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1. Introduction

G protein-coupled receptors (GPCRs) represent the largest and most diverse family of
plasma membrane receptors. They serve as the major targets of currently applied clinical
drugs and continued efforts are underway to expand the current set of GPCR ligands for
therapeutic purposes[1, 2]. Accordingly, an extensive variety of experimental approaches
has been developed to study the ligand recognition process and signaling mechanisms of
GPCRs.

1.1. Classical radioligand-based assay in GPCR research

Radioligands represent the traditional as well as the most-widely used research tools for
ligand binding studies[3, 4]. Conventionally, the key quantitative parameters describing
receptor-radioligand interactions are measured in homogenized membrane preparations
obtained from cell cultures or tissue samples. These include the dissociation constant
(Kp), that is applied to characterize the receptor affinity of a radioligand in equilibrium
state, and kinetic binding parameters, such as the association and dissociation rate
constants (kon and Kosf, respectively). In competitive radioligand binding studies, these
parameters can be determined for any non-labeled drugs that bind the same receptor as
the radioactive compound. Since the maximal amount of bound ligands (Bmax) is
indicative of the number of receptors, saturation binding assays with selective ligands
are also suitable for describing the expression level of specific GPCRs in different cell
culture- or tissue membrane preparations[4].

In addition to in vitro pharmacological measurements, radioligands can be applied
as efficient anatomical labeling probes in tissue samples. In these experiments,
radioligands bind receptor targets at their native localization sites on anatomical sections
and the distribution pattern of radioactive decay can be visualized on autoradiographs|[5,
6]. Certainly, radioligand-based localization maps of GPCRs are of outstanding
significance, since numerous receptors, including important clinical drug targets, cannot
be selectively visualized in tissue preparations by other routinely applied labelling tools
due to the lack of selective probes.



Overall, the contribution of radioligands to our current understanding of
pharmacological principals can hardly be overemphasized. However, despite of their
substantial contribution to the development of research compounds and clinical drugs,
radioassays still face major limitations. Here, | highlight the issues that complicate
currently applied radioligand-based experiments or leave some of the most emerging
questions of modern pharmacological research unanswered.

In classical in vitro binding assays, unbound radioligands need to be separated
before counting the scintillation of receptor-bound molecules[7-9]. The complications of
the separation process, coupled with the relatively low signal-to-noise ratio and high well-
to-well variety hinder the adaptation of these assays to high-throughput screening
platforms. Another obstacle is that the ratio of ligand-occupied receptors needs to be
determined at separate assay points to decipher kinetic binding data and live cell real-time
measurements are unobtainable[7, 9]. Scintillation proximity assays do not require the
separation of free radioligands, and thus overcome several limitations of traditional
binding studies[8]. However, despite of a series of technical improvements, radiometric
high-throughput assays and kinetic measurements have remained burdensome for many
pharmacologically important GPCRs[8, 9].

Regarding autoradiography, a major constraint is the generally poor spatial
resolution of the image that only permits region-specific analysis of drug-target
interactions. In contrast, the same receptor-ligand interaction within a specific anatomical
area can regulate a wide array of physiological mechanisms, depending on its cell-type
specific localization. Moreover, the subcellular localization of a receptor determines the
precise composition of the local signaling machinery that can be activated upon ligand
binding. Therefore, it remains difficult to draw conclusion about the functional effects of
a ligand from its region-wide distribution. Accordingly, the ability of an autoradiograph
to directly predict the specific molecular changes that underly the effects of a radiolabeled
therapeutic is highly limited.

Another weakness of autoradiography is that autoradiographs are inherently single
channel images. Therefore, the lack of additional spatial markers on the sections hinders
the analysis of the ligand binding pattern within a well-defined anatomical context.

Finally, the general safety concerns regarding radioactivity greatly hinders the wide-



spread application of radioligands and have long encouraged researchers to replace them
with more environmentally-friendly tools[10].

1.2. Emerging applications of fluorescent drugs for studying receptor-ligand

interactions

Numerous pharmacological studies have successfully performed quantitative
measurements with fluorescently labeled drugs as alternatives to radioligand binding
assays. Moreover, they highlighted several complementary advantages of fluorescence
methods[9-12]. Fluorescence approaches are more convenient for precise kinetic ligand
binding measurements than conventional radioassays since the dynamic changes of
fluorescence can be readily monitored by fluorimeters, microscopes, or flow cytometers
in real-time[9, 11, 12] . Thus, these approaches have the potential to investigate binding
events on short timescales. Furthermore, analogously to competitive radioligand binding
measurements, the binding parameters of non-labeled compounds can be assessed in
displacement assays.

In quantitative fluorescent binding assays, the amount of receptor-bound ligands
is usually either determined via the direct measurement of fluorescence intensity or by
the detection of resonance energy transfer (RET) between a labeled receptor and its
fluorescent ligand[9-12]. A major advantage of the latter approach is that RET-based
platforms are “proximity-based”, as energy transfer is highly dependent on the molecular
distance between the energy donor and acceptor (<10 nm) [13-15]. The phenomenon of
fluorescence RET (FRET) occurs between a pair of fluorophores after the donor is excited
with an external light source. All main GPCR ligand binding parameters could be
determined by various FRET and time-resolved FRET assay formats that utilized
fluorescent pharmacons with excellent signal-to noise ratio[9, 10, 16]. In the case of
bioluminescence resonance energy transfer (BRET), energy is produced by an oxidative
reaction of a luciferase enzyme that excites a nearby fluorophore with an appropriate
fluorescence spectrum[13]. The fact that BRET does not require extrinsic excitation,
circumvents many issues caused by the external illumination of the sample, such as
autofluorescence, photobleaching or direct cross-excitation of the acceptor. Due to its

small molecular weight and exceptional brightness, the deep sea shrimp Oplophorus



gracilirostris-derived NanoLuc is the preferentially applied donor enzyme in BRET-
based ligand binding assays, and the fluorescently labeled receptor ligand serves as the
energy acceptor[9, 14, 17].

A key drawback of most RET-based ligand binding assays is that they require the
covalent tagging of receptors, which may result in incorrect receptor folding and
decreased cell-surface expression or may directly affect its ligand binding properties[14,
18, 19]. Another important issue that might hinder the broad implementation of RET-
based ligand binding measurements is their relatively high cost, which also limits their
adaptation to high-throughput platforms.

Fluorescent small molecules have also been applied for the microscopic investigation of
GPCRs in cell culture and tissue samples. In general, fluorescence microscopic
techniques have higher spatial resolution than autoradiographs, and multi-channel
imaging can be easily performed within the same sample. The lateral- and axial
resolutions of high-power confocal microscopic images are ~200 nm and ~500 nm
respectively. Moreover, the recent advent of fluorescence super-resolution imaging
techniques has enabled the localization of fluorescent molecules even with nanometer
precision[20, 21]. Numerous different technical innovations have been introduced to
overcome the diffraction limit of light and have become broadly adopted in
neuroscientific research. Single-molecule-localization microscopy (SMLM) represents a
group of methods which provide one of the highest resolution images. During SMLM
experiments, only a subset of the fluorohpores in the sample are detected at each camera
frame, and the localization of all emitters are finally computationally reconstructed from
a sequence of frames. In the case of stochastic optical reconstruction microscopy
(STORM), the temporally separate detection of emitters is achieved by special fluorescent
dyes, that can transit between on- and off states. This way, STORM has the capacity to
visualize single fluorescent molecules at the nanoscale level and has become widely used
for the anatomical localization of labeled proteins in cell-cultures and tissue samples a
well. STORM experiments have greatly contributed to our general understanding about
the molecular organization of synaptic signalosomes in the brain, the nanoscale
arrangements of scaffold proteins, and the dynamics of the cytoskeletal network[22—24].

Despite of the intriguing possibility to visualize single fluorescent drug molecules, GPCR



studies do not routinely integrate STORM imaging into the characterization process of
pharmacological interactions, yet.

Consequently, the visualization of pharmacological probes by multi-channel high-
resolution microscopy would be a promising new strategy for the cell-type specific
analysis of drug binding sites within well-defined molecular complexes. On the other
hand, despite of the great potential, fluorescent GPCR ligands are not routinely
considered for anatomical purposes[25]. Therefore, the capacity of labeled small
molecules for the high-resolution analysis of drug binding sites within complex tissue

samples has remained unexploited.

1.3. Rising demand for advanced technical approaches for the investigation of

dopamine receptors

1.3.1. Dopamine receptors - key neuropharmacological targets

The demand for advanced experimental approaches to understand ligand-binding
interactions is exceptionally high in the case of centrally expressing GPCRs. The
immense anatomical complexity coupled with the temporal dynamics of physiological
processes in the brain poses outstanding technical challenges that cannot be addressed by
conventional ensemble methodologies[26, 27]. As a result, the exact pharmacodynamic
mechanisms of numerous neuropsychiatric therapeutic agents, including long-standing
clinical drugs, have remained elusive.

