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Series Preface

Experimental life sciences have two basic foundations: concepts and tools. The Newuromethods
series focuses on the tools and techniques unique to the investigation of the nervous system
and excitable cells. It will not, however, shortchange the concept side of things as care has
been taken to integrate these tools within the context of the concepts and questions under
investigation. In this way, the series is unique in that it not only collects protocols but also
includes theoretical background information and critiques which led to the methods and
their development. Thus it gives the reader a better understanding of the origin of the
techniques and their potential future development. The Neuromethods publishing program
strikes a balance between recent and exciting developments like those concerning new animal
models of disease, imaging, in vivo methods, and more established techniques, including,
for example, immunocytochemistry and electrophysiological technologies. New trainees in
neurosciences still need a sound footing in these older methods in order to apply a critical
approach to their results.

Under the guidance of its founders, Alan Boulton and Glen Baker, the Newuromethods
series has been a success since its first volume published through Humana Press in 1985. The
series continues to flourish through many changes over the years. It is now published under
the umbrella of Springer Protocols. While methods involving brain research have changed a
lot since the series started, the publishing environment and technology have changed even
more radically. Neuromethods has the distinct layout and style of the Springer Protocols
program, designed specifically for readability and ease of reference in a laboratory setting.

The careful application of methods is potentially the most important step in the process
of scientific inquiry. In the past, new methodologies led the way in developing new disci-
plines in the biological and medical sciences. For example, Physiology emerged out of
Anatomy in the nineteenth century by harnessing new methods based on the newly discov-
ered phenomenon of electricity. Nowadays, the relationships between disciplines and meth-
ods are more complex. Methods are now widely shared between disciplines and research
areas. New developments in electronic publishing make it possible for scientists that
encounter new methods to quickly find sources of information electronically. The design of
individual volumes and chapters in this series takes this new access technology into account.
Springer Protocols makes it possible to download single protocols separately. In addition,
Springer makes its print-on-demand technology available globally. A print copy can there-
fore be acquired quickly and for a competitive price anywhere in the world.

Wolfgang Walz






Preface

Editorial

The largest group of plasma membrane receptors is the group of G protein-coupled recep-
tors (GPCRs) that can be activated by numerous ligands, including amino acids, ions,
peptide neurotransmitters, hormones, fatty acids, and proteins. The receptors share a simi-
lar core structure with seven transmembrane a-helices, an extracellular amino terminus, and
an intracellular carboxy terminus. The amino termini of GPCRs, together with the extracel-
lular loops, bind the specific ligands, while the intracellular loops provide multiple binding
sites for G proteins. According to the current model of GPCR activation, it is assumed that
binding of the cognate ligand to the receptor triggers small conformation changes in the
arrangement of the transmembrane domains, leading to the dissociation of trimeric G pro-
teins into a and By subunits [1]. As a result, effector enzymes are activated, including ade-
nylate cyclase and phospholipase C. The G protein confers specificity to the signaling
pathway induced by a particular GPCR.

The Problem: Complexity of GPCR Signaling

Signal transduction via GPCRs is complex, as GPCRs may couple to more than one G pro-
tein. Furthermore, a ligand may bind and activate several distinct GPCRs that may differ in
their affinities to the type of trimeric G protein, thus leading to the activation of different
effector enzymes. The complexity of GPCR signaling is further increased by the involve-
ment of at least 5 G subunits and at least 11 Gy subunits. In addition to signaling via G
proteins, GPCRs have a second signaling mode that is facilitated by the cell-scaffolding
fB-arrestin proteins, thus providing a distinct G protein-independent intracellular signaling
pathway [2]. Together, multiple downstream signaling pathways can be activated as a result
of GPCR stimulation. Furthermore, many tissues express several GPCR types that respond
to a single ligand. Thus, administration of natural ligands will result in complex responses
that are difficult to interpret. Biased drugs have been developed that do not activate equally
well both G protein and B-arrestin pathways, but rather preferentially activate either the G
protein or the B-arrestin-mediated signaling cascade. However, this approach does not
solve the problem that GPCRs are expressed in multiple tissues and are activated by natural
ligands as well as by agonists.

Vii



viii Preface

The Solution: Designer Receptors Exclusively Activated
by Designer Drugs (DREADDSs)

To understand the physiological functions of GPCRs, modified receptors are required that
couple with only one of the heterologous G proteins or with the arrestin proteins. In addi-
tion, these receptors should not respond to their natural ligands but rather to an otherwise
pharmacologically inert compound. Finally, tissue or cell type-specific expression of these
modified receptors is essential, in order to allow the analysis of GPCR signaling in distinct
tissues and cell types. These designer receptors exclusively activated by designer drugs
(DREADDs) have been generated via a molecular evolution approach in Bryan Roth’s lab,
mainly reflecting the work of Blaine Armbruster [3]. “Without him there would be no
DREADDSs” (Bryan Roth). Furthermore, Bryan Roth is actively promoting the DREADD
technology by depositing DREADD expressing transgenic mice to the Jackson laboratory
repertoire (STOCK Tg(tetO-CHRM3*)1BlIr/J#, http://jaxmice.jax.org/strain/014093.
html). The Jackson laboratory now also offers floxed DREADD mice. Viral vectors express-
ing DREADDs are available from the Gene Therapy Center of the University of North
Carolina at Chapel Hill (http://genetherapy.unc.edu/services.htm). New developments of
the DREADD technology are found on the DREADD web page (http:/www.dreadd.
org/) as well as on the DREADD blog (http://chemogenetic.blogspot.com/). The avail-
able DREADDs lack constitutive activity, are unresponsive to endogenous ligands, but can
be activated by the compound clozapine-N-oxide (CNO). Currently, G protein-coupled
designer receptors have been developed that specifically couple to either Gas, Gag, or Gai,
following stimulation with a designer drug [3-5]. In addition, an arrestin-biased designer
receptor has been designed by introducing a point mutation (R165L) into the Gaq-coupled
designer receptor [6].

The development of DREADDs and the functional responses of DREADD activation
have been reviewed in recent years [7-11]. Here, we present the first collection of methods
that describe how the DREADD technology can successfully be employed to analyze the
function of the nervous system.

DREADD Characteristics and Function In Vitro

To employ the designer receptors in research and perhaps in therapeutics, it must be shown
that CNO-stimulated designer receptors faithfully mimic acetylcholine-stimulated musca-
rinic acetylcholine receptors. Thus, the designer receptor should reproduce all biochemical
characteristics and biological functions in comparison to the native receptor [12]. In the
first chapter, Alvarez-Curto and Milligan present methods for this comparison, including
changes in receptor conformation in response to ligand binding, ligand-dependent recep-
tor phosphorylation, downstream signaling events such as p-arrestin-2 recruitment, intra-
cellular Ca**-mobilization, and phosphorylation of extracellular signal-regulated protein
kinase. In addition to ERK, several other signaling molecules, including the protein kinases
JNK1,/2, p38 and ERKS5, and the G proteins Ras, RhoA, Racl, and Cdc42, are activated
downstream of Gaqg-coupled designer receptor activation [13]. In Chap. 2, Nakajima et al.
provide protocols for the pharmacological and functional characterization of an arrestin-
biased DREADD. Raéssler and Thiel describe in the third chapter methods to analyze the
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activation of transcription factors as a result of designer receptor stimulation. The use of
lentiviral gene transfer to implant the reporter genes into the chromatin of the cells ensures
that the reporter genes are embedded into a nucleosomal structure and allows the analysis
of infected mitotic and postmitotic cells such as neurons.

Regulation of Neuronal Activity by DREADD Stimulation in Transgenic Mice

Several lines of transgenic mice expressing DREADDs have been generated. The analysis of
these genetically altered animals underlined the power of this chemical-genetic tool. The
first report by the Roth lab showed that stimulation of hM3Dq, a Gag-coupled designer
receptor, in neurons depolarized the cells, enhanced their excitability, and thus triggered a
burst-like firing [4]. Therefore, treatment of transgenic mice with CNO enhances neuronal
firing of those neurons expressing hM3Dq, thus giving investigators a noninvasive tool at
hands to selectively stimulate neuronal populations. In contrast, stimulation of Gai-coupled
designer receptors (hM4Di, derived from M4 muscarinic acetylcholine receptor) in hip-
pocampal neurons induced hyperpolarization and silenced spontaneous and depolarization-
evoked firing [3], indicating that this type of designer receptor can be used to interrupt
neuronal firing and silence genetically defined neurons. Selective suppression of synaptic
transmission is accomplished by expression and activation of hM4DMXN" 3 variant of the
hM4Di, that is preferentially expressed in axons, due to the axonal C-terminal targeting
sequence of neurexin la [14].

Four chapters of this book describe the utility of DREADD technology in activating or
silencing selected neurons in the brain of transgenic mice. Michael Krashes (Chap. 4)
describes the expression of hM3Dq in Agouti-related peptide (AgRP)-expressing neurons
in the arcuate nucleus of the hypothalamus. These neurons are activated when the mice are
hungry. Stimulation of hM3Dq with CNO activated these neurons and resulted in esca-
lated feeding for several hours, while expression of the Gi/o-coupled inhibitory hM4Di
designer receptor hyperpolarized AgRP neurons and reduced food intake [15, 16].
Likewise, expression of hM3Dq receptors in proopiomelanocortin (POMC) neurons was
used to investigate the impact of these neurons on feeding behavior. These neurons are part
of the neural circuit involved in feeding inhibition. Accordingly, acute or sustained stimula-
tion of hM3Dq receptors in POMC neurons of the nucleus tractus solitarius or arcuate
nucleus suppressed feeding behavior [17]. In addition, DREADD technology has been
used to identity calcitonin-related peptide-expressing neurons of the parabrachial nucleus
that projects to the central nucleus of the amygdala involved in suppressing appetite [18].
The power of DREADD technology to artificially inhibit the activity of selected neuronal
populations is further demonstrated by Nunez-Parra et al. (Chap. 5), describing the out-
come of an inhibition of GABAergic neurons of the basal forebrain that regulate the activity
of granule cells of the olfactory bulb. Expression and stimulation of inhibitory hM4Di
receptors in these GABAergic neurons impaired olfactory discrimination, indicating that
these inhibitory afferents are important in olfactory processing [ 19]. Selective expression of
excitatory and inhibitory DREADD:s in the nucleus accumbens was used to unravel neu-
rons involved in the regulation of ethanol consumption [20], described in Chap. 7. This
approach may lead to the dissection of the functional role of particular neuronal popula-
tions required for drug-secking behavior. The DREADD technology also enables an inves-
tigation of the neuronal circuits and neuronal types involved in regulating sleep /wakefulness
[21], as described in Chap. 6 by Mieda and Sakurai, or underlying drug-seeking behavior,
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as outlined in Chap. 8 by Nair et al. In addition, modulation of olfactory response in
Drosophila larval sensory neurons and diurnal behavior in adult flies has been obtained by
expression of designer receptors [22 ], indicating that the mammalian DREADD:s couple to
Drosophila G proteins. The methods for employing DREADD technology in Drosophila
are described in Chap. 9 by Charles Nichols and Jaime Becnel.

Behavioral Response to DREADD Activation in Mice

The practical application of the DREADDs allows a precise characterization of complex
pathways and connections in the nervous system, as emphasized by the investigation of
behavior and memory circuits following stimulation of designer receptors. The most inter-
esting outcome of DREADD stimulation in the brains of transgenic mice is the frequently
observed induction of behavioral changes as a result of receptor stimulation. Already the
first analysis of hM3Dq expression in the forebrain of transgenic mice reported about
increased locomotion of the animals as a result of designer receptor stimulation [4]. In this
book, several examples are presented that underline the importance of GPCR stimulation
for the regulation of behavioral of transgenic mice. A popular behavioral task to investigate
is food intake: the animal eats or it doesn’t. Several seminal articles describe the activation
or inhibition of food intake as a result of designer receptor activation. Stimulation of
hM3Dq in AgRP-expressing neurons in the arcuate nucleus of the hypothalamus resulted
in rapid intense food-seeking behavior [15, 16], while stimulation of this receptor in neu-
rons projecting to the central nucleus of the amygdala suppressed appetite [18]. Likewise,
stimulation of Gi/o-coupled hM4Di receptors in AgRP neurons or hM3Dq receptors in
POMC neurons significantly suppressed food intake [14, 15, 17]. The perception of odors
is important for many animals to induce or inhibit behavioral programs, including repro-
duction, aggression, and food location. Thus, DREADDs expression in selective neuronal
populations involved in the sensory perception of odors or the neural processing of this
information can be used to unravel the underlying neuronal circuits [19]. Likewise, manip-
ulation of the amount of time spent in wakefulness of transgenic mice has been accom-
plished by the selective expression and activation of designer receptors [21]. A general
description of the use of DREADD technology in behavioral models of transgenic mice is
presented in Chap. 7 by Cassataro and Sjulson, who describe several pitfalls in behavior
assays and discuss the framework and protocols to avoid them. Analyzing behavioral changes
as a result of DREADD activation is not restricted to mice. The regulation of drug-
experience-dependent behavior plasticity can be controlled by DREADDs expressed in
either striatopallidal or striatonigral neurons of the rat [23], while behavior responses can
also be obtained in Drosophila following activation of designer receptors in selective
neuronal populations. Most interestingly, the induction or alteration of distinct behavioral
programs in mice, rats, or flies is reversible by omitting the DREADD ligand
CNO. In summary, the DREADD technology permits experiments to unravel neural
circuits controlling natural behavior on the cellular level, allowing the elucidation of causal
relationships between selective neuronal populations and a particular type of behavior.
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DREADDs: New Tools for the Analysis of Memory Circuits

Neuronal activation can be visualized by the expression of c-Fos, due to the fact that neu-
ronal activity stimulates the c-Fos promoter. By expressing hM3Dq under the control of
the c-Fos promoter, the designer receptor is specifically activated in neurons that had been
stimulated previously. Administration of CNO stimulates these neurons again, thus allow-
ing the generation of a hybrid memory representation by stimulating an ensemble of previ-
ously activated neurons with a designer ligand [24]. Expression and stimulation of hM3Dq
in the locus coeruleus enhanced memory in a mouse model of Down syndrome, underlin-
ing the importance of the noradrenergic transmitter system for memory function [25].

DREADD Expression in Non-neuronal Tissues: Influencing the Metabolic
State of the Organism

DREADDs are chemical-genetic tools that contribute to our understanding about how the
brain works. In addition, DREADDs can be used to investigate the function of GPCR in
non-neuronal tissues. Pancreatic p-cells, for instance, express numerous Gas and Gag-
coupled GPCRs that respond to their cognate ligands, including acetylcholine, Ca?*, vaso-
pressin, corticotropin releasing hormone, glucagon-like peptide 1, and others. Expression
and activation of Gag-coupled designer receptors in pancreatic p-cells revealed that insulin
release was enhanced and blood glucose levels reduced. Moreover, receptor stimulation
improved the glucose tolerance in obese, insulin-resistant mice and increased the p-cell
mass [5]. Chronic stimulation of Gag-coupled designer receptors prevented streptozotocin-
induced diabetes as well as the metabolic deficits that occur following consumption of
high-fat diet [26]. Overall, Gag-coupled designer receptor stimulation improved p-cell
tunction. The glucose homeostasis was also changed in transgenic mice expressing activated
Gagq-coupled designer receptors in hepatocytes. These mice showed a pronounced upregu-
lation of the blood glucose concentration, similar to the activation of glucagon receptors,
due to increased rates of glycogen hydrolysis and gluconeogenesis [27] suggesting that
Gaq-coupled receptor of hepatocytes plays a role in the regulation of blood glucose levels.
More exciting data from employing the DREADD technology are to expect in the near
future, unraveling the biological functions of GPCR in different tissues and cell types.

Conclusion

DREADDs have been shown to be powerful chemical-genetic tools for the investigation of
GPCR signaling and function in the brain and in non-neuronal tissues. In particular, the
correlation between DREADD activation in the nervous system and changes in animal
behavior demonstrates the utility of this technology. The expression of DREADD:s in other
tissues and cell types will certainly help to understand the signaling pathways of GPCRs in
specific tissues. Many new and exciting discoveries are anticipated for the near future
employing the DREADD technology. This book provides a snapshot of the current meth-
ods used to analyze the properties of DREADDs in vitro and the biological response of
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DREADD activation in different cellular systems in vivo. I hope that this compendium will
help other investigators to establish the DREADD technology in their laboratories. I would
like to thank Wolfgang Walz, the series editor for NEUROMETHODS, for initially sug-
gesting a methods book about DREADDs, and Patrick J. Marton, the Executive Editor of

Springer Protocols, for his editorial support.

Homburg, Germany
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Chapter 1

Defining the Functional Equivalence of Wild-Type
and Chemically Engineered G Protein-Coupled Receptors

Elisa Alvarez-Curto and Graeme Milligan

Abstract

The functional connection between activation of a single G protein-coupled receptor (GPCR) and a
specific physiological outcome may be obscured by the presence of other closely related members of the
GPCR superfamily that share spatiotemporal patterns of expression and equipotent activation by endog-
enous ligands. To address this issue, molecular and chemical genetic techniques have been developed to
generate mutationally modified GPCRs only susceptible to activation by one or more synthetic ligands that
are inactive at the equivalent wild-type receptor. This chapter provides both an overview of strategies used
to generate such “receptors activated solely by synthetic ligands” (RASSLs) and, in more detail, approaches
that have been used to assess the equivalence or otherwise of function of a wild-type and corresponding
RASSL receptor. The human muscarinic M; acetylcholine receptor is used as the exemplar but similar
preliminary studies should be employed before further use, particularly in vivo, of such RASSLs.

