab, waiting to be used) to run similar experiments with GABAg receptors. If the onset to visible
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current deflection is more rapid for GABAg receptors, this may be additional evidence for tighter

channel-receptor coupling.

The unknowns and effects of agonist affinity certainly still can cloud interpretation. In
comparing latency to decline between GABA and dopamine receptors, it is remarkably difficult to
find accurate measurements for the dwell time of dopamine. Part of the problem comes from the
state dependence of receptor affinities where G protein interaction with receptors can change
agonist affinity (De Lean et al., 1980). It is possible 50 ms is a reasonable minimal dwell time for
dopamine to reside on a receptor, but the correlation with the latency to rise following stimulation

lends credence to the delay being based on intracellular dynamics.

The effects of agonist affinity have been highlighted several times in this dissertation. Figure
3.5 shows faster current declines for dopamine vs quinpirole following sulpiride photolysis and
Supplementary Figure 6.3 shows even faster declines for noradrenaline activated D2 currents. This
means that much of the current decline is dependent on agonist unbinding rate, but it is unclear how

much faster the system can get.

Chapter 5 shows the results of increasing receptor affinity and slowing intrinsic suppression
mechanisms. The mutation in the D2-1212F receptor is in the intracellular face suggesting that a
conformation that stabilizes the active open state increases agonist affinity by thermodynamic
linkage. But it is again unclear how much each component contributes to the slowing of D2
responses. With the linkage of agonist binding and opening of intracellular face, | would assume the
actions are thermodynamically linked such that it is a simultaneous unbinding and receptor
inactivation, but | am not sure these details have been sufficiently finely parsed even in the context
of WT receptors. Photolysis of sulpiride in a reserpine treated and theoretically agonist-free slice still
resulted in a slow relaxation of GIRK response suggesting it is the intrinsic slowness of GPCR

relaxation rather than slow rate of GTPase activity and sequestration of G By. This raises the inverse
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possibility— though the rates certainly would be linked, it may be that the relaxation of D2 currents
is dependent on the rebinding of the intracellular ionic lock following agonist release as an additional

rate on top of agonist unbinding.

Parsing such details of signal transduction will be a difficult task, but certain of those rate
constants are nearly in reach. The molecular toolkit is expanding with every passing week, and |
would be surprised if there isn’t a lab out there working on a sensor for G By that would be suitable
for studying the dynamics of G By concentrations in fine detail. Ultimately such experiments are
necessary to prove the mechanisms of things like heterologous facilitation and at last give the full

quantitative description of GPCR signaling that has existed for ionotropic receptors for decades.

Regarding heterologous facilitation there are a number of potential future directions. |
showed that synaptically released agonist can participate in this facilitation, but | still only used
exogenous agonist to show the interaction. The ideal experiment would be to use two different
variants of channelrhodopsin to be able to specifically excited dopamine neurons vs GABA inputs. A
similar paradigm of sequential inducement of dopamine release, then GABA, then both together

should cleanly demonstrate interactions between purely synaptically released agonists.
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