The increasing pressure to utilize advanced methodologies for the investigation of
centrally acting compounds can be well demonstrated by the large number of remaining
questions regarding the mechanism of routinely applied dopamine receptor targeting
drugs. Dopamine receptors (DRs) are among the most extensively studied GPCRs in the
central nervous system, and their dysregulation has been shown to play major roles in the
pathophysiology of multiple neuropsychiatric diseases, including addiction,
schizophrenia and Parkinson’s disease[28, 29]. Accordingly, DR-targeting drugs

represent a mainstay for the treatment of mental illnesses for decades.
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In humans, five genes are known to encode dopamine receptors, that can be
classified into two groups based on their pharmacological and structural properties[30].
D:-like receptors (D: and Ds dopamine receptors) elevate intracellular cAMP
concentration upon agonist binding via the activation of Gggoif proteins, and their
structural hallmark is a relatively long C-terminus. The subfamily of D»-like dopamine
receptors includes D2, Dz and D4 receptor subtypes, which inhibit cAMP production via
coupling to Gin proteins, and display higher affinity towards their endogenous ligand,
dopamine, than Ds-like receptors. In addition to G proteins, dopamine receptors are also
known to mediate intracellular signaling effects via other transducers, including f-
arrestins[30]. Out of all five dopamine receptors, D1 dopamine receptor (D:R) is the most
abundant subtype throughout the human brain. The selective modulation of DiRs has
been shown to be a successful strategy to treat motor symptoms of Parkinson’s disease as
well as to ameliorate cognitive impairments[31]. Despite of the huge
neuropharmacological potential of D1R agonists, there are currently no drugs in clinical
use which target centrally expressing DiRs. Several attempts have been made to apply
D:R-selective ligands as neuropsychiatric therapeutics, however, all failed in preclinical
or clinical stages due to the disadvantageous pharmacochemical properties of these
compounds. To overcome these limitations, numerous new chemical compounds with
different scaffolds and functional effects are currently under investigation and offer new
opportunities to develop centrally acting D:R targeting drugs[31]. On the other hand,
there is a broad array of medications that preferentially target D»-like dopamine receptors.
Several small molecules, with completely different functional effects, are being used,
including full agonists, partial agonists as well as antagonists. Based on their indications,
they can be classified as antiparkinsonian agents, prolactin inhibitors, antiemetics and
antipsychotic drugs (APDs)[30]. Traditionally, APDs are further divided into typical (also
known as first generation) and atypical (also known as second generation) drugs. Typical
APDs are efficacious D> dopamine receptor (D2R) antagonists, which have been applied
from the 1950s as tranquillizers and antipsychotic agents[32]. They effectively treat
psychotic symptoms of schizophrenia, but often fail to manage the negative symptoms of
the disease and may exert severe DoR-mediated side effects, such as extrapyramidal
symptoms or hyperprolactinaemia. The term “atypical APDs” cover a huge set of D2R

antagonists and partial agonists with different clinical efficacy and side effect profiles[32,
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33]. Generally, they are considered to mitigate negative symptoms more potently than
typical APDs and display a lower risk to cause extrapyramidal symptoms. Certainly, all
antipsychotic drugs (APDs) are typically “dirty” drugs, meaning that they exert their
clinical effects via several different receptor subtypes[32, 34]. However, D2Rs preserved
their leading role, and prominent D2R affinity has remained a common fundamental
feature among typical and atypical APDs.

1.3.2. New aspects of drug-dopamine receptor interactions

Plenty of radioactive and fluorescent small molecules have been previously
applied to investigate the ligand binding mechanisms of DRs in cell culture and tissue
experiments [35, 36]. Notably, labeled therapeutic drugs have historical importance in
dopamine receptor research. The first experimental evidence that D> dopamine receptors
are the underlying molecular players of antipsychotic action was provided by radioligand
binding studies with tritiated haloperidol[37]. This finding solidified the dopaminergic
hypothesis of schizophrenia and provided the basis for a great collection of other
medications[37].

Although APDs are classically used in the management of schizophrenia or other
psychotic disorders, they are also effective in a range of additional illnesses, such as
affective disorders[38, 39]. Here, | briefly illustrate the critical importance of accurate in
vitro ligand-binding assays and the need for novel cell-type-specific approaches by
summarizing the findings in two recent studies that analyzed D2R mediated actions of
APDs.

Perhaps the most elegant demonstration of the clinical significance of
comprehensive in vitro binding studies was shown by correlating the kinetic D2R binding
parameters of APDs with their clinical side-effect profiles[39]. The kinetics of receptor-
ligand binding was assessed by a competitive time-resolved FRET assay that applied a
fluorescently labeled DR agonist as tracer[39, 40]. Thereafter, the time course of
receptor-APD interactions were correlated with the classic adverse effects of APD
treatment, including hyperprolactinemia and extrapyramidal motor symptoms, both
mediated by D2Rs. It was found that the extent of prolactin elevation negatively correlates
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with the kofr values of APDs, but the occurrence of extrapyramidal symptoms positively
scales with their Kon rates[39].

The necessity of region- and cell-type-specific pharmacological measurements

was illuminated by the discovery that the recruitment of distinct intracellular signaling
machineries can underlie different behavioral effects of DR activation in two different
brain regions[41]. The effects of a B-arrestin2-biased D2R partial agonist in the prefrontal
cortex (PFC) and the striatum were compared in a series of behavioral and
electrophysiological assays. Due to the higher G protein-coupled receptor kinase 2 and f3-
arrestin2 expression in the PFC, agonist-like effects of the drug dominated in PFC fast-
spiking interneurons but not in striatal medium spiny neurons[41].
As these two studies above highlighted, the precise spatiotemporal aspects of APD-D2R
binding have critical importance in the clinical effects of these therapeutics. An additional
factor which contributes to the complexity of APDs’ mechanism of action is that many
APDs modulate the dopaminergic system via D, and Dz dopamine receptors (DsRs) as
well, due to the remarkable structural homology between the two receptor subtypes.
Moreover, the expression pattern of the receptor proteins is overlapping in many brain
areas, although D2Rs are substantially more abundant. The similarity of their ligand
binding pockets often results in similar affinities of drugs to both subtypes and suggests
that the role of D3Rs in the action of APDs cannot be ignored. Importantly, a rapidly
emerging APD, cariprazine, displays strong preference towards the D3 receptor subtype
over the classical antipsychotic target, D2R[42, 43]. The drug’s special pharmacological
profile is accompanied by unique clinical effects: cariprazine displays exceptional
efficacy in the management of negative symptoms and its long-term use capably prevents
relapse in patients with schizophrenia[44—-46]. Furthermore, cariprazine has been
recently approved for the treatment of bipolar | disorder as well. Rodent behavioral
models have suggested that several effects of the drug are mediated by D3 receptors[47,
48]. However, the precise neuroanatomical localization of cariprazine binding sites in the
brain has not been investigated before, and its exact mechanism of action remained
elusive.

Taken together, the expanding set of APDs, together with the temporal dynamics
of the dopaminergic system and the brain-wide expression of DRs in various cell-types

warrant advanced methodologies to investigate the mechanisms of DR-targeting drugs.
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Presumably, the large number of well-characterized dopamine receptor targeting
radioligands will continuously provide support. Meanwhile, the expanding set of
fluorescent DR ligands can further help to shed light on the puzzling questions about the
pharmacology of DRs[15, 49-52].
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2. Objectives

In light of the rising demand for improved experimental approaches to investigate
emerging aspects of receptor-ligand interactions, we aimed to broaden the applicability
of fluorescent pharmacoprobes and develop refined fluorescent small molecule-based
assays.

Considering the leading role of DRs in the pharmacological management of
psychiatric diseases, we decided to apply fluorescently labeled DR ligands to introduce
our novel technical approaches and make an assessment about our advancements by the
investigation of prototypical Di- and D»-like dopamine receptors. We set two specific
aims that cover the development of two novel methodologies, which can address major
constraints of previous technical approaches and may open up new possibilities for the
investigation of pharmacological interactions.

First, our aim was to develop a cost-effective ligand binding assay that facilitates
the feasibility of equilibrium and kinetic ligand binding measurements. Within the
confines of this objective, we aimed to investigate the prototype of the D;-like dopamine
receptor subfamily, D1R. We selected a commercially available fluorescent D:R ligand
that possess optimal photochemical properties for bioluminescence resonance energy
transfer (BRET) assays. We hypothesized that ligand-D1R binding could be measured by
detecting bystander BRET between the labeled ligand (acceptor) and a plasma
membrane-anchored BRET donor. This way, our platform could offer the intriguing
possibility to obtain precise binding parameters of D:R without its genetic modification
Moreover, if our assay is suitable for competitive ligand binding measurements, it could
be applied for ligand screening with unmodified dopamine receptors in the future.