Key words BRET, FRET, G protein-coupled receptor, Muscarinic receptor, Molecular evolution,
Clozapine N-oxide

Abbreviations

BAL 2,3-Dimercapto-1-propanol

BRET Bioluminescence resonance energy transfer
CFP Cyan fluorescent protein

CNO Clozapine N-oxide

DREADD Designer receptor exclusively activated by designer drugs
EDT 2-Ethanedithiol

FRET Fluorescence resonance energy transfer
Fura-2AM  Fura-2 acetoxymethyl ester

GFP Green fluorescent protein

GPCR G protein-coupled receptor

1L3 Third intracellular loop
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Inositol monophosphate

Receptor activated solely by synthetic ligands
Transmembrane domain

Yellow fluorescent protein

1 Introduction and Background Overview

Segregation of function between many G protein-coupled receptors
(GPCRs) belonging to subfamilies in which multiple, genetically
distinct members are known and which may often be co-expressed
presents many challenges. This is especially so for in vivo studies
where the endogenous ligand(s) is shared between the receptors
and is produced routinely or continuously. These challenges are
amplified if the endogenous ligand(s) shows very limited selectivity
between the members of the receptor subfamily and /or if selective
synthetic agonists or antagonists are lacking [1, 2]. An obvious
example is for the group of muscarinic acetylcholine receptors. Five
distinct genes encode the muscarinic acetylcholine M;—M; sub-
types and each of these receptors binds acetylcholine with similar
affinity [2]. There have been significant advances in the identifica-
tion and characterization of selective antagonists and, particularly,
agonist and positive allosteric modulator ligands in recent years,
based on both knowledge of atomic level structures of a number of
muscarinic subtypes [3—6] and a drive to develop subtype selective
muscarinic M, receptor agonists for the treatment of diseases
involving impaired cognition, including Alzheimer-type dementia
[7]. However, prior to this, and because many of the selective
ligands are not widely available then, in large part, understanding
of the roles of specific muscarinic subtypes has been based pre-
dominantly on the use of muscarinic receptor subtype knockout
lines of mice [8, 9].

As an alternative, researchers have generated and used mutated
variants of the muscarinic receptor subtypes that are unable to be
activated by acetylcholine but, instead, respond to the previously
inactive ligand clozapine N-oxide (CNO). This general strategy of
switching the selectivity of activation of a GPCR from the endog-
enous ligand(s) to one or more synthetic ligands has been described
as producing “receptors activated solely by synthetic ligands”
(RASSLs) [10, 11] or “designer receptors exclusively activated by
designer drugs” (DREADDs) [12, 13]. In differing examples this
has involved either combinations of specific, site-directed muta-
genesis taking advantage of an understanding of the basis of ligand
binding [14] or, in the case of the muscarinic receptors, directed
protein evolution [15].

The first example of a GPCR for which an RASSL variant was
created was the f,-adrenoceptor. With hindsight the approach used
is now conceptually obvious but, at the time, was designed initially
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to assess the importance of an aspartate residue (Aspll3) in
transmembrane domain (TMD) III of the receptor in binding the
endogenous ligands adrenaline and noradrenaline as well as syn-
thetic agonists containing an amine head group [16, 17]. Inherent
in these studies was a drive to identify important positions in recep-
tor structures as a “novel avenue for the design of therapeutic
agents” [16]. Mutation of this aspartate to serine resulted in marked
loss in potency to catecholamines and related small-molecule ligands
and, of equal importance, the development of potency to the syn-
thetic molecule 1-(3'4’-dihydroxyphenyl)-3-methyl-1-butanone
(also known as 1.-158, 870), which has only low affinity and potency
at the wild-type f,-adrenoceptor [16]. This latter point was of key
importance in demonstrating that the loss of potency to catechol-
amines and related ligands was not simply due to poor folding or
cell surface expression of the Asp-Ser mutated receptor. Although
not employed directly at the time to address other questions, more
than 10 years later Sartania et al. [ 18] took advantage of this mutant
to show that when co-expressed along with the wild-type f,-
adrenoceptor, addition of the agonist isoprenaline, which only has
significant potency and affinity for the wild-type receptor, caused
co-internalization from the cell surface of both wild-type and the
Asp-Ser variant forms of the receptor. As addition of L-158, 870,
which only has significant potency and affinity for the Asp-Ser vari-
ant, also caused co-internalization of both forms of the receptor
these results were used to imply that the p,-adrenoceptor was able
to exist and to be internalized as a dimeric or oligomeric complex
containing copies of both forms of the receptor.

2 Generation of Muscarinic Receptor RASSL/DREADDs by Molecular Evolution

With a desire to modify muscarinic receptors such that selective
activation could be achieved, Armbruster et al. [15] adopted a
strategy based on directed protein evolution. This basic approach
had been employed much earlier by Campbell and colleagues to
“evolve” a gene of E. coli that was not involved in lactose utiliza-
tion to acquire catalytic properties that allowed it to do so [19]. In
the studies of Armbruster and colleagues systematic and repeated
rounds of random mutagenesis were followed by screening and
selection of variants of the wild-type muscarinic M; receptor that
displayed reduced potency/affinity for acetylcholine and/or
enhanced affinity/potency for CNO. Briefly, a library of mutant
receptors was generated by error-prone PCR using a yeast expres-
sion vector with the template of the rat muscarinic M; receptor
cloned into it. In such experiments use of a Taq polymerase with-
out proofreading capacity provides a significant error rate and the
fidelity of the enzyme can be further reduced by adjusting the buffer
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ionic composition and parameters in the thermo cycler program.
This, however, must be balanced against the likelihood of generat-
ing so many mutations that deconvolution of the molecular basis
for any mutants with promising pharmacological properties
becomes overwhelmingly difficult. Moreover, integral to the con-
cept is that alteration of the pharmacological specificity of the
receptor does not result in alteration in the signalling profile and/
or regulation of the receptor.

The inherent use of G protein-mediated signalling by S. cerevi-
sine, and that this organism has been used widely to study the activ-
ity of introduced mammalian GPCRs [20, 21], makes it ideally
suited for high-throughput and rapid screening for mutants dis-
playing aspects of the final desired pharmacological behavior of
the potential RASSL./DREADD. The screening of mutated recep-
tors is carried out in a drug-dependent yeast growth assay using a
S. cevevisine strain that has been engineered to couple signalling of
the mutated receptor to the yeast pheromone pathway. A series of
genetic modifications to the mating signal transduction pathway in
the yeast allow agonist-induced growth on selective medium.
In native conditions the yeast GPCR Ste2 upon activation by its
specific ligand, the alpha-factor, leads to the activation of Gpal,
the yeast Ga subunit, and the dissociation of the Gfy dimer (Ste4
and Stel8). Agonist-dependent G protein activation results in
MAP-kinase activation and subsequent up-regulation of the phero-
mone response elements FUS]1 and FUS2 that are required for
yeast mating. Sustained MAP-kinase activation also downregulates
this same pathway by activating Farl and Sst2, leading to cell cycle
arrest and reassociation of the Gpal and Gfy complex, respec-
tively. For agonist screening using mutated receptors a genetically
modified yeast strain with a simplified version of this pathway is
generally used. In this strain the Ste2 and Gpal elements are
replaced by the mutated receptor of interest and a chimeric yeast
Gpal, respectively, in which the last five carboxyl-terminal amino
acids (KIGII) have been replaced by those of receptor species-
specific mammalian G, (EYNLV), G; (DCGLF), or G, (QYELL)
G protein a subunits. This is generally sufficient to confer specific-
ity for G protein coupling of the introduced receptor but to still
retain activation of the yeast pheromone pathway. Moreover, the
elements Farl and Sst2 are knocked out in this strain to avoid cell
cycle arrest and to increase the receptor-G protein coupling effi-
ciency and sensitivity for the agonist. Finally, to facilitate detection
of growth under restricted conditions, the FUSI and FUS2 genes
are replaced with reporter genes such as FUS1-LacZ and FUS2-
CAN and the FUSI1-HIS3 gene that allows growth only in the
absence of histidine [13, 21].

Despite all this making the process relatively straightforward,
expression of the receptor of interest in a yeast system can be
problematic with very low receptor expression, lack of function,
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or even absence of membrane localization being the most
common problems encountered. Membrane targeting can be
achieved by inserting a cleavable leader sequence or by fusing the
amino terminus of the yeast Ste2 receptor to the receptor of inter-
est [21]. Truncations of certain domains of the receptor, such as
the third intracellular loop (IL3), have been shown to resolve the
issue of poor level of expression in yeast in several reported studies
and to restore function in the Gy-coupled muscarinic receptors
hM,, hM;, and hM; [22].

A truncated form of the rat muscarinic M; receptor was at the
core of the work carried out by Armbruster and others [15] to
evolve the family of RASSL/DREADD receptors. This rat recep-
tor form (rM;A3i) lacks over 190 amino acids of IL3 but shows
over 200-fold higher expression (~214 fmol/mg) in yeast systems
than the full-length counterpart [22]. By using this receptor as
template for random mutagenesis a library of mutants cloned into
yeast expression vectors was generated and tested in agonist-
dependent growth assays [15]. Yeast expressing mutant receptors
were selected for growth in the presence initially of clozapine, a
weak partial muscarinic agonist [23, 24]. Positive clones were
subsequently tested in liquid medium growth experiments where
they were challenged with the native agonist acetylcholine, clo-
zapine, or CNO, a synthetic but inert small molecule related to
clozapine. Wild-type expressing strains showed robust responses,
i.e., increase in a dose-dependent manner of yeast growth to ace-
tylcholine but not the latter compounds. Additionally, there were
a number of mutants that had greatly reduced potency for acetyl-
choline whilst gaining it for both the other two molecules. All of
these positive clones carried a mutation of a tyrosine within TMD
IIT (Y148X333, where X is any amino acid and 3.33 the relative
position of the amino acid in the Ballesteros and Weinstein sys-
tematic residue numbering system) [25] known to be important
for muscarinic agonist binding [26, 27]. DNA recovered from
these clones was subsequently used for a second round of muta-
genesis to produce a second-generation pool of mutants. From
these two clones that showed potency for CNO of ~10 nM were
isolated. The optimal mutation, Y148C333, was transferred to the
equivalent and conserved residue in the human receptor (position
149). This was subsequently tested in conjunction with other
mutations within several other TMDs. The human hM;-RASSL/
DREADD with the best response ratio compared to the wild-type
receptor contains two point mutations, one in each of two differ-
ent TMDs: the aforementioned tyrosine in TMDIII (Y333C), and
an alanine in TMDV (A%#6G). These changes are sufficient to yield
a receptor that has lost substantial potency for the muscarinic ago-
nists acetylcholine and carbachol, but gained it for the synthetic
ligand CNO [15].
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To validate the use of this modified receptor in mammalian
cells accumulation of inositol monophosphates (IP1) as a result of
activation of phospholipase C; through G, signalling was used ini-
tially in transiently transfected HEK293 cells. Further tests in
human pulmonary artery smooth muscle cells stably expressing the
RASSL/DREADD form of hM; showed functional responses at
the levels of hydrolysis of inositol-containing phospholipids, cal-
cium mobilization, and ERKI /2 MAP-kinase phosphorylation
that were 40,000-fold more potent in response to CNO than to
acetylcholine. These experiments demonstrated that the RASSL/
DREADD receptor was functional in a mammalian cellular back-
ground. Most notably, introduction of these mutations into the
conserved amino acids at the corresponding positions in TMDIII
and TMDV in any of the other four members of the muscarinic
receptor family resulted in an equivalent switch in pharmacology,
resulting in the generation of RASSL/DREADD forms of all five
muscarinic receptors.

Following their initial studies Armbruster and co-workers
[15] went further to demonstrate the value of the designer recep-
tors as tools, in this case hMy;-DREADD, using it to control
neuronal signalling. Hippocampal neurons as well as other neuro-
nal populations in the brain show varying levels of expression of
muscarinic receptors. Activation of an exogenously expressed
hM,-DREADD (also named hM,D; for its specific coupling to G;)
receptor in this system with CNO led to changes in specific
GPCR-induced G protein inward-rectifying potassium channel-
mediated membrane hyperpolarization that were not present
when using the muscarinic agonist carbachol. By contrast no
changes in membrane polarization were detected when using
CNO on neurones overexpressing the wild-type hM, receptor,
demonstrating the potential of CNO to be used as an exclusive
modulator of the mutated receptor in vivo.

A number of independent laboratories have since employed
such RASSL/DREADD receptors as discriminating pharmacolog-
ical tools in vivo by capitalizing on their ability to function on
demand upon activation by a synthetic small molecule, and being
able to either up-regulate (G- or Gy, -coupled receptors) or
downregulate (Gi-coupled receptor) cellular functions in very
complex structures such as the brain. For example, Ferguson and
collaborators have shown that the expression of hM,D; in the stria-
tum using viral vectors driven by cell-specific neuropeptide pro-
moters (enkephalin or dynorphin) to target receptor expression to
either striatopallidal or striatonigral neurons that are physically
intermixed and would be otherwise next to impossible to differen-
tiate can contribute to elucidating critical and opposing roles of
these cellular populations in the regulation of drug addiction and
its molecular basis [28].
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An elegant example of how to combine transgenic technology
with a tetracycline-repressible system that is tissue specific with a
specific and selective pharmacological tool such as a second-
generation RASSL/DREADD receptor to obtain in vivo remote
control of neuronal behavior is illustrated in the work of Alexander
and colleagues [29]. They used in this instance the hM;-RASSL/
DREADD version expressed transgenically under the calcium/
calmodulin-dependent kinase o Tet-Off system [30] selectively in
hippocampal and cortex neurons. In these studies the authors
showed a comprehensive and detailed analysis of the effects of
hM;-RASSL/DREADD expression and activation by CNO in iso-
lated hippocampal slices where they recorded specific CAl pyrami-
dal neuron responses to the drug, and went further to analyze
behavioral changes affected by different doses of CNO in individ-
ual mice. These behavioral changes, that in some cases led to sei-
zures in the animals, could be measured and simultanecously
correlated to electrophysiological changes [29].

The modified receptor and the synthetic molecule in all of the
examples described above may be considered an “orthogonal pair”
with two-way selectivity, such as the receptor is not activated by
any other ligand, endogenous or otherwise, and the synthetic
ligand cannot activate any other receptor. It is pertinent, therefore,
to consider how the choice of ligand or series of chemically related
molecules is critical for the success of the generation of a RASSL/
DREADD. Fewer mutational and functional steps will be neces-
sary to evolve a suitably modified receptor if the molecule chosen
as candidate surrogate ligand already has a degree of affinity for the
receptor. This was the case for the RASSL/DREADD muscarinic
receptor series and CNO pairing [ 15]. Clozapine binds muscarinic
receptor subtypes with similar affinity and can act as a partial ago-
nist [23, 24], so this molecule seemed like a good starting point to
develop a new synthetic agonist. In addition to this the seemingly
serendipitous loss of potency for acetylcholine in this particular
case helped the muscarinic family being ideal for the generation of
such RASSL/DREADDs. In other cases, researchers have taken
advantage of identified variation in ligand selectivity between spe-
cies orthologues of a receptor to engineer and develop a RASSL/
DREADD pairing and to predict further RASSL/DREADD-
specific ligands [14].

The RASSL/DREADD receptor-synthetic ligand pairing ide-
ally should reproduce all the attributes of the wild type-native
ligand pair in terms of functional outcomes. However, it is clear
that in the context of wild-type receptors, even closely related ago-
nist molecules can favor the stabilization of different receptor con-
formations and potentially functional outcomes [31-33].
Consequently, unless this question is explored in detail [14, 34]
there must be a level of concern that using a nonnative ligand able
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to stabilize an “alternative” active conformation of the mutated
designer receptor will have a different impact on the receptor’s
local signalling partner responses with potential bias towards a spe-
cific signalling pathway. This would limit the conclusions that
might be drawn from work in vivo as they might show novel and
difficult-to-interpret pharmacological actions that might have not
been anticipated beforehand.

3 A Comprehensive Study to Validate hM;-RASSL/DREADD Receptor Function

Receptor
phosphorylation

B-arrestin ~
recruitment ~

Despite the meticulous work presented by Armbruster and oth-
ers on the function of muscarinic designer receptors [15], the
initial studies did not attempt to systematically study if the func-
tionality of the mutant designer receptor matched the wild-type
counterpart in steps from receptor activation through to the
final signalling outcomes and in terms of ligand pharmacology
(Fig. 1). Indeed, an obvious feature of the RASSL/DREADD
produced by molecular evolution was the reduced affinity of a

Agonist

Y\ Receptor
conformational changes

G-protein activation

Biological responses

ERK1/2 phosphorylation  IP production Ca*2 mobilisation

Fig. 1 Cartoon representing the cascade of events after agonist binding to a GPCR and a number of potential
signal transduction outcomes
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number of standard synthetic muscarinic antagonists [15]. This
feature has complicated analysis of expression levels of the RASSL/
DREADD variants because of the need to use high concentrations
of [¥H Jmuscarinic receptor antagonists which results in poor signal
to background [35]. We have used a variety of techniques and
different engineered cell lines to assess and compare in vitro the
series of steps that follow agonist activation for both wild-type and
RASSL/DREADD forms of the hM; receptor. Here we describe
and discuss these approaches and indicate that such studies should
be performed for all new potential RASSL/DREADD receptors
prior to their use in transgenic animals if meaningful and relevant
physiological information is to be obtained.

4 Changes in Receptor Conformation in Response to Ligands:
Intramolecular FRET Sensors

The mechanism of agonist binding and signalling involves altera-
tions in conformation of the ligand-binding pocket that subse-
quently are transmitted to the intracellular face of the receptor to
allow effective interaction with G proteins and /or other effectors.
Therefore, the first changes that can be quantitatively measured
after ligand binding are those related to changes in receptor con-
formation, often by means of recording the relative movement of
the transmembrane helices at the intracellular membrane face.
Specific labelling of restricted domains or regions of the receptor
with fluorescent probes can be used to measure changes in the rela-
tive orientation of the TMD a-helixes by measuring changes in
resonance energy transfer [31, 36, 37]. A number of studies using
muscarinic and other receptors [38—40] have introduced small
intramolecular probes such as red ReAsH (resorufin arsenical hair-
pin) or yellow FIAsH (fluorescein arsenical hairpin) tags to gener-
ate intramolecular fluorescence resonance energy transfer (FRET)
sensors containing the yellow (YEP) or cyan (CFP) fluorescent
proteins as partners for the transfer of energy [39, 41-43].
Biarsenical fluorescent probe-binding amino acid sequences such
as the fluorescein FIAsH sequence have been employed to allow
fluorescent small-molecule labelling of specific locations within a
wide range of proteins in live cells with nanomolar or lower affinity
for the specific labelling motif [44, 45].

FlAsH plus CFP intramolecular FRET sensors have been engi-
neered by introducing into a GPCR sequence both a CEP protein
and a short tetracysteine-containing peptide, CCXXCC (where X
denotes any amino acid), although currently, the specific sequence
CCPGCC is mostly used as it has been identified as the optimal
motif for specific labelling [46, 47]. This motif becomes the target for
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labelling with the membrane-permeant fluorogenic biarsenical dye
fluorescein arsenical hairpin binder-ethanedithiol (FIAsH-EDT?)
(Note 1) [45] in intact live cells. The fluorescein dye only becomes
fluorescent on binding to the specific amino acid sequence and
remains stable for a number of hours after labelling. It is reported
that there are negligible levels of binding sites for this molecule in
untransfected mammalian cells [45]. This feature is potentially of
great advantage in producing low background fluorescence,
although in practise this is not as easy to confirm or obtain as sug-
gested by the original reports.

FRET signals are defined and limited by combinations of the
distance between and/or the orientation of fluorophores that
participate in the transfer of energy [48]. In this regard, there are
two main aspects by which using either FIAsH or ReAsH label-
ling may represent an advantage over a standard autofluorescent
protein. The green fluorescent protein (GFP) and its many vari-
ants share a p-barrel structure with the fluorophore buried deeply
in the middle of an alpha-helix that runs through the cylinder
made by 11 antiparallel beta strands. The fluorophore sits in a
nearly perfect perpendicular plane to the cylinder and this encap-
sulation protects it from oxidative quenching and is most likely
responsible for the small Stokes shift and high quantum bright-
ness of these types of proteins [49, 50]. However, this also makes
the distance between fluorophore and fusion protein greater,
sometimes over 15 A, whereas the fluorescein dye bound to the
CCXXCC motif'is right at the location within the target protein
of interest where the sequence is inserted. The small size of the
tetracysteine-containing peptide makes it easier to insert in virtu-
ally any domain of a protein of interest without substantial dis-
ruption of its structure or function.

Work on the analysis of the hM; receptor, in parallel with the
hM;-RASSL/DREADD, was initiated with a hM; receptor con-
struct in which this FIAsH recognition sequence was inserted in
the IL3 and an enhanced version of CFP placed in frame at the end
of the intracellular carboxyl tail [51]. This construct lacks nearly
200 amino acids of the large 113 found in the hM; receptor, with
the purpose of optimizing the FRET signal [51], as this is always
distance dependent. Detection of FRET to monitor changes upon
agonist stimulation was carried out after labelling of cells trans-
fected to express the hM;-FIAsH/CFP construct with FlAsH-
EDT? which rendered the FlAsH-tag fluorescent as described
above. Labelled cells were perfused with buffer plus/minus ago-
nists throughout within the imaging chamber at the microscope
where changes in wavelength emissions were recorded using a
CCD camera. A series of images were recorded and analyzed using
the appropriate image software to calculate the final FRET values
as emission ratios between the FIAsH and CFP signals (i.e.,
535 nm/470 nm).
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To establish if the conformational changes taking place in the
wild-type hM; receptor upon addition of the agonist carbachol
were equivalent to those of the hM;-RASSL/DREADD receptor
upon CNO treatment, the Y**C and A>#*G mutations were intro-
duced in hM; receptor constructs harboring the FIAsH-CFP sen-
sor. In cells transfected transiently to express the wild-type hM;
receptor intramolecular FRET sensor, carbachol produced a rapid
increase in FRET signal which was not replicated by addition of
CNO [34]. This increased FRET signal returned to basal with a
mono-exponential time decay upon washout of carbachol, pre-
sumably reflecting the dissociation rate of the ligand. In equivalent
experiments in cells expressing the hM;-RASSL/DREADD intra-
molecular FRET sensor (Fig. 2) carbachol was without effect
whilst CNO increased the FRET signal in a dose-dependent man-
ner. Interestingly, the rate of increase of the FRET signal of the
hM;-RASSL/DREADD in response to CNO was markedly slower
than for the wild-type receptor sensor stimulated by carbachol,
whilst the hysteresis back to basal after ligand washout was also
much slower. Although these observations presumably relate to
association and dissociation rates of the individual ligands, the
details of these differences have yet to be explored in detail and
reported. To explore the relative contributions of the two sequence
alterations to the gain in function for CNO, cells were then trans-
fected with intramolecular FRET sensors incorporating only either
the hM;-Y333C or the A>#°G mutation. The hM;-Y333C construct
responded to neither carbachol nor CNO, whilst the A>4G mutant
still responded to carbachol (although much more slowly than the
wild-type receptor, suggesting loss of potency for carbachol), but
also did not respond to CNO. Thus, only when both mutations
were present there was a robust response to CNO and of similar
magnitude to that of the wild-type receptor to carbachol (Fig. 2).
The changes in conformation as measured by intramolecular FRET
were concentration dependent with a pEC;5,=4.9+0.2 for carba-
chol at the hM; receptor and pECs0=5.1+0.4 for CNO at the
hM;-RASSL/DREADD receptor form.

To attempt to explain these observations we generated molec-
ular models of the likely binding mode of CNO to the hM;-
RASSL/DREADD receptor. In these the combination of the
Y333C and A%*G mutations generated enough space in the bind-
ing pocket to allow CNO to interact with a threonine at position
235 (T%*2) believed to be critical for muscarinic agonist binding
[52]. The model also suggested that tyrosine Y33 participates
together with two further tyrosine residues at positions 507 (Y¢31)
and 530 (Y7%%) to form a “roof” in the wild-type receptor that is
not complete in the RASSL/DREADD receptor, allowing more
room for the bulkier CNO to fit in the binding pocket. On the
other hand, the model indicated that binding of CNO to the wild-type
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Fig. 2 Time- and agonist-dependent measurements of dynamic FRET between FIASH (yellow) and CFP (cyan)
are shown from cells expressing either hM; wild-type (uppen or hM,-RASSL/DREADD (/ower) receptors tagged
with the FRET sensors described in the text and in [34]. Cells were exposed to a 15-s pulse (arrow) of maxi-
mally effective concentrations of the corresponding ligands (1 mM carbachol (Cch), blue; 100 uM CNO, orange),
and subsequently perfused with buffer alone for the time shown

receptor is impaired by the lack of a positively charged head-group
able to interact with the aspartate at position 148 (D332).
Therefore, this set of experiments demonstrated that despite CNO
displaying different molecular interactions with the RASSL



Muscarinic RASSLs 13

receptor to acetylcholine and carbachol at the wild-type receptor
it is able to elicit similar conformational changes within the seven
TMD structure as reflected by the FRET changes that follow
ligand addition.

5 Measurements of Agonist-Dependent Receptor Phosphorylation

It has been proposed for some time that differences in agonist-
mediated phosphorylation patterns of the same receptor may be
produced in different cell types or in response to different agonist
ligands, giving rise to the idea of a phosphorylation “bar code”
that would direct signalling towards diverse outcomes depending
on the specific interactions this might induce with intracellular
adaptor proteins [53, 54]. Therefore, we also assessed whether
CNO would elicit a similar pattern of phosphorylation in the
hM;-RASSL/DREADD as carbachol at the wild-type receptor. In
the hM; receptor agonist-driven activation and changes in confor-
mation lead to the activation of associated G proteins and also
phosphorylation on multiple, specific sites, mainly within the IL3
and carboxy-terminal domain [53, 55]. Receptor phosphorylation
frequently also results in the recruitment of f-arrestins [56-59].
Therefore, one hypothesis was that differential phosphorylation
by CNO at the hM;-RASSL/DREADD receptor compared to
that of acetylcholine /carbachol at the wild type might generate a
[-arrestin-biased response.

Phosphorylation signatures defined via phospho-peptide maps
following limited tryptic digestion are a good way to visualize the
extent and potential pattern of receptor phosphorylation after
agonist treatment, without the use of detailed mass spectrometric
analysis on immunoprecipitated receptor protein. They do, how-
ever, necessarily rely on the use and incorporation of
[3*P]-orthophosphate [55] and, therefore, require active altera-
tions in phosphorylation status. Agonist-dependent phosphoryla-
tion of both receptor variants expressed as VSV-G and SNAP-tagged
forms in Flp-In T-REx 293 cells (see next section for details on
thesecelllines)wasassessedafterlabellingwith [ 3*P]-orthophosphate.
In these type of metabolic labelling studies cells are exposed to
50-100 pCi/ml [**P]-orthophosphate in phosphate-free Krebs/
HEPES butfter for 60-90 min. After this time cells can be treated
with the chosen agonist for an empirically determined length of
time. In this particular instance cells were treated with either
100 puM CNO or 500 pM acetylcholine for 5 min and subsequently
processed for immunoprecipitation using a specific polyclonal hM;
receptor antibody. Size fractionation of the samples on SDS-PAGE
gels followed by autoradiography of the blotted membranes
revealed distinct agonist-dependent receptor phosphorylation with
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the detection of an apparently single species of the size expected
for these constructs: 125 kDa. hM; receptor showed increased
phosphorylation in response to acetylcholine and no change in
basal levels upon addition of CNO. This was in clear contrast to
the hM;-RASSL/DREADD where an equivalent increase in the
intensity of the band was detected, but only after treatment with
CNO. Global patterns of phosphorylation on 2-dimensional maps
of peptides generated by limited tryptic digestion were then
obtained. These provided insight into the distribution of phos-
phorylated residues within the receptors, albeit without identifica-
tion of the specific residues, and indicated that the patterns of
phosphorylation produced by the relevant receptor-agonist pairing
were highly similar [ 34 ]. In such studies, after [ 3P ]-orthophosphate
labelling and SDS-PAGE the areas in the nitrocellulose membrane
where the phosphorylated receptor was detected (i.e., at 125 kDa)
were isolated and digested subsequently with sequencing-grade
trypsin (1 pg in 50-100 pl of 50 mM NH,HCO;) overnight at
37 °C. Following several rounds of washes and drying steps (see
[55] for detailed methodology) the samples were separated in two
dimensions: electrophoresis in pH 1.9 buffer and ascending
thin-layer chromatography using isobutyric acid chromatography
buffer [isobutyric acid/n-butanol/pyridine/acetic acid/water,
1250:38:96:58:558 (v/v)]. This resulted in a 2D image of resolved
phospho-peptides seen as spots on film or visualized through a
phosphor-imager instrument. These patterns can be compared as
well as quantified using the appropriate software. The virtually
identical patterns generated once more suggested that the behav-
ior of the wild-type receptor activated by acetylcholine and the
hM;-RASSL/DREADD activated by CNO may well result in simi-
lar interactions with adaptor proteins and display similar patterns
and extents of desensitization. However, as mentioned earlier, this
technique does not allow to recognize the specific residues that
have been phosphorylated and, of course, these may not be identi-
cal. Crucially, to extend these studies, specific individual sites of
phosphorylation in the wild-type receptor had been identified in
previous studies by Butcher and co-workers, using mass spectrom-
etry [55]. These unveiled two phospho-serines found in the 1L3
(Ser412) and in the C-terminal tail (Ser577) to which phospho-
specific antibodies were raised [55]. Using these antibodies we
were able to show that the hM;-RASSL/DREADD receptor
activated by CNO was specifically phosphorylated at these two
residues as was the wild-type receptor after treatment with acetyl-
choline, further suggesting that the pattern of phosphorylation
between the receptor variants is likely to be highly similar or identi-
cal [34]. We can conclude, therefore, that the phosphorylation
“bar code” elicited by CNO at the hM;-RASSL receptor is equiva-
lent to that of acetylcholine acting at the wild-type counterpart,
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at least in the background of the Flp-In-TRex 293 cell system.
Taking into consideration the potential variation in kinases expressed
in different cell types, this is something that might vary in diverse
cellular backgrounds or tissues and this remains to be established.

6 Downstream Signalling Pathways 1: g-Arrestin-2 Recruitment
and Receptor Internalization

Ligand bias and functional selectivity are emerging concepts that
are gaining momentum in pharmacology and in the understand-
ing of physiological receptor functions [60]. These terms refer to
how ligands may act with different potency and/or efficacy
through either G protein-dependent pathways or pathways gov-
erned by other adaptor molecules, such as p-arrestins. Since the
discovery of p-arrestin-mediated signalling as a set of noncanoni-
cal pathways through which signalling may be driven, new tech-
nologies have been developed beyond those applied to record G
protein activation [61]. It was vital, therefore, to assess if CNO
might act as a biased agonist at the hM;-RASSL/DREADD when
compared with the actions of acetylcholine /carbachol at the wild-
type receptor. If this was the case then the RASSL/DREADD
would not be a comprehensive and effective marker of the func-
tional roles of the hM; receptor in vivo. To assess this, the func-
tional responses to both receptor’s agonists, acetylcholine and
CNO, were assessed in a series of cell-based assays to measure
pB-arrestin recruitment and receptor internalization.

To do so stable cell lines harboring either hM; receptor wild
type or the RASSL/DREADD variant containing N-terminal
SNAP-tags were generated. The SNAP tag is able to covalently
bind specific substrates [35, 62, 63], including a wide variety of
fluorophores. Similarly, constructs containing YFP and related
autofluorescent proteins fused to the C-terminal tail were also
engineered and expressed.

Agonist-mediated p-arrestin-2 (systematically also designated
arrestin-3) interactions with GPCRs frequently occur subsequent
to agonist-induced receptor phosphorylation and are often moni-
tored using bioluminescence resonance energy transfer (BRET)-
based assays [64—66]. This method is inexpensive, is amenable to
medium- to high-throughput formats [67], and presents a number
of technical advantages to use, not least because as light is gener-
ated in a chemiluminescent reaction there is no requirement to use
an external light source to excite the molecules involved. This can
result in substantial reduction in background fluorescence from
plates and cells, as well as eliminating potential concerns with
photo-bleaching arising from direct illumination of the sample
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under study. The BRET measurements, which reflect p-arrestin-2
receptor interactions, are carried out in live cells, whether adherent
or in suspension, and the outputs are calculated in a ratiometric
manner (Note 2), further increasing the signal-to-noise ratio. hM;
receptor and hM;-RASSL/DREADD constructs fused at the
C-terminal tail to the YFP mCitrine (acting as energy acceptor)
and a P-arrestin-2 protein fused to the bioluminescent enzyme
Renilla luciferase (acting as energy donor) were generated for
these experiments (Note 3). There are a number of considerations
regarding the level of expression of the fluorescent and lumines-
cent proteins that need to be considered when establishing such
assays. When comparing two or more constructs, as in these stud-
ies, the level of expression at the cell surface of all receptor con-
structs should be monitored (e.g., by microscopy or cell surface
ELISA) and steps taken to equalize these. Direct measurements of
fluorescent protein emission intensity, via a simple plate reader, can
also be used to gain information on total levels of receptor expres-
sion, although this will not necessarily equate to the amount of
receptor at the cell membrane. It is advisable, therefore, to titrate
the amount of both acceptor and donor species (in this case the
energy acceptor was the receptor construct and the f-arrestin-2
construct the energy donor) to establish the optimal ratio, with an
excess of the acceptor protein being the desirable condition in
terms of effective energy transfer. Generally in our hands, transient
transfections with a plasmid ratio of 1:4 p-arrestin-2 to receptor
[68] provides good results. However, this is a parameter that is
best defined empirically (Note 4).

Upon agonist stimulation, rapid phosphorylation of the recep-
tor leads to recruitment of a f-arrestin to the intracellular face of
the receptor and, in so doing, brings the energy donor and energy
acceptor into proximity. When the cell-permeable Renzlia lucifer-
ase substrate coelenterazine h is added, this is oxidized by the
enzyme and, as part of this process, light with an emission peak of
about ~475 nm is produced. This is within the excitation spectrum
of the YFP (whether ¢eYFP or mCitrine versions) and when in prox-
imity (<100 A) energy is transferred, which subsequently is then
emitted as light with a peak of ~535 nm. Both of the donor and
acceptor emission wavelengths are recorded simultaneously
through filters in a compatible microplate reader (such as a
PheraStar FS, BMG Labtech). Ratiometric values of the fluorescent
(long wavelength) over luminescent (short wavelength) signals are
calculated and this increases with more effective energy transfer
(Note 2). The receptor-arrestin interaction can also be monitored
kinetically in real time [66]. Such “arrestin” assays are popular
both because of the relative ease of measurement and, at least con-
ceptually, the interaction between receptor and arrestin requires
receptor occupancy by agonist and, therefore, may provide a
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surrogate measure of agonist affinity at the receptor without signal
amplification which, therefore, avoids potential effects of receptor
reserve.

In our studies comparing the wild-type hM; receptor and hM;-
RASSL/DREADD, agonist-driven arrestin recruitment was con-
centration dependent for both receptors, with potency for
carbachol at the wild-type receptor pECsp=4.4 and of CNO at the
RASSL/DREADD pEC;y=6.4. Treatment of hM;-RASSL/
DREADD-expressing cells with either acetylcholine or carbachol
did not elicit any p-arrestin-2 recruitment. Conversely, no CNO
effect was recorded when using the wild-type hM; receptor. Hence,
both variants were equally competent in the recruitment of
fB-arrestin-2 and displayed the anticipated pharmacological profile.