Since nanoscale biochemical processes can determine the physiological or
pathophysiological effects of receptor-ligands interactions in a cell-type specific manner,
our second objective was to develop a novel methodology that enables the analysis of
receptor binding in a precise anatomical context, on identified cell types. More
specifically, our intention was to design a framework in which we can visualize the
receptor engagement of an APD even at the nanoscale level by its fluorescently labeled
analogue. We chose a novel, DsR-preferring third generation APD, cariprazine, as the

basis of a novel microscopic pharmacoprobe. We hypothesized that a fluorescently
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labeled analogue of cariprazine would be an advantageous research tool for multiple
purposes. First, due to its high D3R affinity, it would represent an exceptionally useful
labeling tool, since the D3R subtype is hard to selectively visualize by other affinity
probes. Second, the identification of nanoscale cariprazine binding sites in brain tissue
could reveal important details about its hitherto enigmatic mechanism of action. To
achieve these results, we decided to optimize a procedure for the multi-channel imaging
of fluorescent cariprazine together with functionally related proteins in the same tissue
samples and carry out simultaneous multi-target analysis with combined pharmaco- and
immunolabeling techniques. Additionally, we aimed to test the feasibility of cell-type

specific super-resolution imaging of drug binding sites.
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3. Results
3.1. Quantitative ligand binding measurement of D1 dopamine receptor using
Gaussia-BRET

Our first set of experiments aimed to test the utility of a novel BRET-based assay for the
quantitative characterization of D:R ligand binding[53]. In contrast to previous BRET-
based approaches, which directly measure RET between donor-tagged receptors and their
fluorescent ligands, our methodology is based on the detection of bystander BRET[14,
17], which occurs between the receptor-bound fluorescent probes and a novel plasma
membrane anchored biosensor (GLuc-PM). The biosensor consists of a mutant form of
the small molecular weight luciferase enzyme from marine copepod Gaussia princeps
that is fused to the transmembrane domain of the platelet-derived growth factor receptor,
assuring the extracellular surface localization of the enzyme. In this assay, the binding of
the fluorescently labeled ligand to its receptor leads to the elevation of the bystander
BRET signal (Figure (Fig.) 1a). On the other hand, co-treatment with a non-labeled
receptor ligand displaces the fluorescent ligands from the receptor, thereby prevents the
increase of the bystander BRET. Since the extent of bystander BRET is linearly
proportional to the amount of receptor-bound acceptors, the ligand binding parameters of
the receptor can be readily quantified. Since no receptor modification is needed in our
assay, ligand binding of native receptors can be monitored. The execution of the assay is
convenient as the BRET signal can be measured in a “mix and measure” fashion, and
unbound fluorescent ligands do not need to be separated. Moreover, the Gaussia-
luciferase-based biosensor uses coelenterazine as a substrate for the luciferase reaction,
making our measurements exceptionally cost-effective compared to previous BRET
assays, which usually apply NanoLuc enzyme with a more expensive substrate
(furimazine)[9, 14, 17]. To illustrate the potential of the novel approach for dopamine
receptor research, we performed ligand-binding measurements to detect ligand binding
of untagged D:R. Treatment with BODIPY-FL-SKF-83566, a commercially available
fluorescent D1R drug, led to an increase of the BRET ratio in cells co-expressing D1R and
the GLuc-PM, reflecting the binding of the fluorescent ligand to its receptor (Fig. 1b).
The specificity of the interaction was proven by a competition binding experiment. Co-
treatment with a non-labeled D:R antagonist (SCH-23390) decreased the BRET signal in
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a concentration-dependent manner, and the half maximal inhibitory concentration (1Cso)
value of SCH-23390 was successfully assessed from the displacement assay (1.07 nM).
Since the Gaussia-BRET approach has been shown to be exceptionally advantageous for
real-time ligand binding measurements and can be readily adapted to a high-throughput
format, our results open up new opportunities for the comprehensive characterization and

screening of dopamine receptor targeting drugs[53].
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Figure 1. Quantifying D1R ligand binding with a fluorescent ligand in a novel BRET-
based assay. (a) Schematic illustration of the experimental approach[53]. Bystander
BRET is measured between receptor-bound fluorescent ligands and a Gaussia-luciferase-
based biosensor (GLuc-PM) at the extracellular surface of the plasma membrane.
Binding of the fluorescent ligand to its receptor increases the BRET ratio, whereas the
displacement of the fluorescent tracer by an unlabeled drug prevents the BRET signal.
(b) Demonstration of the feasibility of ligand binding measurement with unmodified D1Rs
in the assay format from (a). HEK 293 cells expressing the GLuc-PM biosensor and
human D:R were incubated with 300 nM BODIPY-FL-SKF83566 and different
concentrations of a potent D1R ligand, SCH 23390. The unlabeled drug decreased the
BRET signal in a concentration-dependent manner. 1Cso value of SCH 23390 was
assessed from a one-site competitive binding curve (n = 3), data are mean * standard

deviation.
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3.2. Visualization of receptor binding of an antipsychotic medication by
PharmacoSTORM

3.2.1. Rational design and in vitro microscopic applications of a fluorescent

cariprazine analogue

Radioactive analogues of clinically used drugs have long been applied to investigate their
mechanism of actions. On the other hand, the production of fluorescently labeled drugs
with pharmacological characteristics that closely resemble the properties of the original
compound represents a considerable pharmacochemical challenge. However, recent
breakthrough results of the field of GPCR structural biology together with robust
computational approaches can provide substantial support for the rational design of novel
fluorescently labeled drugs[54-57]. To fulfil our second objective and exemplify the
diverse applicability of fluorescent GPCR ligands for microscopic studies, we first aimed
to develop a novel pharmacological probe based on an antipsychotic drug, cariprazine.
We hypothesized that a fluorescent cariprazine derivative could elucidate the molecular
pharmacodynamic actions that underly its remarkable clinical success. Furthermore, it
could be an advantageous anatomical research tool for its highest affinity target, the D3
dopamine receptor subtype[42], which is hard to selectively visualize by other affinity
probes. The primary objective during the rational design of the labeled cariprazine was
to preserve the main pharmacological properties of the original drug and to keep its strong
preference towards DsR. Shortly, we built a D3R homology model based on a serotonin
1B receptor structure[58, 59], performed molecular docking simulations to optimize the
site of chemical modifications and synthesized the rationally designed compound (Fig.
2a). Cariprazine was equipped with a short molecular linker and with a highly hydrophilic
analogue of the most popular cyanine dye for single molecule localization microscopy
(SMLM) experiments (Sulfo-Cyb5). Firstly, we tested the pharmacological properties of
the novel probe (Fluo-CAR) by in vitro radioligand binding and BRET-based functional
assays. These validated the remarkable pharmacological similarity between Fluo-CAR
and the original antipsychotic drug, as it preserved its outstandingly high affinity towards
D3R (Kp=1.31 nM)[59] and acted as a weak D3R partial agonist in a BRET assay for Giy

protein activation, a known signaling effector of DsR (Fig. 2b,c). After the
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pharmacological verification, Fluo-CAR was evaluated as a microscopic labeling tool.
Firstly, we expressed hemagglutinin (HA)-tagged Ds3Rs in HEK 293 cells and
simultaneously visualized the Fluo-CAR binding with anti-HA immunolabeling (Fig. 2d).
Fluo-CAR displayed remarkable selectivity to HA-DsR expressing cells, whereas the
plasma membrane of untransfected cells were devoid of Fluo-CAR signal. In accordance
with the excellent physicochemical properties of Sulfo-Cy5 dye for SMLM, we were able
to detect receptor-bound Fluo-CAR molecules with nanoscale precision by STORM
super-resolution microscopy (Fig. 2e-i). Moreover, dual-channel STORM imaging of
ligand- and antibody-based labeling (Pharmaco- and ImmunoSTORM) could be
performed within the same sample. To verify the specificity of the Fluo-CAR-based
PharmacoSTORM signal, we conducted a competitive ligand binding experiment with an
unlabeled, selective DsR antagonist (SB277011-A) (Fig. 2e,f). Pretreatment with
SB277011-A significantly reduced the number of PharmacoSTORM localization points
(LPs) in the plasma membrane of HA-DsR expressing cells but did not alter the

ImmunoSTORM signal.
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Figure 2. Characterization of fluorescently tagged cariprazine. (a) The binding pose of
cariprazine equipped with a linker and a Sulfo-Cy5 dye (Fluo-CAR, yellow) in a human
D3R (grey) homology model (based on PDB:6G79)[58], obtained by molecular docking
simulations. Yellow dashed lines represent the hydrogen bonds between the protein
residues (red) and the fluorescent APD analog. (b,c) Functional characterization of Fluo-
CAR by a BRET-based in vitro D3R signaling assay. Receptor activation state was
assessed by the extent of RET between donor-tagged Gair and acceptor-tagged f1
subunits of Gii heterotrimeric G proteins. Since cariprazine is a partial agonist, the
effects of Fluo-CAR were evaluated in both antagonist (b) and agonist (c) assay formats.
(b) HEK 293 cells were treated with Fluo-CAR or vehicle before stimulation with D3R
selective agonist PD128907. The concentration-response curve of PD128907 was right-
shifted (half maximal effective concentration (ECso) value was increased from 1.047 nM