Subsequent to arrestin recruitment, in many cases receptor
internalization occurs in an arrestin-dependent manner. The inter-
nalized receptor may then be either recycled to the cell surface or
degraded. The ability of CNO to elicit internalization of the hM;-
RASSL/DREADD was monitored and compared to the wild-type
hM; receptor using stable cell lines expressing either VSV-
SNAP-hM; receptor or VSV-SNAP-hM;-RASSL/DREADD con-
structs in a further FRET-based assay. The cell lines used herein
had previously been characterized extensively in regard of GPCR
dimerization using time-resolved FRET measurements [35]. The
SNAP-tag positioned at the amino terminal end of the receptor is
420 kDa polypeptide, and is a modified version of O%-alkylguanine-
DNA alkyltransferase. This enzyme recognizes O%-alkylated ben-
zylguanines and catalyzes the transfer of the alkyl group to a
cysteine, forming a covalent bond with the SNAP molecule. For a
number of practical applications, including time-resolved FRET,
different types of reactive O°-benzylguanine substrates such as
SNAP-Lumi4-Tb have been generated. The VSV-SNAP-hM;
receptor- or VSV-SNAP-hM;-RASSL/DREADD-expressing cell
lines display the SNAP tag extracellularly, thus allowing labelling
only of receptors at the cell surface, on addition of the cell-
impermeant SNAP-Lumi4-Tb label. This benzylguanine substrate
contains an encaged lanthanide terbium cryptate ion that confers
long-lifetime fluorescence emission properties. This was used in an
htrFRET-based assay to quantify internalization of the labelled
receptor in combination with a fluorescent assay medium, Tag-
lite® internalization buffer which, in this context, acts as energy
acceptor. This internalization assay is carried out on live cells and
can be amenable to medium-throughput format using 96-well
plates. Internalization is quantified as a reduction in FRET signal
upon agonist treatment. Adherent cells are labelled with saturating
concentrations of SNAP-Lumi4-Tb substrate and, after washing
off the excess label, treated with agonist for an appropriate time at
37 °C to induce effective receptor internalization. The time of
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agonist treatment can be adjusted and optimized for the receptor
under study. Changes in dynamic FRET between the SNAP-
Lumi4-Tb-labelled receptor and the Tag-lite® internalization buf-
fer are quantified as a reflection of receptor internalization. Maximal
FRET will be recorded when all of the receptor is at the cell surface
and a decrease in FRET signal is indicative of receptor being
removed from the cell surface, taking the covalently linked donor
molecule (SNAP-Lumi4-Tb) with it. The results from the experi-
ments carried out with the wild-type hM; receptor and hM;-
RASSL/DREADD variant receptors were akin to those noted in
the BRET-based B-arrestin-2 recruitment experiments, reinforcing
the fact that receptor phosphorylation, f-arrestin-2 recruitment,
and internalization are not different between the two receptor vari-
ants in response to the corresponding agonist ligand and that they
are closely linked phenomena. Moreover, internalization of both
hM; receptor and the hM;-RASSL/DREADD displayed concen-
tration dependence with similar potencies for the corresponding
agonists as in the BRET assays (carbachol pECs50=4.8; CNO
pECs0=06.2). Addition of the muscarinic antagonist atropine to
either wild-type or RASSL/DREADD-expressing cells did not
elicit dynamic FRET changes, consistent with the antagonist not
promoting receptor internalization. In both these assays CNO was
more potent at the RASSL/DREADD than acetylcholine /carba-
chol at the wild-type receptor. This feature is useful for in vivo
studies using the RASSL/DREADD because although CNO is
described as an “inert ligand,” all synthetic small molecules are
xenobiotics and, therefore, use at the lowest concentration practical
is to be encouraged [15, 69].

7 Downstream Signalling Pathways 2: Intracellular Calcium Mobilization
and MAP-Kinase Phosphorylation

Intracellular calcium release and phosphorylation of the mitogen-
activated protein kinases ERK1 /2 are often used as surrogate mea-
sures of G protein or P-arrestin signal amplification, respectively.
We were interested in showing that even at these more downstream
and amplified signalling endpoints there were no differences
between the mutant designer receptor and the wild-type equiva-
lent. There are a considerable number of technologies that can be
used to monitor changes in intracellular calcium ions. These
changes take place rapidly and can be subtle, therefore making
their detection difficult due to differences in cell morphology or
subcellular localizations. Consequently standard fluorescent
methods are not the best suited for these type of analyses whereas
ratiometric imaging on the other hand bypasses some of these
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problems by focussing only on the shift of emission wavelengths of
fluorophores such as the widely used calcium indicator Fura-2 ace-
toxymethyl ester (Fura-2AM). Fura-2AM can cross cell membranes
due to the lipophilic nature of the conjugated acetoxymethyl ester
group (Note 5). Once inside the cell the acetoxymethyl ester is
cleaved from the molecule by endogenous esterases. In these
experiments, cells are loaded with Fura-2 solution and washed sub-
sequently to remove any excess, and subsequently treated with the
agonists of interest. Measurements at ~510 nm are recorded after
exciting the samples at 340 and 380 nm using a suitable plate
reader such as FlexStation or a FLIPR. Calcium-bound Fura-2 is
excited at 340 nm whereas the unbound form of Fura-2 is excited
at 380 nm. Therefore as calcium is released from the endoplasmic
reticulum or enters from the extracellular milieu the fluorescence
intensity at 340 nm will increase, with proportional decrease in the
380 nm excitation channel. The 340 /380 ratio is therefore used to
calculate the extent of alteration of [calcium].

Coupling to G, 1, proteins of both wild-type hM; receptor and
the hM;-RASSL/DREADD receptor was tested by measuring cal-
cium elevation. We showed that each receptor was able to respond
robustly to the appropriate agonists, with very similar potencies for
carbachol and acetylcholine in the case of the hM; receptor con-
struct and to CNO at the hM;-RASSL/DREADD within the
nanomolar range. This provided confirmation that each variant
interacts with the anticipated class of G protein.

To turther assess potential for differential signalling of the
RASSL/DREADD and that the alteration in ligand pairing might
influence signal directionality and produce “ligand bias” [70-75]
we explored phosphorylation of the extracellular signal-regulated
protein kinases ERK1/2 as a readout for a further amplified
response that often incorporates elements of both G protein and
B-arrestin-dependent signals. AlphaScreen® SureFire® technology
(Perkin Elmer) is a cell-based, homogeneous, and high-throughput
format (i.e., 384-well plate compatible) (Note 6) that employs
donor and acceptor beads consisting of streptavidin-coated beads
(donor) or protein A-conjugated beads (acceptor). A mixture of
anti-phospho-specific antibodies, targeting the specific phosphory-
lation epitope in the ERK1/2 proteins and antibodies against
structural epitopes within the target, is added to the cell lysates.
The phosphorylated ERK1 /2 in the cell lysate forms a bridge
between donor and acceptor beads that allows for energy transfer
to take place. Applying this assay to hM; receptor- and hM;-
RASSL/DREADD-expressing cells unveiled no differences in the
level of constitutive activity of the receptor variants. ERKI /2
phosphorylation time courses were then performed. Both
acetylcholine and CNO at the appropriate variant promoted a peak
of ERK1 /2 phosphorylation within 5 min of agonist addition that
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was largely sustained for as long as 60 min. This was in contrast to
the transient nature of ERK1 /2 phosphorylation recorded upon
addition of foetal bovine serum, used as a positive control, which
showed a sharp peak at 5 min of treatment that decayed back rap-
idly to basal levels. It was noteworthy that a small peak of ERK1 /2
phosphorylation was observed in the VSV-SNAP-hM;-RASSL cell
line when treated with a high concentration of acetylcholine that
followed a similar pattern to that of the FBS-treated cells. It is
likely that this reflects the known endogenous expression of mus-
carinic receptors in HEK293-derived cells [76].

8 Conclusions

Almost all of the studies described in this chapter indicate that the
responses of the hM;-RASSL/DREADD receptor to CNO are
very similar to that of the hMj; receptor in response to acetylcho-
line, and that there is no functional selectivity associated with CNO
at the hM;-RASSL/DREADD. Although this provides strong vali-
dation for the use of this specific RASSL/DREADD receptor in
transgenic models and studies of M; receptor action, marked dif-
ferences in the apparent ligand association and dissociation rate
were noted that may be significant in studies exploring rapid kinetic
effects mediated by the M3;-RASSL/DREADD.

9 Outlook

The novel use of engineered RASSL /DREADD receptors to inter-
rogate and control signalling pathways is helping to close the gap
in understanding the relationship between drug and receptor func-
tion (Fig. 3). As discussed through this and other chapters in this
book, families of receptors activated selectively and exclusively by a
synthetic drug allow exquisite temporal and spatial modulation of
their downstream signals in in vitro and, most importantly, in vivo
systems. Furthermore, it is becoming evident that RASSL/
DREADD receptors can be used efficiently as tools to achieve fine
remote spatiotemporal control of specific cellular populations
within specific tissues, such as particular brain regions, neuronal
populations, or even neuronal subdomains to provide axonal or
dendritic targeted expression [13, 29,77, 78].

Complex cellular processes such as cell migration can be
addressed using such chemical genetics approaches. A recent
example in the literature reflects the ability of a muscarinic
RASSL/DREADD-engineered receptor to redirect cellular
migration towards CNO when expressed in HL-60 neutrophils
and other mammalian cell lines, such as endothelial cells [79].
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hM3Dgq hMy4D; rM3Dg  rM3Dgr/Rgq(R165L)

! J
I

Functionally selective receptor
Topics being explored using the
RASSL/DREADD receptors
Learning and memory

Feeding/addiction
Sleep/wake state

Neurodegenerative states/disease

B-cell function

Fig. 3 Summary of muscarinic RASSL/DREADD receptor types currently available and some of their practical
applications to date. hM;D,, human M, - G, coupling; hM,D;, human M, - G; coupling; rM;Ds, rat M; - G, coupling
(swapped loops represented in red, see main text for details); rMsD,./R,(R165L), rat M, arrestin biased
receptor. Stars represent mutations in TMDIII and TMV, whereas the mutation on the DRY motif is represented
by a yellow triangle

This orthogonal control of cell chemotaxis can provide a powerful
tool for understanding the process that can also be applied to
future cell-based therapeutics. In this context cells could be
“guided” towards specific locations to exert their effects simply
by producing localized concentrations of the synthetic drug,
whether compacted in beads, micropumps, or microspheres, to
create a gradient of chemoattractant.
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The family of muscarinic acetylcholine receptors may be seen
as a paradigm in RASSL/DREADD receptors as it has been
extensively used due to their tissue distribution and involvement
in a wide array of neurological (Parkinson’s and Alzheimer’s
disease, schizophrenia) and metabolic (type 2 diabetes) diseases,
which make them a very attractive target for the development of
new drugs if the receptor can be validated as a suitable therapeu-
tic target. Hence, there is a clear need for a deeper understanding
of their complex pharmacology and, by extension, receptor phys-
iology. Aspects of neural function such as wakefulness, regulation
of food intake, and memory [77, 80-82] have been explored
using muscarinic RASSL/DREADDs. Human forms of musca-
rinic RASSL/DREADDs that couple to G, (hM;Dq) [29], G;
(hM,Di) [15], as well as rat/human or rat/turkey (rM;D, and
rM;D,,,) [83] have been developed to cover three of the major
G protein-dependent signalling pathways.

Although in some instances, as described throughout this
chapter, biased signalling at the RASSL/DREADD receptor is not
desirable, there may be cases in which having a receptor variant
biased towards a particular pathway will be advantageous. This has
been explored for the M; receptor with Nakajima and colleagues
recently describing an arrestin-biased receptor that has lost G pro-
tein coupling capacity. This engineered receptor form was con-
structed using the rat M; receptor containing the expected RASSL
mutations in TMDIII and TMYV, plus an arginine-to-leucine muta-
tion within the DRY motif (R3*%°L) [84]. This substitution ren-
dered the receptor unable to activate the corresponding
heterotrimeric G proteins in the presence of the agonist CNO,
therefore resulting in it being biased towards the recruitment and
initiation of arrestin 2- and 3-dependent signalling in an agonist-
dependent manner [84]. Expression of this receptor in a heterolo-
gous manner or in animal models under the control of the synthetic
ligand makes it a potentially valuable tool to evaluate exclusively
B-arrestin-dependent signalling in different tissues or cell types.

Finally, the use of RASSL/DREADD receptors as pharmaco-
logical tools has transcended physiological and signalling studies
and has also been used to address the molecular mechanisms of
receptor dimerization and the potential effects of ligands on its
regulation [35]. Based on the increasing literature supporting the
idea of GPCRs existing as dimers or higher order oligomers [85,
86], we took advantage of the differential pharmacology of hM;
receptor and the RASSL/DREADD receptor variant in these stud-
ies. Work from Alvarez-Curto [35] and Patowary and colleagues
[87] showed that hM; receptor wild type and hM;-RASSL/
DREADD forms of the receptors generate complexes that can be
dimeric or tetrameric in nature. One of these studies explored
agonist-dependent regulation of dimerization and demonstrated,
using different biophysical approaches including time-resolved
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FRET and single-cell FRET, that when both receptor forms were
present treatment only with carbachol but not with CNO had an
effect on the dimeric arrangement or at least in the distances
between the two protomers [35]. Further insight into receptor
dimerization has been gained using the serotonin type 4 receptor,
5-HT,, and a corresponding RASSL/DREADD that also showed
how agonist activation of both protomers within a dimer has dif-
ferent effects on G protein activation [88, 89], with better effi-
ciency of G protein activation being produced when both protomers
were occupied. Some of the results from these studies, and those
carried out by others in relation to ligand regulation of receptor
dimerization [ 35, 89-91], are difficult to interpret, and sometimes
limited by the technical approaches used, but they highlight the
value of having differential protomer pharmacology to study the
molecular basis of dimerization.

Despite all of these advances there are still milestones to reach
within the RASSL/DREADD field. There are currently no
RASSL/DREADD receptors biased towards G protein signalling
only, nor an RASSL/DREADD receptor that selectively activates
Gy2/13- Even though there are a number of RASSL/DREADD
constructs outwith the muscarinic family, these generally lack a
potent and bioavailable synthetic drug selected or identified
through molecular evolution techniques. These can be of use in
screening novel biased ligands or alternative receptor modulators
in vivo [84, 92] as well as to study further aspects of receptor
molecular pharmacology such as dimerization in vitro [ 35, 88].

10 Notes

1. Labelling with biarsenical dyes may be hampered by the pres-
ence of BSA in serum-containing medium, so before labelling
medium should be carefully washed away using a buffer con-
taining Ca?* and Mg?* ions.

The biarsenical dye is light sensitive and care should be
taken during the preparation of stocks. Both 1,2-ethanedithiol
(EDT) and 2,3-dimercapto-1-propanol (BAL) labelling com-
pounds used have an unpleasant odor, so they should always be
handled in appropriated fume hoods.

The labelling procedure should be carried out with par-
ticular attention to the several washing steps. All unbound dye
should also be carefully removed to avoid undesirable nonspe-
cific background fluorescence by washing cells at least three
times for 10 min at 37 °C with wash solution containing either
EDT or BAL in standard Hanks’ Balanced Salt Solution with
5.6 mM glucose.

2. Itis generally accepted when performing this type of assay to
include a “luciferase/donor-only” control. This control
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allows correction for any background emission that can be
detected in the absence of ligand-mediated interaction or in
the absence of acceptor. The reading from this set of sam-
ples contains signal only from the donor and therefore is
subtracted from those containing acceptor and donor con-
structs to obtain a specific BRET ratio or net BRET. The
final calculations will follow the following formula:

BRET ratio =[ (535 nm reading / 475 nm reading) |

donor+acceptor

- [(535 nm reading / 475 nm reading)}

donor only

This is sometimes shown as milli BRET units (mBRET)
by multiplying the net BRET number by 1000.

. These constructs are generally generated using the most

suitable expression vector, commonly pcDNA3.1 (Life
Technologies).

. To achieve optimal results in resonance energy transfer assays

the acceptor molecule should be present in excess of the donor
molecule (greater amount of YFP over luciferase in this case).
However because in this type of BRET-based arrestin recruit-
ment assay there might be a constraint related to the stoichi-
ometry between arrestin and receptor these two factors should
be taken into account when setting up the experiment.

. Due to the low solubility of AM esters in aqueous solutions

low-toxicity dispersing agents such as pluronic acid (Pluronic®
F-127) can be used to facilitate cell loading with the calcium
dye. Loading times of between 15 min and 1 h are sufficient,
and generally this is carried out at the temperature that is opti-
mal for the cells. However, some reports suggest that loading
the cells at lower temperatures (room temperature) might
result in a reduction of compartmentalization of the dye.

Also to keep extracellular hydrolysis of the AM and acetate
esters to a minimum, it is reccommended that a loading buffer
free of primary and secondary amines such as PBS be used.
Cells should be washed in dye-free bufter after loading.

. Despite this being an assay that in principle can be used in

most cellular backgrounds, from heterologous cells over-
expressing constructs of interest to primary cells, not all of
these cell lines might express the same level of analyte protein,
i.e., ERK1/2. Therefore, not all cell lines will respond the
same way and cell line selection is an important consideration
when designing an assay.

This assay is also extremely sensitive to the presence of DMSO
in the reaction mixture, so this must be kept to a minimum,
with 1 % DMSO as the highest acceptable threshold.
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Chapter 2

Design and Analysis of an Arrestin-Biased DREADD

Ken-ichiro Nakajima, Luis E. Diaz Gimenez,
Vsevolod V. Gurevich, and Jiirgen Wess

Abstract

Muscarinic receptor-based designer G protein-coupled receptors (GPCRs) have emerged as novel
pharmacological tools to address key questions regarding GPCR function and biology. These mutant mus-
carinic receptors are unable to bind acetylcholine (ACh), the endogenous muscarinic receptor ligand, but
can be efficiently activated by clozapine-N-oxide (CNO), an otherwise pharmacologically inert compound.
These CNO-sensitive designer GPCRs (alternative name: designer receptors exclusively activated by
designer drug/DREADDs) have proven highly useful to explore the in vivo roles of distinct G protein
signaling pathways in specific cell types or tissues. Like native GPCRs, CNO-activated DREADDs do not
only couple to heterotrimeric G proteins but can also recruit proteins of the arrestin family (arrestin-2 and -3).
Many studies have shown that arrestins can act as scaffolding proteins to promote signaling through G
protein-independent pathways. To develop a novel tool useful for studying the physiological relevance of
these arrestin-dependent signaling pathways, we recently described the development of an M; muscarinic
receptor-based DREADD that is no longer able to couple to G proteins but can recruit arrestins and initiate
arrestin-mediated signaling in a CNO-dependent fashion. In this chapter, we provide protocols useful for
the pharmacological and functional characterization of this newly developed DREADD. These protocols
can be applied more generally to all other members of the DREADD receptor family.

Key words GPCR, Arrestiny DREADD, Transfection, Radioligand binding, FLIPR, BRET recruitment,
Signal transduction

1 Introduction

G protein-coupled receptors (GPCRs) represent a superfamily of
cell surface receptors that regulate the activity of virtually every cell
type. GPCRs are activated following the binding of extracellular
ligands (neurotransmitters, hormones, neuromodulators, sensory
stimuli, etc.), allowing the receptors to interact with and activate
specific classes of heterotrimeric G proteins, which in turn modu-
late the activity of numerous effector enzymes and ion channels.
The activated GPCRs are rapidly phosphorylated by G protein-
coupled receptor kinases (GRKs; [1, 2]). In most cases, the phos-
phorylated receptors bind to members of the arrestin protein

Gerald Thiel (ed.), Designer Receptors Exclusively Activated by Designer Drugs, Neuromethods, vol. 108,
DOI 10.1007/978-1-4939-2944-3 2, © Springer Science+Business Media New York 2015
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1.1 Arrestin-
Dependent Signaling
Pathways

1.2 Development
of an Arrestin-Biased
DREADD

family (arrestin-2 and -3; also known as f-arrestin-1 and -2), a
process which interferes with receptor/G protein coupling [3] and
promotes GPCR internalization by targeting the receptors to
clathrin-coated pits [4].

During the past 10-15 years, it has become increasingly clear that
arrestin-2 and -3 can also serve as adaptor proteins that transduce
signals to multiple effector pathways including different MAP
kinase cascades [5—7]. A better understanding of the physiological
roles of such pathways should prove beneficial for developing novel
classes of clinically useful drugs, including arrestin-biased agonists
[5, 6, 8]. However, research in this area is complicated by the fact
that activated GPCRs trigger G protein- and arrestin-dependent
signaling in an overlapping fashion.

During the past few years, CNO-sensitive designer muscarinic
receptors (DREADDs) endowed with different coupling proper-
ties have emerged as novel experimental tools to probe the physi-
ological relevance of activating different functional classes of
heterotrimeric G proteins in a particular cell type in vivo (for recent
reviews, refs. [9] and [10]). Like endogenous GPCRs, CNO-
activated DREADDs can also recruit proteins of the arrestin family
(arrestin-2 and -3) to the activated designer receptors [11, 12]. In
order to facilitate studies of the physiological relevance of arrestin-
dependent signaling pathways, we recently developed a novel
DREADD that can recruit arrestins in a CNO-dependent fashion
but is no longer able to activate heterotrimeric G proteins [12].
Structurally, this DREADD is identical to a previously described
M; receptor-based G, DREADD (rM3Dq according to the
nomenclature proposed in ref. [10]), except for a R165L3% point
mutation at the bottom of transmembrane domain 3 (TM3)
(Fig. 1). In the following, we simply refer to the rM3Dq construct
and the arrestin-biased version of this designer receptor simply as
Rq and Rq(R165L), respectively. The mutated arginine residue
(R3%9) is part of the DRY motif that is highly conserved among
class A GPCRs. Numerous studies have shown that this residue
plays a key role in productive receptor,/G protein coupling (for an
important structural study, see ref. [13]). Several years ago, we
demonstrated that introduction of this point mutation into the
wild-type (WT) rat M; receptor abolished the ability of the recep-
tor to activate G proteins of the G, family [14]. We therefore spec-
ulated that introduction of this point mutation into Rq would
cause a similar functional deficit. Consistent with this notion, we
demonstrated that CNO treatment of cells expressing the
Rq(R165L) DREADD did not lead to an increase in intracellular
calcium levels, a response that is typically observed after the activa-
tion of G4-type G proteins. Additional biophysical and biochemical
studies showed that the Rq(R165L) receptor retained the ability to
interact with arrestins and to initiate arrestin-dependent signaling in
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Fig. 1 Structure of an arrestin-biased DREADD. This designer receptor, referred
to as Rq(R165L) in this chapter, is derived from the Gg DREADD (Rq) described in
ref. [15]. Besides the two point mutations (large “x” marks) that alter the ligand
binding properties of this modified M, receptor, the Rq(R165L) construct contains
the additional R165L3% point mutation at the bottom of transmembrane helix 3
(TM3) which abolishes productive receptor/G protein coupling [12]. However, the
Rq(R165L) DREADD retains the ability to recruit arrestin-2 and -3 in a CNO-
dependent fashion [12]

a CNO-dependent fashion [12]. Thus, this newly developed arrestin-
biased DREADD represents a powerful new tool to study the physi-
ological relevance of arrestin-dependent signaling cascades.

In this chapter, we describe several methods useful for the
pharmacological characterization of the Rq(R165L) designer
receptor as well as DREADDs in general. These methods include
radioligand binding and calcium mobilization assays as well as
BRET techniques to study DREADD /arrestin interactions.

2 Transient Expression of DREADDs in Cultured Cells

2.1 Materials

For pharmacological studies, DREADDs can be expressed at high
levels in transiently transfected COS-7 cells. The ligand binding
and functional properties of the designer receptors can then be
determined in radioligand binding and functional assays.

COS-7 cells (ATCC, Manassas, VA); DMEM, lipofectamine,
PLUS reagent, and penicillin/streptomycin (Life Technologies).
The coding sequence of Rq (ref. [15]), including an N-terminal
hemagglutinin (HA) epitope tag, was inserted into the pcDNA3.1
(=) vector (Life Technologies) using the EcoRI and BamHI sites.
The Rq(R165L) plasmid is identical to Rq-pcDNA3.1 (-) except
for the R165L point mutation which was introduced by using the
QuikChange site-directed mutagenesis kit (Agilent) [12].
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2.2 Methods

2.3 Notes

One day prior to transfection, COS-7 cells are seeded into 100 mm
dishes at 1 x 10 cells/dish and cultured in DMEM including 10 %
FBS and penicillin (100 units/ml) /streptomycin (100 pg/ml) in a
humidified atmosphere of 5 % CO,/95 % O, at 37 °C. On the day
of transfection, cells should be ~60-80 % confluent. Four pg DNA
of DREADD plasmid DNA (coding for Rq or Rq(R165L)) and
20 pl of PLUS reagent are added to a 1.5 ml Eppendorf tube con-
taining 1 ml of serum-free DMEM, followed by a 15-min incuba-
tion at room temperature (RT). In a second 1.5 ml tube, 30 pl of
lipofectamine is added to 1 ml of serum-free DMEM. The two
mixtures are then combined, gently mixed, and incubated for
another 15 min at RT. In the meantime, the cells are washed with
1x PBS and 3 ml of fresh, serum-free DMEM is added. After the
15-min incubation period, the transfection mixture is added to
the culture dish. The cells are then incubated for 3-6 h at 37 °C,
followed by the addition of 5 ml DMEM containing 20 % FBS.
After this step, the cells are cultured for ~48 h and then used for
various assays (see below).

Cell density can greatly affect transfection efficiency. Cells that are
100 % confluent or less than 50 % confluent are usually not suitable
for transtection. For control purposes, cells transfected with vector
DNA alone (e.g., pcDNA) should always be included in the experi-
mental setup.

3 Receptor Binding Assays

Radioligand binding experiments can be used to determine the
presence, density, and pharmacological characteristics of DREADDs
(or GPCRs in general) expressed in transfected cells. As mentioned
in Sect. 1, DREADDs are unable to interact with the endogenous
agonist, acetylcholine (ACh), but can bind CNO with high affinity.
Following the modification of an existing DREADD by site-
directed mutagenesis, it is important to demonstrate that the result-
ing construct retains DREADD-like binding properties. Several
studies have shown that DREADDs retain the ability to bind radio-
labeled muscarinic antagonists such as [*H|-N-methylscopolamine
([*H]-NMS) or [*H]-quinuclidinyl benzilate ([3H]-QNB) (see, for
example, refs. [15, 16]). However, NMS and QNB bind to
DREADDs with considerably reduced affinity, as compared to the
WT muscarinic receptors from which they are derived. For example,
while [*H]-NMS binds to the WT mouse M; receptor with very
high affinity (Kp ~70 pM), it binds to the Rq DREADD with ~40-
fold lower affinity (K ~3 nM,; ref. [15]).

In the following, we describe standard protocols for determin-
ing DREADD (Rq or Rq(R165L)) binding affinities for [*H]-NMS,
ACh, and CNO. These protocols can be used for essentially all
muscarinic receptor-based DREADDs.
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Radioligand binding assays can be carried out with crude cell
membranes prepared from transfected COS-7 cells.

For this procedure, only standard reagents are needed. We usually
use an ultrasonic homogenizer from BioLogics Inc. (Manassas,
VA). The BCA Protein Assay Kit is from Thermo Scientific/Pierce
(Rockford, IL).

All buffers are kept cold (4 °C). Crude membranes are prepared
from receptor-expressing COS-7 cells ~48 h after transfection.
DMEM is removed via aspiration from the 100 mm plates contain-
ing the transfected cells. Each dish is then washed with 10 ml of
PBS. One milliliter of binding buffer (25 mM phosphate bufter
containing 5 mM MgCl,, pH 7.4) is added to each dish, followed
by a 15-min incubation on ice. The cells are then removed from
the plates using a cell scraper and transferred to a chilled 1.5 ml
Eppendorf tube. This procedure is repeated once with 350 pl of
binding buffer in order to collect the remaining cells. The cells are
then homogenized by using an ultrasonic tissue homogenizer
(keep the tubes on ice). Subsequently, cell homogenates are centri-
fuged at 18,000 x4 for 15 min at 4 °C. The supernatants are dis-
carded, and the membrane pellets are resuspended in binding
buffer (1 ml/plate), and then re-sonicated until the samples are
fully homogenized. Protein concentrations are determined by
using the BCA Protein Assay Kit. Finally, samples are directly used
for radioligand binding studies or snap-frozen on dry ice for
5-10 min and then stored at —-80 °C until use.

One 100 mm dish of transfected cells should yield enough material
(crude membranes) to generate multiple saturation and competi-
tion binding curves (see below).

For [H]-NMS saturation binding studies, increasing concentra-
tions of [3H]|-NMS are incubated with crude membrane prepara-
tions of receptor (DREADD)-expressing COS-7 cells. From the
resulting saturation binding curves, B, (receptor density) and Ky,
(a measure of affinity) values for [*H]-NMS can be calculated for a
given receptor/DREADD.

[*H]-NMS (79-83 Ci/mmol; PerkinElmer Life Sciences, Downers
Grove, IL); atropine sulfate and polyethyleneimine (PEE; Sigma-
Aldrich, St. Louis, MO); glass test tubes (12 x75 mm; Kimble Chase,
Vineland, NJ); Biosafe II scintillation cocktail and 20 ml glass scintil-
lation vials (Fisher Scientific, Hampton, NH); Brandel cell harvester
and Whatman GF/C glass filters (Brandel, Gaithersburg, MD).
GraphPad Prism® v4.0b software (GraphPad Software, Inc., San
Diego, CA) is used for analyzing radioligand binding data.
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3.2.2 Methods

3.2.3 Expected Results

To measure [*H]-NMS binding to DREADD-containing crude
cell membranes, six different concentrations of [*H]-NMS
(0.5-50 nM; serial 1:2.5 dilutions) are used. For each [3H]-NMS
concentration, four glass test tubes (12 x75 mm) are needed. Two
tubes are used to determine total [3H]-NMS binding (specific plus
nonspecific binding), and the other two to measure nonspecific
binding in the presence of an excess amount of atropine (10 pM),
a high-affinity muscarinic receptor antagonist. In total, 24 tubes
are needed for a single experiment.

Add:
50 pl of binding buffer to all 24 tubes.

50 pl of binding buffer to the 12 tubes used to determine total
binding.

50 pl of atropine solution (100 pM; in binding buffer) to the
12 tubes used to determine nonspecific binding.

350 pl of crude cell membranes (~25 pg protein/ml) to all
24 tubes.

50 pl of the appropriate 10x [3H]-NMS dilution (all tubes).
Total volume: 500 pl.

The tubes are covered with plastic wrap and incubated at RT
for 3 h to achieve equilibrium binding. During this time, GF/C
filters are soaked in 0.3 % PEE to reduce nonspecific binding. After
the 3-h incubation period, the PEE-soaked filters are placed on the
Brandel cell harvester, and the samples are transferred onto the fil-
ters via the use of a vacuum pump. The filters are then washed twice
with ~3 ml of ice-cold water to wash out unbound [*H]-NMS and
then removed from the harvester. Between sample sets, the har-
vester is washed (without filter) twice with ~3 ml of chilled water.
The individual filter circles are transferred into 20 ml glass scintilla-
tion vials. After the addition of 7 ml of Biosafe II scintillation cock-
tail to each vial, vials are incubated overnight at RT. On the next
day, the vials are briefly vortexed and then transferred to a scintilla-
tion counter (count each vial for several minutes). Binding data are
fitted to a one-site binding hyperbola via nonlinear regression anal-
ysis by using GraphPad Prism software. The amount of specific
binding (total minus nonspecific binding) is plotted on the y-axis as
a function of the [*H]-NMS concentration plotted on the x-axis.
Specific binding is usually expressed as picomoles or femtomoles
per mg protein. The extrapolated amount of [*H]-NMS bound by
the receptor/DREADD when binding is saturated is defined as the
number of receptor sites (B,,,). In addition, the concentration of
[*H]-NMS required to occupy 50 % of the available specific binding
sites is defined as the [*H]-NMS binding affinity (Kp).

Typical [*H]-NMS saturation binding curves using crude mem-
branes prepared from COS-7 cells expressing the Rq or Rq(R165L)
DREADDs are shown in Fig. 2a.
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Fig. 2 Typical [*H]-NMS saturation (a) and competition (b) binding curves obtained
with the Rq and Rg(R165L) DREADDs. Membranes prepared from COS-7 cells
transfected with either the Rq or Rq(R165L) DREADDs (or vector DNA) were sub-
jected to [*H]-NMS saturation and [*H]-NMS/CNO (or ACh) competition binding
studies. The data shown are from representative experiments carried out in
duplicate

Since [*H]-NMS binds to DREADDs with reduced affinity as
compared to WT muscarinic receptors, relatively high [3H]-NMS
concentrations need to by employed in DREADD saturation bind-
ing assays. As a result, nonspecific binding may sometimes interfere
with the quality of the obtained binding data. In this case, the
amount of nonspecific binding can be reduced by decreasing the
volume of the binding mixture (e.g., 250 pl instead of 500 pl) or
by additional washes of the [*H]-NMS-containing samples during
the filtration process.

For [3H]|-NMS competition binding studies, a fixed concentration
of [*H]-NMS is incubated with increasing concentrations of
nonradioactive (cold) ligands (ACh or CNO) and crude mem-
branes prepared from receptor/DREADD-expressing COS-7 cells.
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3.3.1 Materials

3.3.2 Methods

3.3.3 Expected Results

The half-maximal inhibitory concentration (ICs,) of the cold
ligand derived from such experiments is converted to a measure of
its affinity (L) for the particular receptor under investigation.

The materials and equipment required for competition binding
studies are identical to those listed above for saturation binding
assays, except for p-methyl cyclodextrin, CNO, and ACh chloride
(Sigma-Aldrich, St. Louis, MO).

For competition binding studies, ten different concentrations of
CNO and ACh are prepared in binding buffer (final concentrations:
ACh, 0.127 pM to 10 mM; CNO, 0.0127 pM to 1 mM; serial
1:3.5 dilutions). We recommend the use of 10x stock solutions.
CNO (10 mM) is dissolved in 50 mg/ml p-methyl cyclodextrin
solution. It takes ~30 min and shaking at 37 °C to dissolve CNO
completely. For each competition binding curve (Rqor Rq(R1651)),
24 tubes (12 sets of duplicate tubes) are used.

Add:
50 pl of binding buffer to all 24 tubes.
50 pl of binding buffer to set 1 tube (2 tubes).

50 pl of atropine (final concentration: 10 pM) to set 2 tubes
(2 tubes).

50 pl of increasing ACh or CNO dilutions to set 3-12 tubes
(20 tubes total, 2 tubes per ligand concentration).

350 pl of crude membranes (~8-10 pg total protein) to all
24 tubes.

50 pl of [3H]-NMS solution (final concentration: 20 nM) to all
24 tubes.

Total volume: 500 pl.

Binding mixtures are then incubated and processed in the same
tashion as described under Sect. 3.2. Competition binding data are
analyzed via nonlinear regression analysis by using GraphPad Prism
software (“best fit”). The resulting 1Cs, values (concentration of
the cold inhibitor that reduces specific [*H]-NMS binding by 50 %)
are converted to actual ligand affinities (K values) by using the Cheng-
Prusoff equation: K, =IC,, / (1 +[L]/ K, ) [L] is the concentration
of [*H]-NMS used in the assay, and Kj, is the affinity of [*H|-NMS
for the receptor/DREADD under investigation.