to 256.1 nM (n = 3)) by Fluo-CAR pretreatment. (¢) Concentration-response curve of
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Fluo-CAR shows the weak agonistic effects of the novel pharmacoprobe (ECso = 44.1
nm). BRET ratios are normalized (norm.) to the baseline ratios and expressed as the
percentage of the signal after 1 uM PD128907 treatment (n = 3). Data are presented as
mean + standard error of the mean (S.E.M.) (d) Representative confocal images of
combined 22mmune- and pharmacolabeling of N-terminally HA-tagged DsRs, expressed
in HEK 293 cell culture. Receptors were simultaneously visualized by immunostaining
against HA-fusion tag and 100 nM Fluo-CAR treatment, and nuclear staining was
performed with 4',6-diamidino-2-phenylindole (DAPI). Fluo-CAR selectively bound cells
that expressed the receptor target. (e) Representative dual Pharmaco- and
ImmunoSTORM images of HA-tagged DsRs in the plasma membrane of HEK 293 cells
after 100 nM Fluo-CAR treatment and anti-HA immunolabeling. Pretreatment with a
selective D3R antagonist (10 uM SB277011-A) markedly reduced the density of Fluo-
CAR STORM LPs, indicating the specificity of the PharmacoSTORM signal. (f)
Quantitative evaluation of the STORM-based competitive ligand binding experiment
fri(e). The relative (rel.) receptor occupancy by Fluo-CAR was defined as the ratio of the
number of Fluo-CAR STORM LPs and ImmunoSTORM LPs detected in the same
membrane segment. To statistically evaluate the reduction of receptor occupancy and
thus confirm the selectivity of Fluo-CAR PharmacoSTORM, two-tailed Mann-Whitney
test was performed (P = 0.0286, n = 4). Data are presented as mean £ S.E.M, normalized
to vehicle pretreatment. (g) Saturation binding curve of Fluo-CAR, assessed by
guantitative Pharmaco- and ImmunoSTORM imaging. Receptor occupancy was
determined as in (f) and expressed in percentage of the signal after 1 uM Fluo-CAR
treatment (n = 3-5). Data were fitted with a one-site sigmoidal binding curve. Half-
maximal receptor occupancy was achieved at 124 nM. (h,i) Visualization of low-
concentration fluorescent ligand binding. (h). After 0.1 nM Fluo-CAR treatment,
individual, sparsely bound Fluo-CAR molecules (white arrows) are detected in the
plasma-membrane. (i) Higher magnification of the binding curve from (g) demonstrates
the specific detection of receptor-bound Fluo-CAR after 0.1 nM pharmacoprobe
treatment. Two-tailed Mann-Whitney U test was performed (P = 0.0294) to confirm

significance (n = 3-4). All data are presented as mean + S.E.M.
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To further challenge the quantitative power of our approach, we performed a
conceptually similar experiment as radioligand-based saturation binding assays, but
instead of scintillation counting of membrane homogenates, the level of receptor
occupancy was evaluated by quantitative dual channel Pharmaco- and ImmunoSTORM
imaging of the plasma membrane segments (Fig. 2g-i). Notably, in our high-resolution
plasma membrane-delimited saturation binding assay, Fluo-CAR binding to HA-D3Rs
exhibited a classical sigmoidal response function (Fig. 2g). Moreover, in line with the
generally high detection sensitivity of SMLM techniques, PharmacoSTORM had the
capacity to visualize drug-target interactions at low ligand concentration, and the D3R
binding of separate Fluo-CAR molecules could be specifically detected even at sub-
nanomolar concentration (Fig. 2h,i). Altogether, our imaging data obtained from in vitro
cell cultures provide compelling evidence about the efficiency of quantitative

PharmacoSTORM microscopy of rationally designed fluorescent drugs.

3.2.2. Multi-scale imaging of fluorescent cariprazine distribution in the mouse

brain

The wide array of fluorescence microscopic techniques offers the possibility to
readily visualize the localization of fluorescent molecules at multiple scales. The broad
topological distribution of fluorescent drugs can be rapidly analyzed in large sets of tissue
samples, whereas super-resolution techniques allow to detect molecules with nanoscale
precision. Here, we apply Fluo-CAR to demonstrate that fluorescent-ligand based
microscopy can be as useful as autoradiography for the visualization of drug-target
interactions at the regional level but brings the additional benefits of high-resolution
anatomical measurements. We illustrate these advantages by combining epifluorescence,
confocal and STORM microscopy for the multi-scale mapping of Fluo-CAR binding in
the mouse brain.

We designed a framework, in which living acute brain slices are treated with a
fluorescent pharmacoprobe before chemical fixation and further processed to conform
various microscopic settings. Low-magnification epifluorescence images showed highest
intensity Fluo-CAR labeling in the ventral part of the basal forebrain (Fig. 3a,b). Closer

examination revealed that the fluorescent drug binding sites in this region are mostly
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concentrated in the vicinity of dense cell masses, which could be observed throughout all
layers of the olfactory tubercle and the ventromedial part of the nucleus accumbens. These
cell densities represent the so-called Islands of Calleja (IoC)[60-62]. The islands are
formed by the aggregations of small granule cells, and the nearby Fluo-CAR rich areas
were identified as “hilar” subregions of the IoC. Despite of the close localization of the
islands to the attentively studied ventral striatum, our knowledge about their exact
physiological or pathophysiological role is highly limited. Furthermore, open questions
remained about their precise anatomical distribution as well. Previous descriptions are
highly controversial about the fact, whether these cell masses embody separate
independent islands or constitute a single structure presumably due to their complex
morphology and lack of reliable selective markers[62—-64]. On Fluo-CAR treated coronal
brain sections, the prominent pharmacoprobe labeling of the “hilus” often connected
separate cell masses (Fig. 3b). This observation encouraged us to perform a precise three-
dimensional reconstruction of the Fluo-CAR rich areas from consecutive coronal brain
samples (Fig. 3c-e). Indeed, our results corroborated that the 10C represent a continuous

structure throughout a surprisingly large portion of the ventral striatum.
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Figure 3. Multi-scale mapping of Fluo-CAR binding in the brain. (a) Representative
epifluorescent image of a coronal mouse forebrain slice, including the ventral and dorsal
parts of the striatum as well as the olfactory tubercle, which was recently termed tubular
striatum[65]. Sections were incubated with 300 nM Fluo-CAR and additional nuclear
staining was performed with DAPI. The inset highlights the brain region with the most
intense Fluo-CAR labeling. Highest pharmacoprobe density is detected in the so-called
hilar subregion of the Islands of Calleja, located in the ventral part of the forebrain. (b)
Islands of Calleja are formed by the accumulation of granule cells and appear as distinct

cell masses on coronal sections. However, the adjacent Fluo-CAR-rich hilar subregions
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regularly interconnect these structures. (c,d,e) Three-dimensional reconstruction of the
Islands of Calleja with the help of Fluo-CAR labeling. Precise tracking of areas with
dense Fluo-CAR binding sites along consecutive coronal sections reveal that the hilus of
the Islands of Calleja represent an unexpectedly large and continuous area. (d,e) Ventral
(d) and sagittal (e) views of the Fluo-CAR-based anatomical model of the Islands of
Calleja (yellow), integrated into a mouse brain atlas. The striatum is displayed alongside
in light gray to emphasize the considerable size of this brain region (NAc: nucleus
accumbens, CP: caudoputamen). Anatomical directions are indicated by white capital
letters. R: rostral, C: caudal, V: ventral, D: dorsal. (f) Representative images of the
Islands of Calleja from wild type or D3R knockout animals (Drd3** and Drd3™,
respectively). Acute slices from Drd3** and Drd3” mice were labeled with Fluo-CAR
and processed for microscopy in parallel. Fluo-CAR labelling markedly decreased in the
hilus of the entire 1oC of Drd3”- animals. Left images show the rostral extension of the
IoC complex, middle images display the so-called major islands, and right pictures
exemplify a typical appearance of the caudal part of the 10C in the polymorph layer of
the olfactory tubercle. (g) Fluorescent pharmacoprobe-based super-resolution imaging
in brain tissue. PharmacoSTORM experiments were performed to visualize Fluo-CAR
molecules in the hilus of the 10C of Drd3*/* and Drd3” animals after 300 nM Fluo-CAR
treatment. In the absence of D3Rs, the density of Fluo-CAR STORM LPs is dramatically
decreased. (h) Statistical comparison of Fluo-CAR binding site density (number of
LPs/um?) measured in Drd3*'* (n = 5) and Drd3” (n = 3) mice by PharmacoSTORM.
Two-tailed Mann-Whitney test was performed (P = 0.0357). (i) Lateral localization
precision of Fluo-CAR PharmacoSTORM in the Island of Calleja was evaluated by the
analysis of the distribution of STORM LPs. The median lateral localization precision was
9.42 nm (n = 98260 LPs).

In light of the strong in vitro preference of Fluo-CAR towards DsRs, we tested
whether this receptor subtype is the main molecular binding partner of the drug in the
loC. To this end, brain sections from D3R knockout (KO) animals were labeled and
processed in the same manner as the wild type (WT) samples (Fig. 3f-h). In accordance
with its receptor affinity profile, Fluo-CAR labeling was fully eliminated from the 10C of

D3R KO animals. These results confirm that the distribution of specific ligand-receptor
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interactions can be readily analyzed by fluorescence microscopy. Next, we demonstrated
the feasibility of fluorescent ligand-based super-resolution imaging of pharmacological
interactions in tissue. We performed STORM experiments with Fluo-CAR in the 1oC of
D3R WT and KO mice (Fig. 3g,h). The number of Fluo-CAR LPs was significantly
reduced in the absence of DsRs, which demonstrated the high specificity of the
PharmacoSTORM signal in tissue samples. As opposed to diffraction limited techniques,
PharmacoSTORM had the capacity to discern individual fluorescent drug molecules from
background and to localize the sites of drug-target interactions with nanoscale precision
(median of 9.4 nm at 5 um tissue depth) (Fig. 3i).