Typical [*H]-NMS,/CNO competition binding curves obtained with
COS-7 cells transfected with the Rq or Rq(R165L) DREADDs are
shown in Fig. 2b. Please note that ACh has no effect on [*H]-NMS
binding to these two designer receptors in the concentration range
studied (Fig. 2b).
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The caveats raised under Sect. 3.2.4 also apply for competition
binding assays. Instead of ACh, other muscarinic agonists, such as
carbachol, methacholine, or oxotremorine-M, are frequently used
for pharmacological studies. However, when DREADDs are used
for in vivo studies, it is essential to demonstrate that the designer
receptors lack ACh binding activity.

4 Fluorometric Imaging Plate Reader Assay

4.1 Materials

4.2 Methods

CNO treatment of cells expressing the Rq designer receptor leads to
the selective activation of G proteins of the G, family [11, 15, 16].
The stimulation of G4-type G proteins leads to the generation of
inositol 1,4,5,-trisphosphate (IP;), which triggers the release of
Ca?* from intracellular stores. In the following, we provide a simple
protocol that uses fluorometric imaging plate reader (FLIPR)
technology to monitor changes in [Ca?*];. This fluorescence-based
method allows for the rapid measurement of receptor/DREADD-
mediated increases in [Ca?*]; in live cells.

For transfections, the same reagents are used as described under
Sect. 2. Probenecid (Sigma); FLIPR Tetra High Throughput
Cellular Screening System, FLIPR Tetra Pipette tips, and FLIPR
calcium 4 assay kit (Molecular Devices, Sunnyvale, CA); 96-well
assay plates (black-wall and clear bottom for cell culture) and
96-well assay plates (clear-wall for ligands) (Corning, NY).

For FLIPR assays, COS-7 cells are grown in 6-well plates. When the
cells are 60-80 % confluent, a mixture of 0.8 pg DNA (Rq plasmid,
Rq(R165L) plasmid, or pcDNA vector DNA) and lipofectamine
and PLUS reagent (6 pl lipofectamine and 4 pl PLUS, respectively)
is added to each well. The cells are then incubated overnight at
37 °C. On the following day, the cells are detached by incubation
with 100 pl of 0.05 % trypsin (for ~5 min at 37 °C). Trypsin is then
inactivated by adding 900 pl of DMEM containing 10 % FBS to
each well, and cell clusters are disrupted by gently pipetting up and
down. Subsequently, cells from each well are transferred to 15 ml
conical tubes, and cell densities are determined by using a standard
hemocytometer. Cell suspensions are diluted with DMEM to a
concentration of 3-6x 10° cells/ml. Subsequently, 100 ul aliquots
of the cell suspension are added to the individual wells of a 96-well
black clear-bottom plate by using a multi-pipettor. For each receptor
construct to be tested, at least 16 wells are needed to test seven
different concentrations of CNO (DREADD agonist) in duplicate.
The cells are incubated overnight at 37 °C. About 48 h after trans-
tection, a 10 mM CNO stock solution is prepared using FLIPR
buffer (contained in the explorer kit) supplemented with 50 mg,/ml
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4.3 Expected Results

4.4 Notes

B-methyl cyclodextrin. Using this stock solution, seven different
concentrations of CNO are prepared by performing 1:10 serial
dilutions in FLIPR buffer from 2 mM to 2 nM (seven tubes total).
The different CNO solutions are then added to a clear 96 well
plate (two wells per CNO concentration; 200 pl /well). Moreover,
CNO-free FLIPR butffer is added to two of the wells (200 pl/well).
This plate is referred to as “CNO plate.”

Next, the calcium indicator dye solution is prepared as follows:
a vial of Component A from the kit is equilibrated to RT. The dye
is then completely dissolved in 10 ml of FLIPR bufter by vortex-
ing. A sufficient amount of the dye solution (30 pl is needed per
well) is added to a 1.5 ml tube. To increase dye retention in cells,
a 250 mM probenecid acid stock solution in 500 mM NaOH is
added to the dye solution (final probenecid concentration: 5 mM).
The dye solution without probenecid can be stored at =20 °C until
needed. In the next step, the media is removed from the trans-
fected cells grown in the cell plates and 30 pl of the dye solution
containing 5 mM probenecid acid is added to each well. The plates
are then covered with aluminum foil in the dark and incubated for
1 h at 37 °C in the cell culture incubator. During this incubation
period, the CNO plate and the FLIPR TETRA pipette tips are
gathered, and the FLIPR Tetra is turned on. After the 1-h incuba-
tion at 37 °C, the cell plate is placed in the “read” slot, the CNO
plate in the “source 1” slot, and the tips in the “tips” slot. Changes
in cell fluorescence are then measured at RT (excitation wavelength:
470-495 nm; emission wavelength: 515-575 nm). Increases in
intracellular calcium levels are expressed as the difference between
maximum fluorescence values after CNO exposure and the corre-
sponding basal fluorescence values prior to the addition of
CNO. Assays are carried out in duplicate.

The resulting fluorescence data are analyzed with GraphPad
Prism software. After selection of “XY with 2 replicates,” the CNO
concentrations are entered as X values and the fluorescence read-
ings as Y values. Data are analyzed via nonlinear regression analysis
(select “sigmoidal dose-response with variable slope”), yielding
CNO ECs4 and E,,,, values.

Figure 3 shows that CNO treatment of Rq(R165L)-expressing
COS-7 cells has no significant effect on intracellular calcium levels
([Ca*])). In contrast, CNO induced robust, concentration-
dependent increases in [Ca?*]; in Rg-expressing COS-7 cells
(Fig. 3), indicating that the Rq(R165L) designer receptor lacks the
ability to activate G proteins of the G, family.

Solutions containing CNO at concentrations greater than 0.1 mM
exhibit a yellow color which may interfere with FLIPR measure-
ments. Consequently, CNO concentrations >0.1 mM should be
avoided in this particular assay.
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Fig. 3 CNO stimulation of the Rq(R165L) DREADD has no effect on intracellular
calcium levels ([Ca?*];). COS-7 cells were transfected with the indicated DREADD
constructs (Rq or Rq(R165L)) or vector DNA. CNO-induced changes in [Ca?];
were measured by using FLIPR technology, as described in the text. The figure
shows data from a representative experiment, carried out in duplicate. Note that
CNO treatment of Rq(R165L)-expressing COS cells has no effect on [Ca?*];. Data
were taken from ref. [12]

Removal of culture media via suction from cells grown in
96-well plates can easily cause the dislodgement of cells. This can be
avoided by turning the plate upside down and “flicking” the liquid
out into a bucket or sink, followed by dabbing of the plate on a
paper towel to remove residual liquid.

5 Receptor/DREADD-Mediated Recruitment of Arrestins Studied via BRET

5.1 Materials

5.2 General
Principles

BRET-based assays offer a compelling option for the assessment of
GPCR-arrestin interactions in live cells, amenable for high-
throughput screening settings [ 17, 18]. In the following, we describe
a BRET! protocol that we routinely use to monitor receptor-
dependent arrestin recruitment in cultured cells [19, 20].

COS-7 cells (ATCC, Manassas, VA); Lipofectamine® 2000 trans-
fection reagent, Opti-MEM I, DMEM high glucose without
phenol red, and 5 % trypsin 5.3 mM EDTA without phenol red
(10x concentrated solution that must be diluted in Hanks’ bal-
anced salts solution without Ca?* and Mg?*): all from Life
Technologies (Carlsbad, CA); Nunc™ F96 MicroWell™ black and
white polystyrene plates (Thermo Scientific, Waltham, MA);
Coelenterazine-4 (NanoLight Technology, Pinetop, AZ).

BREtallows for the monitoring of the physical interactions between
two proteins, one of which is fused to a bioluminescent donor
moiety and the other one to a fluorescent acceptor moiety,
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5.3 Methods

5.3.1 Generation

of Receptor and Arrestin
Constructs Used for BRET
Assays

5.3.2 Experimental Setup

allowing for measurements of resonance energy transfer (RET)
between these two moieties (Fig. 4). The intensity of the signal is
dependent on orientation, distance, and spectral overlap between
BRET donor and acceptor [21]. In BRET, the donor moiety is a
version of the bioluminescent enzyme luciferase from Renilla veni-
Sformis (Rluc). Rluc is an oxidoreductase that catalyzes the oxida-
tion of the imidazolopyrazine coelenterazine (clz) to coelenteramide
with the emission of a photon in the blue spectrum (peak emission
of Rluc-clz: 475 nm). Peak emission is dependent on the type of
luciferase and substrate used, as chemical modifications of native
(i.e., naturally occurring) clz can shift peak emission or change
quantum yield (e.g., synthetic coelenterazine-4 has a quantum yield
ten times higher than native clz) [22]. Part of the energy released
from this reaction can be transferred, in a non-radiative fashion, to
an acceptor that has an overlapping excitation spectrum.

In R. reniformis and other bioluminescent marine organisms,
the acceptor of resonance energy is some form of green fluorescent
protein (GFP) that emits at a longer wavelength (509 nm) than
Rluc-clz, producing green instead of blue light. In an effort to
improve the signal-to-noise ratio that results from significant
spectral overlap between Rluc-clz and GFP, red-shifted GEP deriv-
atives including yellow fluorescent protein (YFP) or enhanced ver-
sions of YFP such as YEP-Venus (or just Venus) are now commonly
used. Venus has an excitation peak of 515 nm and an emission peak
of 528 nm and its use offers several other advantages over that of
GFP [23]. The use of different substrates and modified versions of
luciferase and acceptor fluorophores has led to minimization in the
spectral overlap between BRET donor and acceptor [17, 21].

To analyze GPCR-arrestin interactions via BRET (Fig. 4), the
Rluc8 coding sequence is fused to the cytoplasmic C-terminus of
the receptor (note that Rluc8 is a variant of Rluc with enhanced
stability and enzymatic activity). Since arrestins contain a relatively
unstructured C-terminal domain, many studies have used arrestin
constructs where Venus was fused to the arrestin C-terminus.
However, we observed, consistent with data reported in the litera-
ture, that only N-terminal Venus-arrestin fusion proteins yielded
agonist-specific net BRET [12, 19, 20, 24]. To prevent Venus from
disrupting the structure of the N-terminal arrestin domain, we
typically insert a ten-amino acid linker sequence (SGLKSRRALDS)
between the two proteins.

Initially, it is recommended to characterize a specific receptor-
arrestin pair in a BRET saturation assay where receptor-Rluc8
expression is kept constant while Venus-arrestin expression levels
are increased so that the agonist-dependent BRET signal reaches a
plateau. BRET assays examining GPCR-arrestin interactions can
be performed in 2-3 days and include three distinct steps: cell
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Fig. 4 BRET assay for the detection of arrestin recruitment by GPCRs. Upon agonist stimulation and phos-
phorylation of GPCRs by GRKs, GPCRs are able to interact with arrestins. To study this process by BRET,
receptors are fused to Renilla luciferase variant 8 (Rluc8), which serves as the donor of resonance energy.
The acceptor Venus, an enhanced variant of YFP, is fused to the N-terminus of arrestin. Luciferase oxidases the
membrane-permeable coelenterazine-h substrate, producing luminescence and resonance energy transfer
(RET) to the nearby acceptor, Venus-arrestin. After RET, the Venus acceptor emits fluorescence that can
be readily detected. The ratio between the acceptor peak emission and the donor peak emission constitutes
the BRET ratio. The agonist-dependent net BRET ratio is the difference between BRET ratios measured in the
presence and absence of agonist

transfection, passaging of cells to multi-well plates, and agonist
stimulation and reading of dual-channel filtered luminescence
from cells seeded into white multi-well plates and of fluorescence
from cells seeded into black multi-well plates, respectively. Dual-
channel luminescence readings are used to estimate BRET ratios as
explained below. The readings are also used to determine the
relative expression of Rluc8-fused receptors, as luminescence is
proportional to luciferase expression and activity (Fig. 5b).
Likewise, fluorescence readings are used to estimate the expression
levels of the Venus-tagged arrestin proteins (Fig. 5a). The ratio
between Venus-arrestin fluorescence (F) and receptor-Rluc8 lumi-
nescence (L) represents the relative arrestin/receptor expression
ratio and allows for the direct comparison of data obtained in
different experiments carried out under the same experimental
conditions.

Below we describe the steps of an arrestin titration assay where
the expression of the receptor- Rluc8 construct is kept constant. In
the case described below, the M; muscarinic receptor (M3R) fused
to Rluc8 represents the BRET donor (M3R-Rluc8), while Venus-
arrestin-3 (-arrestin-2) serves as the BRET acceptor. Agonist-
dependent arrestin recruitment is initiated with a saturating
concentration of the muscarinic agonist, carbachol (100 pM).
Note that DREADDs are no longer able to bind ACh, carbachol,
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Fig. 5 Peak fluorescence and luminescence are proportional to Venus-arrestin and receptor-Rluc8 expression,
respectively, and are used to determine the F/L ratio. The My muscarinic receptor-Rluc8 fusion protein (M3R-
Rluc8) served as the BRET donor and Venus-arrestin-3 as the BRET acceptor. Studies were carried out with
transfected COS-7 cells. (a) Fluorescence at 535 nm is directly proportional to the amount of transfected
Venus-arrestin-3 DNA. An excitation filter with transmittance centered at 485 nm (bandwidth of 20 nm),
535 nm emission filter (bandwidth of 25 nm), and 510 nm dichroic mirror were used to monitor relative fluo-
rescence values. (b) Filtered luminescence at 460 nm from the same cells shown in panel (a). Note the usual
decrease in M3R-Rluc8 expression levels as the Venus-arrestin-3 plasmid amount increases. A representative

experiment is shown

5.3.3 Transfection
of COS-7 Cells

5.3.4 Passaging of Cells
to Multi-well Plates

or other orthosteric muscarinic agonists, but can be efficiently acti-
vated by CNO. Thus, CNO must be used as an agonist in BRET
studies examining DREADD-arrestin interactions.

We use one 60 mm cell culture dish per condition (i.e., Venus-
arrestin plasmid amount) and seed 4x10° low-passage (<20
passages) COS-7 cells in exponential growth phase (the number of
cells needs to be optimized for each cell line). On the following
day, the cells are usually ~90 % confluent and are ready to be trans-
fected. We use Lipofectamine® 2000 transfection reagent from Life
Technologies (Carlsbad, CA) at a ratio of 2.2 pl of transfection
reagent per pg of total plasmid DNA per condition. Typical
amounts of plasmid DNAs used are shown in Table 1. Plasmid
DNAs and transfection reagent are mixed in minimal essential
medium (such as Opti-MEM® from Life Technologies) in the
absence of fetal bovine serum following the manufacturer’s instruc-
tions. After transfection, cells are incubated for 10-16 h inside a
cell culture incubator (95 % humidity, 5 % CO,, 37 °C) with the
DNA-lipid complexes.

After incubation of cells for 10-16 h with the DNA-lipid com-
plexes, cells are passaged to multi-well plates using standard cell
culture procedures. Note that all cell culture reagents (culture
media, trypsin-EDTA solution, etc.) should be devoid of phenol red
to prevent interference with the BRET measurements. We use
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Table 1
Venus-arrestin and M3R-Rluc8 plasmid amounts used for an arrestin
titration BRET assay

Venus-Arr-3 plasmid® (pg)
M3R-Rluc8 plasmid® (pg)
pcDNA3.1(+) (pg)

0.2

12

0.75

0.2

11.25

1.5

0.2

10.5

3

0.2

9

6

0.2

6

12

0.2

"Venus-Arr-3 plasmid: Venus-arrestin-3 (bovine) fusion construct in pcDNA3
(Lite Technologies)

®M; muscarinic receptor fused to Renilla luciferase variant 8 in pcDNA3
‘pcDNA3.1(+) empty vector used to ensure that the amount of transfected
plasmid DNA is equal in all assays

96-well white opaque cell culture plates for measurement of filtered
luminescence and 96-well black opaque plates for fluorescence
measurements, respectively (see Sect. 5.1). Typically, we seed
20,000—40,000 cells per well. To obtain a sufficient amount of
cells, we resuspend the cells harvested from one 60 mm dish in a
sufficient volume of media to yield 20 wells of a 96-well plate (100 1 of
cell suspension per well). This makes it possible to set up an experi-
ment with eight replicates of agonist-treated and vehicle-treated
cells in addition to four replicates for the determination of
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5.3.5 Agonist Stimulation
and BRET Measurements

fluorescence from a black opaque 96-well plate. We then allow cells
to recover for 24 h from the stress of passaging prior to agonist
stimulation and BRET measurements.

On the assay day, transfected cells are stimulated in 96-well plates
with a saturating concentration (100 pM) of carbachol (or 10 pM
of CNO in the case of DREADD:s) in the presence of 5 uM clz-4,
and BRET measurements are taken. Agonist and luciferase stock
solutions (4x) are diluted in DPBS supplemented with 1 g/1
D-glucose, 36 mg/I sodium pyruvate, and 25 mM HEPES (pH
7.2). Naive (untreated) cells receive vehicle. In the first step, the
cell culture media in the white multi-well plates to be used for
luminescence measurements is replaced with 100 pl of HEPES-
DPBS. Carbachol (100 pM final) (or 10 pM of CNO in the case of
DREADDs) or vehicle is then added to stimulated or naive cells,
respectively, and clz-4 (5 pM final) is added to all wells of the
multi-well plate. These reagents can be added by hand with the aid
of a multichannel pipette or by using the injectors that are part of
many plate readers. The optimum agonist incubation time varies
depending on the receptor being studied and should be deter-
mined in each case experimentally. For M; receptor-based
DREADDs, we found that BRET signals were most robust after
treatment of cells for 45 min with CNO. Longer incubation times
result in a reduced luminescence signal due to oxidation of clz-4.

The ideal instrument for BRET measurements is capable of
dual-luminescence measurements: one channel for the donor
(475 nm) and the other for the acceptor (528 nm) for each micro-
plate well. Donor and acceptor light output must be taken con-
secutively (by rapidly switching filters) or simultaneously (if two
channels are available) before moving to the next well. The best
filter set for BRET" avoids any spectral overlap to circumvent or
minimize bleed through light and consists of a 60-80 nm band-
pass, 460 nm centered (or below) filter for the measurement of
Rluc8-clz-/ peak emission and a 40-60 nm band-pass, 540 nm
centered filter for measuring peak emission of Venus. Read integra-
tion time should be set to 0.5-1 s. We have used instruments from
PerkinElmer (Victor2 or Envision), BioTek (Synergy series of
microplate readers), Tecan (Infinite F500), and BMG Labtech
(POLARStar Optima dual-channel emission detection).

Data from arrestin titration experiments are plotted as BRET
ratio versus the acceptor fluorescence over donor luminescence
ratio (F/L). To determine acceptor fluorescence, measurements
are taken from cells growing in the black multi-well plates. Plate
reader settings should match Venus excitation and emission spec-
tra. Table 2 summarizes instrument settings for the measurement
of Venus fluorescence.

BRET ratios are calculated by dividing the long-wavelength
(i.e., 528 nm) luminescence values from the short-wavelength
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Table 2
Instrument settings for estimating relative Venus-arrestin expression
levels by fluorescence measurements

Parameter®

Setting

Excitation wavelength
485 nm

Excitation bandwidth
20 nm

Emission wavelength
535 nm

Emission bandwidth
25 nm

Dichroic mirror

510 nm

sSome instruments allow for the control of output of the excitation light
source while others provide different aperture settings for a diaphragm inter-
posed in the light path to regulate output. The number of flashes, integration
time, and photomultiplier (detector) amplifier gain are additional parameters
that need to be adjusted to achieve a maximum dynamic range and optimal
signal-to-noise ratio

(i.e., 475 nm) values. To determine specific BRET ratios resulting
from agonist-dependent arrestin recruitment, the difference
between the BRET ratios in the presence and absence of agonist
needs to be determined. This difference is also referred to as “net
BRET?” [25]. Saturation plots are constructed by graphing F/L on
the x-axis against net BRET ratios on the y-axis (Fig. 6a). Data
points are fitted to a one-site binding hyperbola by computer-aided
nonlinear regression using GraphPad Prism software. Net BRETysx
can be inferred from the resulting curves, as long as the arrestin-
receptor interaction reaches saturation.

BRET experiments can also be performed to obtain agonist
concentration-response curves for receptor/DREADD-mediated
arrestin recruitment [12]. In this case, the receptor/DREADD-
Rluc8 and the Venus-arrestin fusion proteins are expressed at a
constant level (Fig. 6b, ¢).

1. Arrestins preferentially recognize GPCR in their active state
following their phosphorylation by GRKs [26]. Many cell lines
express sufficient endogenous amounts of GRKs to phosphory-
late overexpressed receptor-Rluc8 fusion proteins [24].
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Fig. 6 BRET analysis of receptor/DREADD-arrestin interactions in transfected
COS-7 cells. (a) Titration of arrestin-3 recruitment by the M, muscarinic receptor
(M3R). M3R-Rluc8 served as the BRET donor and Venus-arrestin-3 as the BRET
acceptor. Net BRET resulting from the difference between the BRET ratios mea-
sured in the presence or absence of 100 pM carbachol (M3R agonist) is plotted
against F/L ratios. (b) Agonist (carbachol) concentration-response curve for the
recruitment of arrestin-3 by the M3R. Carbachol (0.2 pM-10 mM) was used to
stimulate cells co-transfected with M3R-ARluc8 DNA (same plasmid amount as in
panel (a) and Venus-arrestin-3 plasmid DNA (the amount used yields saturating
expression levels as determined in (a)). (¢) CNO concentration-response curves
for the recruitment of arrestin-3 by the Rq and Rq(R165L) DREADDs. CNO was
used to stimulate cells co-transfected with DREADD-RIuc8 and Venus-arrestin-3
plasmid DNAs. Representative experiments are shown in all panels
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However, if the observed BRET signal is low, signal strength can
often be improved by adding a GRK-expression plasmid (e.g., a
plasmid coding for GRK2) to the transfection mixture.

2. An issue that is critical for any kind of BRET experiment is to
distinguish “true” protein—protein interactions from bystander
BRET [25]. In a system where receptor and arrestin proteins are
overexpressed, it is possible that receptors interact with arrestins
in a “kiss-and-run” fashion. Such interactions have no physiolog-
ical significance but can readily yield RET. To account for these
nonspecific interactions, basal bystander BRET should be deter-
mined by using a non-interacting protein of similar size and
structure. Recently, we described several arrestin mutants which
can be used to determine background BRET ratios [19, 24].
These arrestin mutants are unable to bind GPCRs.

3. The fusion of large (~25-28 kDa) BRET acceptor and donor
moieties to arrestins and receptors may interfere with the
function of these proteins. It is therefore essential to confirm
that the fusion proteins have similar functional properties as
the unmodified receptors and arrestins. Ideally, in the case of
Venus-tagged arrestins, receptor recruitment, internalization,
and in vitro binding studies should be performed and arrestin-
dependent downstream signaling should be monitored [24, 27].
Luciferase-fused GPCRs/DREADDs should be tested in
ligand binding assays and functional studies to confirm that the
modified receptors are folded properly and are able to interact
with G proteins and /or arrestins. Ideally, receptor localization
studies should also be carried out.
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Chapter 3

Regulation of Gene Transcription Following Stimulation
of Gag-Coupled Designer Receptors

Oliver G. Rossler and Gerald Thiel

Abstract

Stimulation of G protein-coupled receptors induces an intracellular signaling cascade that activates
transcription factors in the nucleus and thus ultimately leads to transcriptional changes. We have designed
reporter genes that specifically measure the activities of the stimulus-responsive transcription factors AP-1,
CREB, Egr-1, and serum response factor/ternary complex factor. The transcriptional activation potential
of CREB and Elk-1 is measured using fusion proteins consisting of the phosphorylation-dependent activa-
tion domain of these transcription factors joined with the DNA-binding domain of the yeast transcription
factor GAL4. Lentiviral gene transfer is used to implant the reporter genes into the chromatin of the cells,
to ensure that the reporter genes are embedded into a nucleosomal structure. Recombinant lentiviruses
infect mitotic and postmitotic cells such as neurons, thus allowing the analysis of transcriptional changes
following the activation of G protein-coupled designer receptors.

Key words Designer receptor, Lentivirus, Reporter gene, Egr-1, Elk-1, CREB, AP-1, Transcription

1 Background/Introduction

Stimulation of Gag-coupled receptors leads to the activation of
phospholipase C. As a result, the intracellular Ca** concentration
increases via IP; generation /IP; receptor stimulation. Ca?* ions then
trigger an activation of protein kinase C and the subsequent phos-
phorylation and activation of MAP kinases, including extracellular
signal-regulated protein kinase (ERK), c-Jun N-terminal protein
kinase (JNK), and p38 protein kinase [1]. The phosphorylated and
activated protein kinases translocate into the nucleus and phosphor-
ylate gene regulatory proteins. Thus, Gaq-coupled receptor stimula-
tion triggers a change of the genetic program of the cells. Recently,
we showed that stimulation of Gag-coupled AT, angiotensin II
receptors, calcium-sensing receptors, muscarinic acetylcholine
receptors, protease-activated receptors, or gonadotropin-releasing
hormone receptors has a profound effect on transcriptional regula-
tion [2-6]. Likewise, stimulation of Gaq-coupled designer receptors

Gerald Thiel (ed.), Designer Receptors Exclusively Activated by Designer Drugs, Neuromethods, vol. 108,
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activates stimulus-responsive transcription factors [7, 8], indicating
that the regulation of gene transcription is an integral part of Gog-
coupled receptor signaling.

There are several methods to detect the activation of transcrip-
tion factors resulting from cellular stimulation. The biosynthesis of
the transcription factors Egr-1 and c-Fos is upregulated as a result
of cellular stimulation. Thus, immunohistochemistry is often used
to detect expression of these proteins in tissues and cells. In par-
ticular, c-Fos expression is used as an indirect marker of neuronal
activity [9, 10]. In fact, c-Fos immunoreactivity was used to detect
the activation of designer receptors in neurons [11, 12].
Transcription factors such as CREB and c-Jun are phosphorylated
following stimulation of the cells with appropriate ligands. Thus,
phospho-specific antibodies can be used to detect the activated
form of these transcription factors. However, phosphorylation of
CREB at the critical serine residue 133 is not a reliable predictor of
CREB target gene transcription [ 13], as underlined by the fact that
depolarization of neurons triggers phosphorylation of Ser-133 of
CREB within minutes, while the activation of CREB-regulated
gene transcription needs much longer [14]. Moreover, a rise in
intracellular Ca?* fails to activate CREB-dependent transcription in
astrocytes, although phosphorylation of Ser-133 of CREB occurs
[15]. Immunocytochemistry is also difficult to employ for the
detection of activated AP-1 transcription factor, which can be found
as a homodimers, or heterodimer composed of various members of
the Fos, Jun, and ATF basic region leucine zipper subfamilies [16].
In vitro protein-DNA binding assays are often used as a measure
for an activated transcription factor. However, for AP-1 it has been
shown that DNA binding activity does not mirror the transcrip-
tional activity of the AP-1 transcriptional complex [17].

To analyze the activity of a particular transcription factor, it is
essential to measure its ability to stimulate transcription of a tran-
scription factor-responsive reporter gene. Here, we describe meth-
ods to analyze the activities of stimulus-regulated transcription
factors following stimulation of Gag-coupled designer receptors
using chromatin-embedded reporter genes. Figure 1 depicts
reporter genes designed to measure the activity of the transcription
factors Egr-1, AP-1, CREB, and SRF. The EBS1*.luc reporter gene
contains the luciferase reporter gene (Note # 1), controlled by a
minimal promoter consisting of four binding sites for Egr-1 (termed
EBS), a TATA box, and an initiator element [18] (Fig. 1a). To
monitor AP-1 activity, a collagenase promoter/luciferase reporter
gene is frequently used (Fig. 1b), as this promoter contains an
AP-1-binding site termed 12-O-tetradecanoylphorbol-13-acetate
(TPA)-responsive element (TRE) in its proximal promoter region
[19]. Activation of CREB-regulated transcription is detected with
the reporter gene c-FosCRE*.luc [20] (Fig. 1¢). This reporter gene
contains, upstream of the luciferase open reading frame, four copies
of the cyclic AMP-responsive element (CRE) derived from the
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Fig. 1 Reporter genes. (a) EBS2*.luc. (b) Coll.luc. (¢) c-FosCRE“.luc. (d) Egr-1SRE.luc. The sequences of the
transcription factor-binding sites for Egr-1 (EBS), AP-1 (TRE), CREB (CRE), and SRF/TCF (CArG and Ets) are
underlined

human c-Fos promoter that is responsive to elevated intracellular
cAMP and Ca** concentrations [21]. The transcription unit Egr-
1SRE.luc has been designed to measure the activity of a gene that
is regulated by a serum-responsive element (SRE) [4] (Fig. 1d).
The SRE encompasses the consensus sequence CC[A/T]sGG, also
termed the CArG box. Many genes contain adjacent to this CArG
box a binding site for ternary complex factors (Ets) having the Ets
consensus core sequence A/TTCC.

To measure the transcriptional activation potential of stimulus-
responsive transcription factors, fusion proteins are expressed con-
sisting of the DNA-binding domain of the yeast transcription
factor GAL4 and the activation domain of transcription factors that
are regulated by phosphorylation. Figure 2a, b shows the modular
structure of the fusion proteins GAL4-Elk (a) and GAL4-CREB
(b). Elk-1 and CREB are activated via phosphorylation by various
protein kinases. CREB is a substrate for the cAMP-dependent pro-
tein kinase PKA, the Ca*/calmodulin-regulated protein kinase
CaMKIV, and the mitogen-induced protein kinase MSK [22]. Elk-
1, a member of the Ets family of transcription factors that is an
essential component of the serum response ternary complex that
binds to DNA and to the serum response factor SREF, is
phosphorylated by various MAP kinases [23, 24]. As a control, a
tusion protein of the DNA-binding domain of GAL4 and the tran-
scriptional activation domain of Spl (GAL4-Spl) is analyzed
(Fig. 2¢). A GAL4-sensitive reporter gene is used to measure the
transcriptional activity of the GAIL4 fusion proteins. Figure 2d
shows the schematic representation of the transcription unit encod-
ing a luciferase reporter gene under the control of the minimal
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Fig. 2 Modular structure of GAL4 fusion proteins. Schematic representation of the modular structure of EIk-1
and GAL4-Elk-1 (a), CREB and GAL4-CREB (h), and Sp1 and GAL4-Sp1 (¢). The GAL4-responsive transcription
unit is shown in (d). The reporter contains a luciferase reporter gene under the control of the minimal promoter,
consisting of two Sp1-binding sites, a TATA box, and five GAL4-binding sites termed UAS (UAS, upstream

activating sequence)

promoter. Upstream of the minimal promoter, five GAL4-binding
sites (UAS, upstream activating sequence) are present. Since GAIL4
does not bind to any known mammalian gene promoter element,
interference by other transcriptional regulatory proteins is avoided.

Frequently, transient transfections are used to introduce pro-
moter/reporter gene transcription units into cultured cells. This
approach has the disadvantage that the structure of the transfected
plasmids may be incompletely organized in comparison to cellular
chromatin, and may thus resemble a prokaryotic gene organization
including a nonrestrictive transcriptional ground state. In contrast,
the chromatin structure in eukaryotes causes a restrictive ground
state, occluding proteins such as RNA polymerases and transcrip-
tional regulators from binding to DNA. Thus, promoter/reporter
genes need to be integrated into the chromatin to ensure that they
packed into an ordered nucleosomal structure. This goal can be
accomplished by using lentiviral gene transfer that leads to the
integration of the reporter gene into the genome of the infected
cell. Recombinant lentiviruses have the main advantage of infect-
ing proliferating and nonproliferating cells. Virus production is
accomplished by transfecting an envelope protein encoding plas-
mid (pCMV-VSV-G), a packaging vector, containing the HIV
genes gag, pol, and rev, and a transfer vector into HEK 293T /17
cells. The transfer vector provides the genome for the virus (Fig. 3).
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Fig. 3 Generation and infection with recombinant lentiviruses. HEK 293T/17 cells are transfected with three
plasmids: The packaging plasmid contains the gag, pol, and rev genes of HIV. The envelope glycoprotein of the
vesicular stomatitis virus is expressed from the pCMV-VSV-G plasmid. The lentiviral transfer vector provides
the genome for the recombinant viruses. Virus stock is harvested 3 days after transfection, filtered, supple-
mented with polybrene, and used to infect target cells

2 Equipment, Materials, and Setup

2.1 Materials 1. HEK 293T /17 cells.
for Transfection 2. Cell culture equipment, media.
of HEK 293T/17 Cells

3. Lentiviral packaging vector A8.91 [25].

4. VSVG envelope protein expression vector pCMV-VSV-G
(Addgene, plasmid # 8454).
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2.2 Materials

for Infection

with Recombinant
Lentivirus, Stimulation,
and Reporter Gene
Analysis

0 o N o

10.

11.

12.

Lentiviral transfer vector pFUW-Raq: This lentiviral transfer
plasmid encodes for a Gaq-coupled designer receptor under
the control of the human UbC promoter [7, 8].

pFW-c-FosCRE®.luc (reporter measuring CREB activity; [5]).
pEFW-EBS1*.luc (reporter measuring Egr-1 activity, [5]).

. pFW-Egr1-SRE luc (reporter measuring SRF /TCF activity, [4]).

pFW-Coll.luc (reporter measuring AP-1 activity, [3]).

pEFW-UAS’Sp12.luc (reporter measuring the activity of GAL4
fusion proteins, [26]).

pFUW-GAL4-CREB, pFUW-GAIL4-Elk-1, pFUW-GAL4-
Spl (lentiviral transfer vectors for expressing GAL4 fusion
proteins, [5]).

Chemicals for transfection: CaCl, (Sigma), chloroquine
diphosphate salt (Sigma # C6628).

Chemical for infection: Hexadimethrine bromide (Polybrene,
Sigma # H9268), 8 mg,/ml in H,O, filter sterilized through a
0.22 pM filter.

2. 0.45 pm filter units (Sarstedt, Nirmbrecht, Germany, # 83.1826).

Antiviral agent (Bacillol).

. Reporter lysis buffer (Promega, Mannheim, Germany).

3 Procedures

3.1 Virus Production:
Transfection of HEK
293T1/17 Cells

with Calcium
Phosphate

The viral particles are produced by transient transfection of HEK
293T/17 «cells using the calcium phosphate coprecipitation
technique.

1.

Seed 2x10° HEK293T /17 cells in a 60-mm plate. Incubate
the cells overnight in complete DMEM medium (containing
10 % fetal bovine serum, penicillin (100 U/ml), and strepto-
mycin (100 pg/ml)) at 37 °Cin 5 % CO.,.

Remove the medium, and add complete DMEM containing
chloroquine (25 pM).

. Transfect the cells with the calcium phosphate coprecipitation

methods:

Three plasmids are transfected into the cells: 6.6 pg of the
transfer vector, 5 pg of the pPCMVARS8.91 packaging vector,
and 2.3 pg of plasmid pCMV-VSV-G, encoding the vesicular
stomatitis virus glycoprotein. Transfections are performed in
the presence of chloroquine (25 pM). The cells are incubated
tor 8—16 h with the calcium phosphate-DNA precipitate.

The cells are washed twice with PBS and incubated in com-
plete DMEM at 37 °C for 2-3 days.