We further challenged the efficiency of our approach and performed
PharmacoSTORM nanoscale imaging in striatal regions where Fluo-CAR labeling was
substantially weaker than in the 1oC based on our diffraction limited microscopic images.
Indeed, the number of PharmacoSTORM LP density was significantly lower in the
adjacent ventral and dorsal striatum (VS and DS), however, the PharmacoSTORM signal
was above the average background level of tissue STORM experiments (Fig. 4a,b). To
validate the specificity of the low-density Fluo-CAR signal, we performed a competitive
binding experiment, in which unlabeled cariprazine pretreatment of acute slices caused a
robust decrease in the number of Fluo-CAR LPs in all areas. In contrast to the 1oC,
specific Fluo-CAR binding was detected even in the dorsal and ventral striatum even in
the absence of D3Rs (Fig. 4c-f). These results are in agreement with the high expression
level of the other lower affinity target of cariprazine, the D2Rs. These results implicate
the feasibility of PharmacoSTORM super-resolution imaging of drug binding sites in

tissue areas with substantially different number of receptor targets.
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Figure 4. The origin and specificity of Fluo-CAR-based PharmacoSTORM signal in
anatomical areas with markedly different drug binding site densities. (a) Representative
PharmacoSTORM images taken in the Islands of Calleja, ventral striatum and dorsal
striatum after Fluo-CAR (300 nM)-treatment of mouse coronal brain slices. (b)
Verification of the specificity of PharmacoSTORM signal in the selected anatomical
areas. The density of Fluo-CAR LPs was normalized to the average STORM background
signal (assessed in brain slices without fluorescent drug treatment), then the background
was subtracted. Kruskal-Wallis test with Dunn’s post-hoc test was performed to
statistically confirm the difference between drug binding site densities (I0C vs. VS, ***,
P =334 x10%; IoCvs. DS, *** P =366 x 10, VS vs. DS, P = 0.6267, not significant
(n.s.)). Wilcoxon signed rank test reveals that PharmacoSTORM LP densities were
significantly different from 0 even in brain regions with lower density of fluorescent drug
binding sites (IoC, n = 21 (from 9 animals), *** P = 9.54 % 107: VS, n =20 (from 4
animals), *** P =1.91 x 10%; DS, n = 19 (from 4 animals), *** P = 3.81 x 10°). Mean
values of each group are indicated on the chart. (¢c) To pharmacologically validate the
Fluo-CAR signal based on ligand binding competition, acute slices were pretreated with
cariprazine (CAR, 30 uM) or vehicle (Veh). Genetic control experiments were performed
to determine the fraction of DsRs among the molecular targets of Fluo-CAR in the
different brain regions. (d-f) Fluo-CAR signal was markedly reduced by cariprazine

pretreatment in all areas, suggesting the specificity of the labeling method. (d) Fluo-CAR
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binding was abolished in the loC after cariprazine pretreatment as well as in the absence
of D3Rs. Kruskal-Wallis test with Dunn’s post-hoc test was applied (Drd3*"* Veh, n =
21 (from 9 animals); Drd3” Veh, n = 13 (from 7 animals); Drd3*"* CAR, n = 12 (from 4
animals); Drd3** Veh vs. Drd3” Veh, *** P = 7.72 x 10-6; Drd3*'* Veh vs. Drd3**
CAR, *** P = 289 x ]0-6; Drd3” Veh vs. Drd3** CAR, P > 0.9999). (e) Fluo-CAR
specifically labeled both D3 and non-Ds receptor targets in the VS. One-way analysis of
variance (ANOVA) with Bonferroni post-hoc tests were performed (Drd3** Veh, n = 20
(from 4 animals); Drd3” Veh, n = 11 (from 4 animals); Drd3** CAR, n = 16 (from 4
animals); Drd3** Veh vs. Drd3” Veh, *, P = 0.0178; Drd3*'* Veh vs. Drd3** CAR, ***,
P=4.71 x 107; Drd3" Veh vs. Drd3** Car, *, P = 0.042). (f) PharmacoSTORM signal
was cariprazine-sensitive but was not DsR-dependent in the dorsal striatum. One-way
ANOVA with Bonferroni post-hoc tests were performed (Drd3** Veh, n = 19 (from 4
animals); Drd3” Veh, n = 16 (from 4 animals); Drd3** CAR, n = 10 (from 4 animals);
Drd3** Veh vs. Drd3”- Veh, P > 0.9999; Drd3** Veh vs. Drd3*"* CAR, **, P = 0.0048;
Drd3” Veh vs. Drd3** CAR, ** P = (0.0047). Data are presented as mean + S.E.M, dots

represent the data of individual images in all panels.

3.2.3. Combined imaging of pharmacological and anatomical markers

As opposed to autoradiography, fluorescence imaging enables the simultaneous
visualization of various proteins of interest, including specific regional and cellular
fluorescent anatomical markers. The prevailing technique to delineate distinct brain
regions or to differentiate neuronal cell types is immunostaining. Therefore, we
hypothesized that concurrent pharmacological- and immunological tissue labeling can
facilitate the investigation of molecular pharmacological interactions within a well-
defined anatomical context.

Considering the D3R preference of FLuo-CAR in the 10C, we visualized the
distribution of drug binding sites together with functionally related dopaminergic
signaling proteins. Firstly, we selected dopamine- and cAMP-regulated neuronal
phosphoprotein of molecular weight 32,000 (DARPP-32) as a concomitant target, which
represents a key intracellular modulator of dopaminergic signaling in striatal medium

spiny neurons. Accordingly, DARPP-32 immunostaining showed the prominent
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expression of the protein throughout the whole striatum (Fig. 5a). On the other hand, it
was below detection sensitivity in the 10C on large scale confocal microscopic images.
Another characteristic feature of the striatum is its intense dopaminergic innervation.
Therefore, we next performed anti-tyrosine hydroxylase (TH) immunolabeling, which
visualizes the key neurotransmitter synthesizing enzyme in dopaminergic afferents. In
contrast to DARPP-32, TH-immunoreactive afferents constitute an extensive meshwork
in the granular as well in the hilar subregions of the islands (Fig. 5b). Since our regional
analysis showed that the dense aggregation of Fluo-CAR binding sites matches with sites
of local dopamine synthesis, we next applied super-resolution microscopy to investigate
the more precise anatomical organization of Fluo-CAR targets and TH-immunopositive
terminals. We performed combined confocal and PharmacoSTORM imaging of TH
immunostaining and Fluo-CAR binding sites (Fig. 5c¢,d). Surprisingly, in contrast to our
low magnification images, Fluo-CAR LPs rather avoided the TH-immunolabeled
dopaminergic terminals at the nanoscale level. These results highlight that the distribution
of drug binding sites needs to be analyzed at multiple scales to be able to draw

functionally relevant conclusions from anatomical observations.
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Figure 5. Correlated imaging of Fluo-CAR binding sites with immunolabeled
dopaminergic signaling proteins. (a-b) Representative images of combined Fluo-CAR
labeling and immunolabeling in the mouse basal forebrain. Acute slices were incubated
with 300 nM Fluo-CAR and were further processed for immunostaining against well-
known dopaminergic signaling proteins. (a) Comparative analysis of Fluo-CAR and
DARPP-32 distributions reveals the lack of DARPP-32 labeling in the cell bodies of 10C
granule cells and in the hilar subregion. (b) In contrast to DARPP-32, a dense TH
immunopositive meshwork of neuronal processes was found throughout the loC,
indicating the aminergic innervation of this region. (c¢) High-power confocal images of
TH immunopositive boutons correlated with Fluo-CAR-based PharmacoSTORM
localization point pattern. High-density Fluo-CAR binding sites avoid TH+ afferents. (d)
Quantitative analysis of the spatial relation between Fluo-CAR binding sites and
dopaminergic afferents in the 1oC. If TH+ terminals would be the subcellular structures
that underly the prominent Fluo-CAR labeling in the loC, we would expect an
accumulation of the PharmacoSTORM signal on them. However, we found that the
density of Fluo-CAR LPs on TH+ compartments was less than it would be expected from
a random distribution of the same number of LPs. (Data are normalized to the Fluo-CAR
STORM LP density on each image, thus the hypothetical average density equals 1.)
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Wilcoxon signed rank test was used to test if data are statistically different from 1 (n =
12, data are from 5 animals). Fluo-CAR density is significantly smaller on dopaminergic
terminals (P = 0.0048) for real Fluo-CAR binding sites, but P = 0.7836 if
PharmacoSTORM LPs are spatially randomized.

3.2.4. Cell-type specific PharmacoSTORM imaging

Centrally acting drugs can modulate multiple parallel brain circuits that are
formed by a large number of anatomically and functionally diverse neuronal cell types.
Accordingly, it is becoming increasingly appreciated that cell-type-specific approaches
are required to gain insights into the neurobiological mechanisms of the pharmacological
actions. To address this challenge, we further improved PharmacoSTORM to determine
the cell-type specific binding sites of cariprazine within the Islands of Calleja circuitry.
We exploited the possibility of multi-channel fluorescence imaging with pharmacological
probes and developed a novel methodical procedure that enables the concurrent
visualization of drug binding sites and individual neurons. To this end, 1oC granule cells
were functionally characterized by whole-cell patch-clamp electrophysiological
recordings in acute brain slices. Thereafter, cells were filled with biocytin via the patch
pipette, and then the preparations were treated with Fluo-CAR (Fig. 6). This way, we
were able to perform correlated three-dimensional analysis of granule cell morphology
with Fluo-CAR distribution by multi-channel confocal microscopy. Our systematic
analyses revealed that a thin, gracile process, which shows morphological features of an
axon, consistently enters the Fluo-CAR rich hilus and arborizes exclusively in this
subregion. On the other hand, dendrite-like processes of granule cells and their branches
remain confined in the cell-dense area.

Our differential observations at different anatomical scales with dopaminergic
terminals encouraged us to deeper analyze the spatial relation between the drug binding
sites and neuronal processes of morphologically- and electrophysiologically-
characterized granule cells (Fig. 7.) We performed -correlated confocal and
PharmacoSTORM imaging of granule cell axons and Fluo-CAR respectively (Fig. 7f-j).
In contrast to the nanoscale mismatch between dopaminergic terminals and

PharmacoSTORM LPs, Fluo-CAR binding sites were preferentially located at granule
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cell axons. The nanoscale association could be observed both on the axon varicosities and
on inter-connecting axonal segments, and we found no significant difference between the

PharmacoSTORM LP densities on these subcellular compartments (Fig. 7 h-j).

Fluo-CAR
Biocytin

Figure 6. Correlated three-dimensional analysis of neuronal morphology and Fluo-
CAR binding in the 10C. (a,d,g) Maximum intensity projections of confocal microscopic
z-stacks of mouse coronal slices, labeled with Fluo-CAR and DAPI. In the same sections,
loC granule cells were filled with biocytin and visualized by fluorescent streptavidin. A
common morphological feature of granule cells is that the main processes specifically
arborize within the 10C: the thick, dendrite-like processes remain restricted to the cell-
dense region, and the thin, axon-like processes exclusively target the Fluo-CAR rich
hilus. (b,e,h) 3D models of granule cells (cyan) and high-density Fluo-CAR binding sites
(yellow) based on confocal microscopic z-stacks. The cell-dense region of the 10C (blue)
and the Fluo-CAR rich hilus are transparent for the better visualization of granule cell
neurites. (c,f,i) Higher-magnification top angle view of the 3D models from (b,e,h)

highlight the morphology of ,, hilar” processes of granule cells.
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Figure 7. Cell-type-specific analysis of Fluo-CAR binding. (a,b) A representative
granule cell in the Island of Calleja was filled with biocytin during whole-cell patch-
clamp recordings in acute coronal slices. The same sections were live-stained with 300
nM Fluo-CAR for the combined visualization of drug binding sites and 3D neuronal
morphology. Note that the arborization of the granule cell strictly follows the unique
shape of the Island of Calleja, and one of its processes preferentially branches in the hilar
region. (b) 3D reconstruction of the same granule cell. The neuronal process that enters
the Fluo-CAR-rich region is marked in yellow, and hereinafter referred to as hilar
process. (c-h) Visualization of Fluo-CAR drug binding sites on an anatomically- and
electrophysiologically-characterized neuron. To decipher morphological (c) as well as
functional (d) characteristic of individual cells, neurons were filled with biocytin during
whole-cell patch-clamp recordings. (c) Representation of an loC granule cell,
reconstructed with Neurolucida neuron tracing software. (d) Voltage traces in response
to +7 pA, 0 pA, -10 pA depolarizing and hyperpolarizing current steps from resting
membrane potential recorded. (c-e€) Multi-scale visualization of the hilar process. (c)

Overall morphology of the neurite is represented by a maximum intensity z-projection of
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a low-magnification confocal image stack. (d) Volume view of a high-resolution confocal
image stack of a varicose segment. High magnification deconvolved confocal image of
an individual granule cell bouton (e). (f) Fluo-CAR binding sites on the varicosity from
(e) were investigated by correlated confocal and PharmacoSTORM imaging. ()
Statistical investigation of Fluo-CAR enrichment on granule cell varicosities. Scatter dot
plot shows the PharmacoSTORM LP density on hilar processes normalized to the average
LP density on each image. Wilcoxon signed rank test reveals that Fluo-CAR density on
the hilar processes of biocytin-filled cells is significantly above the average of 1 (n = 13,
data are from 6 animals, P = 0.0002). As a control, we randomly distributed the same
number of LPs, in which case LP density values on the hilar processes were not different
from 1 (P = 0.8394). (h) Correlated confocal and PharmacoSTORM image of a long
preterminal segment of a biocytin-filled granule cell axon (cyan). (i) Schematic
illustration of segmented PharmacoSTORM images of axon terminals (Axon Term.) and
preterminal axonal (Preterm. Axon) segments. The contours of distinct axonal
subcompartments were determined by correlated high-resolution confocal microscopic
images (shown with blue dashed lines). Fluo-CAR-based PharmacoSTORM LPs are
presented by black dots. (j) Scatter dot plot represents the Fluo-CAR LP density on
different subcompartments of granule cell axons. Data are normalized to the mean LP
density on axon terminals. Two-tailed Mann-Whitney test revealed that the density of
Fluo-CAR binding sites is not significantly different on axon terminals and preterminal

axon segments (n = 17 and n = 20, respectively, P = 0.402).

3.2.5. PharmacoSTORM can reveal real in vivo binding sites of cariprazine

Finally, we raised the question whether the in vitro nanoscale distribution of Fluo-
CAR PharmacoSTORM LPs reflects real in vivo binding sites of the original clinical drug.
According to our previous competitive PharmacoSTORM-based assay, cariprazine
occupies the same binding sites as Fluo-CAR if it is applied to in vitro acute brain slices,
it. As a next step we directly tested whether the nanoscale localization of cariprazine in
the brain of live mice can be determined by the displacement of its fluorescent analog. To
this end, we intraperitoneally injected cariprazine to live mice 2 hours before

pharmacological labeling and subsequently performed confocal and STORM imaging
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(Fig. 8a). In vivo cariprazine administration prevented Fluo-CAR binding in the hilus of
the 1oC, and PharmacoSTORM LPs were fully eliminated (Fig. 8b). Furthermore, we
applied correlated confocal and PharmacoSTORM imaging of dopaminergic boutons and
Fluo-CAR to further demonstrate how super-resolution imaging with fluorescent
pharmacoprobes can bring quantitative pharmacology and precise anatomical studies
together (Fig. 8c-e).
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Figure 8. Deciphering in vivo target engagement of cariprazine by PharmacoSTORM.
(a) Schematic illustration of the competitive binding assay. 1 mg/kg cariprazine or vehicle
was intraperitoneally injected to live animals, two-hours before the pharmacological
staining procedure with 30 nM Fluo-CAR. (b) Confocal images of the rostromedial
extension of the loC (left) and the so-called major island (right) show that in vivo
administered cariprazine efficiently prevented Fluo-CAR binding in the hilus of the 1oC.
(c) Analysis of the competitive ligand binding experiment in an anatomical context by
correlated confocal and quantitative PharmacoSTORM imaging. In vehicle treated
animals, Fluo-CAR LPs are abundant in the hilus of the 1oC but not associated to TH+
terminals. On the other hand, cariprazine administration markedly decreased the number
of Fluo-CAR binding sites, indicating that the PharmacoSTORM LPs illuminate in vivo
molecular targets of the original antipsychotic. (d) Statistical analysis of the Fluo-CAR
binding site density (LPs/um?) in the hilus of the 10C in cariprazine- or vehicle-treated
mice (n = 4). The average density of PharmacoSTORM LPs obtained throughout the 1oC

of each mouse is plotted. Two-tailed Mann-Whitney test was performed to test if Fluo-
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CAR density values are significantly different (n=4, P = 0.0286). Data are presented as
mean = S.E.M.
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4. Discussion

Labeled analogues of GPCR ligands are instrumental to study the physiology and
pharmacology of receptors. Since their first applications in the 1970s, radioligand-based
assays represent the gold-standard methods to characterize drug-target interactions. On
the other hand, due to the rapid spread of fluorescence techniques and the general safety
concerns with radioactive materials, fluorescent drugs have become popular alternatives
to their radioactive counterparts in ligand binding measurements[9]. Furthermore, they
offer the possibility to answer emerging questions about GPCRs that are hard or

impossible to address with classical radioassays.

4.1. Availability and development of labeled GPCR ligands

In my doctoral thesis, | introduced two novel techniques that exploit the potential of
fluorescently labeled small molecules and studied different aspects of DR ligand-binding.
A key objective during the development of the new methods was to design workflows
that can be readily applied to a variety of other fluorescent ligand-GPCR pairs. Certainly,
the generalization of our advanced methodologies requires the broad availability of
appropriate fluorescently labeled drugs. The basic concept behind the development of
radioactive or fluorescent drugs is to chemically modify already known, well-
characterized receptor ligands without causing major alterations in their receptor binding
profiles. In the case of tritiated radioligands, the exchange of a hydrogen atom to a
radioactive *H scarcely effects the overall molecular structure[66]. Also, with a few
exceptions, a 121 isotope can be introduced to iodinated drugs without dramatic changes
in their receptor affinity[67]. Conversely, the production of fluorescent small molecules
that possess the original characteristics of the unlabeled compounds is more challenging,
because the conjugation of relatively large fluorescent moieties might have greater
influence on receptor-ligand interactions than the incorporation of radioisotopes. On the
other hand, the rapidly progressing field of GPCR structural biology coupled with
advanced chemical methodologies provide considerable assistance to overcome this
difficulty[54-56]. The number of available GPCR structures in different conformational
states is rapidly rising due to the advanced X-ray crystallographic techniques and to the

recent breakthrough methodology of electron cryo-microscopy[57]. Furthermore, the
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expanding set of structures is acquainted by advanced computational approaches to
simulate and predict the docking of millions of small molecules. We applied a
commercially available fluorescent D1 receptor ligand, and also provided an example of
how recent technical improvements in the field of structural biology can facilitate the
rational design of optimal pharmacological probes (or pharmacoprobes in short) by the
development of a Sulfo-Cy5-tagged analogue of an antipsychotic drug, cariprazine (Fluo-
CAR) (Fig. 9a-d).
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Figure 9. General workflow for the development and applications of novel
PharmacoSTORM probes

The novel fluorescent probe displayed highly similar pharmacological characteristics as
the original drug, and the fluorophore preserved its excellent photochemical properties
for microscopic imaging. Notably, the synthesis and application of radioactive isotopes
require a strict regulatory framework, however the development of fluorescent ligands
does not necessitate such security measures[12]. Another benefit of fluorescent tagging
is that numerous fluorophores with different excitation wavelength, brightness, and
water-solubility are readily available, and thus can accomplish the objective of various

fluorescence-based experiments.

4.2. Importance of easily reachable fluorescent ligand binding assays

Considering the expanding knowledge of receptor-ligand interactions, the number of

commercially available or custom-made fluorescent ligands is expected to rapidly

increase in the future. Therefore, it is of growing importance to develop simple, easily
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accessible fluorescent ligand-based binding assays that can be generalized for a broad
range of receptors. Here, we took advantage of a commercially available fluorescent D:R
receptor antagonist to quantify the ligand binding of D1 dopamine receptors with a novel
BRET-based approach. Previous BRET-based measurements of dopamine receptor
occupancy with fluorescent pharmacoprobes required the covalent modification of the
receptors[15]. In this study, we successfully assessed the small molecule binding of
unmodified D:Rs in the plasma membrane of live HEK 293 cells with a novel Gaussia-
luciferase biosensor and a fluorescent D1R antagonist. Due to the excellent luminescent
characteristics of the Gaussia-luciferase enzyme, the high signal-to-noise ratio and the
simple execution of the measurements, our assay may also be suitable for high-throughput
D:R ligand screening.

The same ligand (BODIPY-FL-SKF-83566) has been previously applied for the
characterization of non-labeled D1R ligands in a fluorescence anisotropy-based assay[52].
Fluorescence anisotropy-based ligand binding measurements are also relatively easy to
perform, however they do not allow ratiometric measurements and they require very high
receptor concentrations that cannot be achieved in routine heterologous expression
systems. One way to solve this issue, is to express GPCRs on the surface of budding
baculoviruses[52, 68]. However, the easy pharmacological manipulation of routine
expression systems, such as HEK 293 cells, and the simple co-expression of intracellular
signaling molecules that can shift GPCRs between different affinity states offer more

opportunities to investigate complex pharmacological phenomena[69-71].

4.3. Pharmacoprobes as microscopic labeling tools

4.3.1. General aspects of pharmacoprobe-based tissue labeling

In addition to their various applications in binding assays, fluorescently labeled drugs
have also been visualized by various optical microscopic modalities in cell cultures and
tissue specimen [72—-79]. A general advantage of pharmacoprobe-based receptor labeling
techniques is that small molecules can readily penetrate thick tissue samples and provide
a homogenous binding pattern. On the other hand, the most frequently applied labeling

technique for microscopic imaging is immunostaining, which usually requires the
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permeabilization of chemically-fixed samples before the labeling procedure to enhance
the tissue penetration of relatively large-size antibodies. Even if permeabilization steps
are included in the sample handling protocol, immunolabeling may take considerable time
(days), and antigens in crowded molecular complexes may remain inaccessible to
antibodies. In addition, heavy permeabilization methods can substantially alter the
ultrastructure of the tissue. Therefore, the rapidly progressing field of deep tissue
fluorescence microscopy and volumetric super-resolution imaging[80-83] can greatly
profit from novel small molecular weight probes. In this study, with the help of Fluo-
CAR, we successfully labeled D3Rs within live acute brain slices that were substantially
thicker (from hundreds of pm to the mm range) than tissue sections generally used for
immunostaining (20-60 pum).

Furthermore, we established an experimental workflow to combine
pharmacoprobe- and antibody-based labeling for the simultaneous visualization of drug
binding sites and anatomical marker proteins. Certainly, due to the additional washing
steps, only high-affinity fluorescent ligands with long receptor residence time are suitable
for the combined pharmacological and immunostaining of target proteins. In general, if
rapidly dissociating fluorescent ligands are used for receptor localization studies, only
fast and delicate post-processing steps can be performed on the sample before
microscopic imaging to acquire a sufficient level of fluorescence signal. Moreover, in the
case of multi-target fluorescent ligands, differences in the dissociation rate constants at
distinct receptors must be taken into consideration if the experiments attempt to compare
the level of target occupation at different receptor subtypes. It is conceivable that the
expanding set of covalent GPCR ligands will overcome these constraints by providing
guidance for the synthesis of novel fluorescent pharmacoprobes that can irreversibly
attach to their receptors. Covalent GPCR ligands have been designed for a variety of
purposes by numerous different technical approaches[84, 85]. Irreversibly binding
dopamine receptor ligands have been introduced for D1 and D»-like receptors as well.
However, in many cases, the covalent attachment of these probes necessitates
incorporation of receptor mutations, which complicates their adaptation to tissue
samples[86-88].

Importantly, as is the case with all experimental techniques, pharmacoprobe-based

labeling requires strict validation steps. A great advantage of labeled drugs is that the
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specificity of their tissue localization pattern can be readily tested in competition ligand
binding assays. In contrast, the selectivity of a novel antibody has to be verified on
samples from knockout animals, which can substantially increase the costs of the
experiments or might even be unavailable[89]. The generally high batch-to-batch
variability further challenges the quality control of experimental antibodies [90, 91]. In
addition, regularly applied fluorescent secondary antibodies hold variable number of
fluorophores, which may result in the false detection of “artificial clusters” in SMLM
studies and may easily lead to the overcounting of the receptor targets without rigorous
validation. In this regard, rationally designed fluorescent drugs may be particularly
advantageous for quantitative super-resolution pharmacological receptor studies. As
opposed to the unpredictable amplification steps during immunolabeling, fluorescent

ligands bind their targets with known stoichiometry and carry a single fluorophore.

4.3.2. Pharmacoprobes for anatomical localization studies

Although fluorescent ligands provide a straightforward opportunity to decipher the
anatomical localization of their high-affinity receptor partners in complex tissue
preparations, the precise mapping of a specific receptor subtype requires a selective
pharmacoprobe, which might be hard to acquire if structurally homologous receptors are
also expressed in the same sample. This applied to D3Rs since it shares fundamental
structural similarities with other members of the D»-like dopamine receptor subfamily[92,
93]. The primary orthosteric ligand binding pockets of D. and Ds receptors are principally
formed by the same conserved amino acid residues, and the region-specific expression
profiles of the two receptor subtypes are greatly overlapping in many brain areas[28].
Despite of the remarkable structural homology between the two receptor subtypes, several
D3sR-preferring labeled ligands have been successfully developed and have been applied
for a variety of studies. However most of them has only moderate D3R selectivity, which
complicates their interpretation. These include radiotracers for in vivo positron emission
tomography imaging and radioligands for autoradiography[35, 51, 94, 95]. Recently, a
new set of DsR-selective fluorescent ligands have been developed and thoroughly
characterized in signaling assays. Although their performance have not been shown in

tissue samples yet, they may also have the remarkable potential to further investigate the
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high-precision anatomical localization of this receptor subtype[15, 50]. Furthermore, the
recently resolved structures of D, and D3 receptors will likely facilitate the development
of additional selective high-affinity DR probes[93, 96].

4.3.3. Microscopic pharmacoprobes based on clinically applied drugs

Labeled therapeutics can be excellent tools for the anatomical investigation of their high-
affinity molecular targets. However, their unique power is their ability to visualize the
distribution of in vivo administered pharmacoprobes and thus provide important
information about their pharmacodynamic and pharmacokinetic actions. Nonetheless, the
investigation of labeled probes in brain tissue after systemic exposure is an extraordinary
challenge, since the blood-brain barrier greatly determines the chemical properties of
molecules that can enter the CNS. Certainly, the introduction of a single radioisotope to
a neuropsychiatric drug has less impact on its ability to cross the blood-brain barrier than
the fusion of a relatively large fluorescent moiety. In ex vivo autoradiography
experiments, radioactive drugs are administered in vivo, then animals are sacrificed, and
the distribution of the pharmacoprobes is analyzed on thin tissue sections[97]. However,
the relatively low resolution and the lack of additional anatomical markers on classical
autoradiographs do not allow the visualization of the precise binding sites within distinct
brain regions and on the surface of specific cell types. Contrarily, super-resolution multi-
color fluorescence microscopy allows the nanoscale spatial localization of proteins on
specified anatomical structures. To circumvent the limitations of the blood-brain barrier
and to determine the in vivo sites of cariprazine action with the help of a fluorescent
analogue, we established a displacement assay in which unmodified cariprazine was
administered to live mice, then Fluo-CAR treatment was executed on acute brain slices.
In this manner, the displacement of the fluorescent signal in cariprazine-treated animals
demonstrated that our in vitro PharmacoSTORM experiments detect real in vivo binding
sites of the antipsychotic drug. Importantly, a single fluorescent ligand with a well-
defined binding pattern can reveal in vivo binding sites of any other small molecules that
occupy the same targets. Furthermore, competitive fluorescent-ligand binding
experiments can also uncover unexpected off-target binding sites that may underlie

clinical side effects. In this regard, fluorescent D3R probes are likely to be of outstanding

43



pharmaceutical interest, since D3R has been recently recognized as an in vitro target of
certain drug excipients, but their DsR engagement in brain tissue after systemic

administration remained elusive[36].

4.4. Multi-scale anatomical distribution of fluorescent cariprazine — significance of
Islands of Calleja granule cells

As we demonstrated by the mapping of Fluo-CAR binding sites in mouse brain tissue, a
key strength of the PharmacoSTORM approach is that it supports the analyses of
pharmacological interactions at multiple anatomical levels. The region-specific
distribution of the novel fluorescent derivative was consistent with the D3R preference of
the original drug, and the most prominent signal was detected in the Islands of Calleja,
where high levels of D3R expression have been previously shown by low-resolution
MRNA in situ hybridization and autoradiographic studies[43, 98, 99]. Importantly, the
presence of DsRs at lower density has been shown in several other brain regions as
well[99-104], however, the prominent Fluo-CAR binding clearly demarcated the 10C
from neighboring striatopallidal regions. Moreover, the three-dimensional (3D)
reconstruction of high-density ligand binding sites discerned that the 10C represents a
surprisingly large continuous neuronal assembly. The complex forms several inclusions
in the olfactory tubercle (often referred to as minor islands), and the so-called major island
is elongated at the medial border of the nucleus accumbens. Fluo-CAR binding sites
disappeared from all parts of the 1oC of D3R KO animals, suggesting that this receptor
subtype is the main molecular target throughout the whole complex. By relying on the
high resolution of STORM imaging, we have shown that the nanoscale distribution of
drug binding sites is not associated with dopaminergic axon terminals, suggesting that the
majority of DsRs in the 10C are regulated by volume transmission. Our findings are in
agreement with the high affinity of D3Rs towards its endogenous ligand, dopamine: D3R
has 100-fold higher affinity to dopamine than D2R[93], and thus can be efficiently
activated at low ligand concentrations, far from the dopamine release sites. Altogether,
these results implicate that the concerted modulation of DzRs in the 1oC may underly
important behavioral effects of cariprazine. Despite of the strategic localization of the 1oC

complex, and the widely accepted role of D3R in various mental illnesses[43, 104-106],
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the contribution of 1oC granule cells to the pathophysiology or pharmacology of
neuropsychiatric diseases has not been experimentally investigated before. Here, we
showed by cell-type- and compartment-specific PharmacoSTORM imaging that
cariprazine preferentially targets lIoC granule cell axons, and thus modulate their neuronal
output. As a partial agonist[42], cariprazine may activate D3R signaling at low dopamine
levels but can also antagonize the effects of high neurotransmitter concentrations.
Consequently, its agonistic or antagonistic actions may alternate with the fluctuations of
the extracellular dopamine level, that reflect different internal states of the brain and are

coupled with changes in outward behavior[29].
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5. Conclusions

In the current thesis, | presented two novel methods that exploit fluorescent drugs for
studying receptor-ligand interactions and demonstrated their usefulness by the
examination of dopamine receptor targeting drugs.

First, we showed that the novel Gaussia-luciferase-based plasma membrane-
targeted biosensor is an excellent tool for the precise characterization of D:R ligand
binding. We found the following advantages of the assay: 1. ligand binding of unmodified
D:Rs can be readily studied in a convenient assay format; 2. specific bystander BRET
can be detected with high signal-to-noise ratio; 3. the measurement is cost-efficient, since
it required a relatively non-expensive luciferase substrate, coelenterazine.

Second, we proposed a novel fluorescent ligand-based framework, called
PharmacoSTORM. To corroborate the clinical significance of our work, we introduced
our workflow by the investigation of a blockbuster antipsychotic drug, cariprazine, and
reached the following conclusions: 1. The development of a fluorescent cariprazine
analogue (Fluo-CAR) demonstrates that the generation of specific pharmacological
probes can be greatly facilitated by structure-based rational design and advanced
chemical techniques. Fluo-CAR preserved the main pharmacological characteristics of
the original drug and its high affinity towards D3R made it a suitable labeling probe for
this receptor subtype in both overexpression and native systems for super-resolution as
well as conventional fluorescence microscopy. 2. We provided a multi-scale anatomical
map of Fluo-CAR binding sites in the mouse forebrain, which revealed extensive D3R
labeling in the Islands of Calleja (10C). Detailed 3D analysis of the unique Fluo-CAR
binding pattern revealed that the 10C represent a large, continuous assembly of granule
cells. 3. We introduced a straightforward experimental way to study the nanoscale
distribution of unlabeled drugs in the mouse brain and verified that Fluo-CAR binding
sites in the 1oC represent real in vivo targets of cariprazine. 4. We showed that
pharmacoprobes can be combined with immunohistochemical markers. Moreover, we
proved the feasibility of cell-type-specific PharmacoSTORM imaging on
electrophysiologically- and morphologically-characterized neurons. We revealed Fluo-
CAR binding sites on DARPP-32 negative granule cell axons in the Islands of Calleja,

that were surrounded by tyrosine hydroxylase-positive dopaminergic nerve terminals.
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Taken together, our data implicate that PharmacoSTORM has outstanding power to

visualize receptor binding of individual drug molecules in a native tissue environment.
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6. Summary

Fluorescent ligands are emerging tools for the characterization and microscopic
visualization of receptor-ligand interactions. In this thesis, | briefly review the key
concepts of fluorescent ligand-based GPCR assays and introduce two novel methodical
developments. | demonstrate their advantages by the investigation of dopamine receptors.

Firstly, we applied a novel BRET assay to assess the ligand binding of the Dy
dopamine receptor. An important advance of our approach is that the assay requires no
genetic modification of the receptor of interest, since BRET is measured between a cell
surface-anchored Gaussia-luciferase and fluorescent ligands bound to native receptors.
We adjusted the approach for D1R using a commercially available fluorescent D:R ligand
and showed that the assay is suitable for competitive ligand binding measurements.

In the second part, we established a novel framework, termed PharmacoSTORM,
that enables precise anatomical localization of identified drug binding sites. We designed
and synthesized a novel fluorescent probe based on the DsR-preferring antipsychotic
drug, cariprazine. We demonstrated that the fluorescent analog (Fluo-CAR) displays
similar pharmacological characteristics as the original drug and is amenable for a variety
of fluorescence imaging techniques, including STORM super-resolution microscopy. 3D
anatomical mapping of Fluo-CAR distribution in the mouse brain showed the highest
density of Fluo-CAR binding sites in the Islands of Calleja (1oC) and revealed that this
enigmatic brain region represents a large continuous network of granule cells in the
tubular striatum. PharmacoSTORM super-resolution imaging uncovered that at the
nanoscale level, Fluo-CAR interacted with DsRs on granule cell axons. Combined
pharmacological- and immunological labeling revealed that Fluo-CAR bound D3Rs are
not associated with dopaminergic terminals in the 10C, suggesting that they are mostly
involved in dopaminergic volume transmission. Pharmacological and genetic control
experiments confirmed that DsRs on granule cell axons represent real in vivo targets of
the unmodified, clinically applied drug.

Taken together, these technical achievements show the power of fluorescent
ligands for the high-resolution analyses of drug binding. Additionally, the prominent
density of cariprazine binding sites on 1oC granule cells implicates their importance in

neuropsychiatric diseases and highlights their potential as future pharmacological targets.
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