3.2 Virus Collection
and Infection

of Neuronal Cells/
Neurons

with Recombinant
Lentivirus

3.3 Stimulation
and Reporter Gene
Analysis
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The production and handling of lentiviral vectors should be carried
out using the proper biosafety containment. See Biosafety for Research
with Lentiviral Vectors (http://www4.od.nih.gov/ova/RAC/
Guidance/LentiVirus_Caintainment/pdf/Lenti_Containment_
Guidance.pdf).

1. Transfer viral supernatant from 60 mm dishes to 50 ml tubes.

2. Centrifuge for 5 min at 1000 rpm to pellet unattached HEK
293T/17 cells.

3. Pass viral supernatant through 0.45 pM filter.

4. Add polybrene to viral supernatant (final concentration:
8 pg/ml).

5. Seed the target cells together with the virus stock and incubate
overnight (Note # 2).

To analyze Raq-regulated gene transcription, the target cells
are infected with two virus stocks encoding the designer receptor
Raq and the reporter gene, respectively.

1. The virus is removed and the cells are maintained for 24 h in
complete DMEM medium.

2. The medium is changed and the cells are incubated in DMEM
medium containing 0.05 % fetal bovine serum (Note # 3).

3. Stimulate the cells in serum-reduced medium with clozapine-
N-oxide (CNO, Enzo Life sciences, # NS-105-0005) (1 uM)
for 24 h.

4. Cell extracts of stimulated cells are prepared using reporter
lysis bufter (Promega, Mannheim, Germany) and analyzed for
luciferase activities as described [5, 6]. Luciferase activity is
normalized to the protein concentration.

4 Typical/Anticipated Results

HEK 293T /17 cells expressing stimulated Gaq-coupled designer
receptors were stimulated with CNO. To measure Egr-1 activity,
an Egr-1-responsive luciferase reporter gene EBS1*uc was inte-
grated into the chromatin of the cells. Stimulation of the cells with
CNO significantly increased the transcription of the Egr-1-
responsive reporter gene (Fig. 4a), indicating that stimulation of
Gagq-coupled designer receptors increases the concentration of
biologically active Egr-1 protein. These data were corroborated by
a Western blot analysis, showing that stimulation of the designer
receptor induced the biosynthesis of Egr-1 (Fig. 4b). Stimulation
of the Gag-coupled designer receptor with CNO additionally
enhanced transcription of the AP-1-responsive reporter gene Coll.


http://www4.od.nih.gov/ova/RAC/Guidance/LentiVirus_Caintainment/pdf/Lenti_Containment_Guidance.pdf
http://www4.od.nih.gov/ova/RAC/Guidance/LentiVirus_Caintainment/pdf/Lenti_Containment_Guidance.pdf
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luc (Fig. 4c). Western blot experiments supported these findings,
showing that expression of c-Fos and c-Jun was upregulated fol-
lowing designer receptor stimulation (Fig. 4d). c-Fos and c-Jun
are frequently included into functional AP-1 complexes. Finally,
transcription of reporter genes controlled by either CRE or SRE
motifs was stimulated as a result of designer receptor activation
(Fig. 4e, 1).

Furthermore, stimulation of Gaq-coupled designer receptors
increased the transcriptional activation potential of the transcrip-
tion factors Elk-1 and CREB, as depicted in Fig. 5a, b, while the
transcriptional activity of GAL4-Spl fusion protein, consisting of
the DNA-binding domain of GAL4, fused to the activation domain
of the transcription factor Spl, was not altered as a result of
designer receptor activation (Fig. 5c¢).

5 Conclusion

<

As the regulation of gene transcription is an integral part of the
Gaq-coupled receptor signaling pathways, tools are required to
measure genetic changes in cells and tissues. The combination of
reporter genes, together with lentiviral gene transfer, allows the
incorporation of transcription units into the genome of dividing
and nondividing cells. Viral infection of particular neuronal popu-
lations can be combined with the use of transgenic mice expressing
G protein-coupled designer receptors in selected areas of the brain.

<

Fig. 4 Transcription activation of Egr-1, AP-1, SRF, and CREB-controlled reporter genes in cells expressing a
stimulated Gog-coupled designer receptor. HEK293T/17 cells were infected with a recombinant lentivirus
encoding one of the reporter genes EBS14.luc (a), Coll.luc (¢), c-FosCRE“.luc (e), or Egr-1SRE.luc (f). In addition,
cells were infected with a lentivirus encoding a Gaqg-coupled designer receptor. The cells were serum-starved
for 24 h and then stimulated with CNO (1 pM) for 24 h. Cell extracts were prepared and analyzed for luciferase
activities. (b, d) Induction of transcription factor biosynthesis in CNO-stimulated HEK 293T/17 cells expressing
a Gag-coupled designer receptor. Cells were cultured for 24 h in medium containing 0.05 % serum. Stimulation
with CNO (1 uM) was performed with medium containing 0.05 % serum. Nuclear extracts were prepared and
subjected to Western blot analysis using antibodies directed against either Egr-1 (b), c-Fos (d), or c-Jun (d).
The antibody directed against histone deacetylase-1 (HDAC1) was used as a loading control (reproduced with
modifications from [7] with permission of John Wiley & Sons Ltd.)
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Fig. 5 Upregulation of the transcriptional activation potential of Elk-1 and CREB
following stimulation of Gag-coupled designer receptors with CNO. HEK293T/17
cells were double-infected with a lentivirus encoding the GAL4-responsive lucifer-
ase reporter gene UAS®Sp12.luc and a lentivirus encoding either GAL4-Elk-1 (a),
GAL4-CREB (b), or GAL4-Sp1 (c). In addition, the cells were infected with a lentivi-
rus encoding the Gaig-coupled designer receptor. The infected cells were stimu-
lated with CNO (1 pM) for 24 h. Cell extracts were prepared and analyzed for
luciferase activities. Luciferase activity was normalized to the protein concentration
(reproduced with modifications from [7] with permission of John Wiley & Sons Ltd.)
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Chapter 4

Chemogenetic Deconstruction of Feeding Circuits

Michael Krashes

Abstract

The sensation of hunger and subsequent act of eating for nourishment are the most basic behaviors across
all animals. One can trace its rampage through human history by examining how it has shaped our genes,
cultures, and landscapes. Yet, despite the shared familiarity of eating, the neural circuits underlying the
motivational processes underlying shifts in appetite have remained elusive due to a lack of methods sensi-
tive enough to probe defined subpopulations of brain cells with temporal and spatial precision. Chemo-
genetics is an innovative neuroscience approach that has recently been applied in order to dissect feeding
circuits by allowing for remote, reversible control of specific neural networks. The technique involves the
use of exogenously expressed, molecularly evolved G-protein-coupled receptors (GPCRs) in discrete neu-
ral populations followed by their unique ligand-dependent activation. These receptors are modified to
couple through cellular machinery resulting in either stimulation or inhibition of neural activity. This
allows researchers to acutely and explicitly “turn on” and “turn off” a cell type of choice and assess the
resulting behavioral output. Here, I describe how these tools have developed over the years and how they
have been applied to the deconstruction of central circuits governing feeding. A thorough comprehension
of these critical signals and neural pathways will aid in our fight against obesity and the multitude of eating-
related disorders.

A major first step, then, is to identify the many different types of neuron
existing in the cerebral cortex and other parts of the brain. One of the
next requirements is to be able to turn the firing of one or more types
of neuron on and off in the alert animal in a rapid manner.

Francis Crick, Proc Royal Soc London 1999

1 Background and Historical Overview

Feeding is necessary for growth, self-maintenance, and reproduction
rendering this directed action obligatory for survival. Selective
pressure to locate, obtain, and consume nutrients makes feeding
activity the most powerful agent in the evolution of species.
Feeding can be thought of as the decisive behavioral component
of a common physiological process, that of nutrition. Metabolic
demand drives food selection and magnitude of consumption to
provide the body with metabolizable energy used to cover energy

Gerald Thiel (ed.), Designer Receptors Exclusively Activated by Designer Drugs, Neuromethods, vol. 108,
DOI 10.1007/978-1-4939-2944-3 4, © Springer Science+Business Media New York 2015

61



62

Michael Krashes

expenditure (such as carbohydrates, fats, and proteins) as well as
essential amino acids, minerals, and vitamins required for growth
and sustenance.

However, hunger is not simply a homeostatic process; it is a
dynamic transaction that commands profound influence on emo-
tion, cognition, and behavior [1]. It sits at the center of various
public health concerns that span multiple disciplines of modern
medicine. These include ailments such as malnutrition, obesity,
and type II diabetes that negatively impact physical as well as emo-
tional [2-5] and cognitive [6-8] well-being. The pervasiveness of
hunger in public health crises compounds the importance for
experimental research. A fundamental understanding of the bio-
logical manifestation of hunger in the brain could provide poten-
tially unifying information about these disease states and lead
to groundbreaking new frameworks in which to approach these
problems.

Clearly, the fundamental power of appetite has always captured
our attention and has been the subject of countless studies through-
out human history. Only recently, however, rather than merely
evaluating the intensity of hunger in man have investigators turned
to employing animal models to answer complicated questions
within this discipline. Such animal studies address the questions
of how a combination of internal and external signals governs the
selection and intake of foods, and how feeding behavior is inte-
grated into the overall process of nutritional homeostasis.

The overarching complexity and multiple layers of eating
behavior, in addition to its increased interest to the general public
at large, make understanding the molecular, cellular, and neural
machinery controlling feeding imperative to both our health and
curiosity. To this end, the last century has made significant prog-
ress toward this goal using a variety of approaches. For the pur-
poses of this chapter, emphasis will be placed on rodent models.

Classic work demonstrated a key role of the hypothalamus in
hunger by using lesions [9-17], intracranial drug delivery [ 18-24],
and electric brain stimulation in animal models [25, 26]. This work
culminated into a theory that attributed the balance between hun-
ger and satiety to distinct nuclei of the hypothalamus, including
the lateral hypothalamus (LH), paraventricular hypothalamus
(PVH), ventral medial hypothalamus (VMH), dorsal medial hypo-
thalamus (DMH), and arcuate nucleus (ARC).

Although this work clearly demonstrated a role for the LH,
PVH, VMH, DMH, and ARC in appetite and reward, the tech-
niques used in these studies carry serious limitations. While these
methods were very powerful, they lacked specificity. For example,
electric brain stimulation activates all neurons within the radius of
the electrode as well as all axons passing through the region, which
has grave implications on downstream targets. Conversely, lesions
destroy all cell types in the affected area, including both afferent
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and efferent processes outside the intended lesion zone. Moreover,
these past approaches often lacked anatomical precision resulting
in off-target effects, as discrete nuclei of the hypothalamus border
one another and are roughly defined.

The paucity of specificity in these techniques has likely led to
the diversity of effects found among different behavioral paradigms
(from feeding to aggression to drinking to mating), which has
given us a broad and disjointed understanding of the role of
the hypothalamus in regulating appetite. Fortunately, recent break-
throughs in neuroscience allow for more targeted approaches to
empirical questions.

Studying the mechanisms of homeostatic food intake is chal-
lenging due to slow temporal kinetics of the parameters mediating
the switch between hunger and satiety. Hormones need to be
released from peripheral tissues, travel to the brain, and signal
nutrient-sensing neurons to direct food-seeking and consumption
behavior. These prolonged changes in energy deficit considerably
hamper the examination of the contributing relationships between
deprivation-sensitive sensory systems and the downstream brain
circuits they engage. To sidestep this difficulty, manipulations of
molecularly circumscribed nutrient-sensing neurons can be used to
prove the central control of feeding. Once identified, the afferent
and efferent pathways modulating both hunger and satiety can be
further analyzed in detail [27].

This need to obtain discrete access to defined neurons is essen-
tial given the diversity and complexity of the neural circuits under-
lying feeding behaviors. For example, the Agouti-related peptide
(ARCAE®R?) and proopiomelanocortin (ARCPOMC) neuronal popu-
lations are not only adjacent, but are also anatomically intermingled
with each other in the arcuate nucleus. Given that these separate
cell types are thought to evoke opposing functions on appetite,
gaining command over each unique population is essential to
unraveling their behavioral contributions.

A common way to achieve such specificity is through a two-
pronged approach using genetically engineered mice that express
Cre-recombinase, a tyrosine recombinase enzyme derived from
bacteriophage, in defined neurons, often driven off the endoge-
nous gene promoter, in combination with Cre-dependent viral vec-
tors expressing activity modulators to stimulate or silence neuronal
activity [28]. These adeno-associated viruses (AAV) are designed in
such a way that the open reading frame of the coding sequence is
inverted, in the antisense orientation, flanked by two pairs of het-
erotypic, antiparallel loxP-type recombination sites. In the presence
of Cre-recombinase, the recombination sites first undergo an inver-
sion of the coding sequence followed by excision of two sites,
leading to one of each orthogonal recombination site oppositely
oriented and incapable of further recombination [29, 30]. This
Cre-dependent viral approach is commonly referred to as a FLEX
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switch or double-floxed inverse open reading frame (DIO) [29, 31],
and is used to target specific cell types with spatial precision via
intracranial surgeries in distinct Cre driver mouse lines.

Two methods, optogenetics and chemogenetics, devised for
manipulating neural activity in vivo have benefited tremendously
from this viral approach. Optogenetics (which will not be described
in detail in this chapter) involves the use of microbial and chimeric-
vertebrate opsin genes that have been developed to control highly
defined electrical activity with cell-type selectivity, high temporal
precision and rapid reversibility. As most neurons in the brain are
not naturally light sensitive, selective expression of opsin genes in
targeted neural populations makes it possible to specifically control
the activity in these populations through optical light delivery, and
the resulting fast on—off kinetics make it possible to evoke or inhibit
neural activity within milliseconds, on a time scale relevant to the
physiological brain functions [32, 33].

Chemogenetics is a system to control neuronal activity zon-
invasively in the mammalian brain by regulating signaling through
a G protein-coupled receptor (GPCR) [28, 34] or recently using
ligand-activated ion channels [35-37]. These pharmacological
approaches to manipulate neuronal activity through GPCR signal-
ing pathways in neurons both in vitro and in vivo include ectopic
expression of either GPCRs with engineered binding sites such as
receptors activated solely by synthetic Aigands (RASSLs) [38, 39]
or nonnative GPCRs such as the Drosophila allatostatin receptor
(AlstR) [40,41].

Despite the vast contributions utilizing these methods, contin-
ued improvements were needed to facilitate regulation of activity of
discrete populations of CNS neurons selectively and noninvasively
in vivo. RASSLs, for example, are activated by nonselective, phar-
macologically active small molecules and in some tissues exhibit
high levels of signaling in the absence of exogenous small-molecule
agonists, which can result in pathologic phenotypes [42—45].
Although AlstR displays no evidence of basal signaling, it does not
allow for remote manipulations of neuronal activity, as its ligand is
unlikely to cross the blood-brain barrier and must be directly
infused into brain tissue [41]. Furthermore, AlstR is coupled only
to neuronal silencing, so it cannot be used for neuronal activation.

Advancing on these methods, designer receptors exclusively
activated by designer drug (DREADDs) were developed to pro-
vided researchers with a system for neuronal regulation in which
(1) the exogenous ligand would be pharmacologically inert, (2) the
exogenous ligand could be administered in the periphery and cross
the blood-brain barrier to access receptors in deep brain structures
and /or widely distributed neuronal populations, (3) receptor exp-
ression alone would not induce pathology, (4) neuronal activity
could be both increased and decreased, and (5) both spatial and
temporal resolution would be sufficient to facilitate the study of
brain function in health and disease [46].
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DREADDs are molecularly evolved GPCRs derived from
human muscarinic receptors that have lost the ability to bind the
endogenous ligand, acetylcholine, and instead have been mutated,
so they are only activated by the pharmacologically inert compound,
clozapine-N-oxide (CNO) [ 34,47 ]. Importantly, distinct DREADD
receptors have been generated to stimulate neural activity, through
the canonical G, [34, 46] or G, signaling pathways [48], or inhibit
neural activity, via G; , molecular signaling [ 34, 49].

Merging viral-assisted, Cre-dependent strategies to deliver
optogenetic and chemogenetic tools with various Cre-recombinase-
expressing mouse lines grant researchers with unprecedented,
demarcated control of neuronal subtypes allowing for the probing
of causal relationships of defined, cellular manipulation with a myr-
iad of behaviors. Since the introduction of these novel techniques,
the feeding field has made significant progression into the under-
standing of the neural circuits underlying the homeostatic and
hedonic processes of appetite regulation. Given the immense het-
erogeneity that exists in the brain, particularly elaborate structures
such as the hypothalamus, it is absolutely essential to have tools to
ensure specific manipulation of delineated cell types. The key to
dissecting a complex anatomical neural circuit is to find a key node
in which to start. Once identified, additional strategies can be used
to deconstruct these multifaceted networks and unravel functional
connectivity, ultimately helping us comprehend just how these cir-
cuits guide behavior. The natural question is where do we begin.

AgRP neurons, located in the arcuate nucleus (henceforth
referred to as ARCAS®F neurons), are unique in that they are state
dependent, meaning that their neural activity differs depending on
the hunger-satiety state of the animal. These neurons are relatively
quiescent when mice are sated and fire at a much higher frequency
when the animals are physiologically hungry or fasted [50, 51],
which is related to increased excitatory transmission onto ARCASR?
neurons [52, 53]. Additionally, pharmacological administration of
the peptides released by these neurons [54-56] or GABA receptor
agonists [57] into downstream ARCA#M target regions induces a
robust hyperphagic response. Finally, given the severe reduction in
body weight and food intake observed following acute ARCAsR?
cell ablation in adults [58, 59], ARCASR” neurons were the ideal
testing ground for these innovative, remote, and reversible tools.

Although chemogenetic and optogenetic strategies have been
applied to assign behavioral function to a number of feeding cir-
cuits [35-37, 51, 60-68], for the purpose of this Methods Chapter,
focus will be concentrated specifically on the role of ARCA#R’ neu-
rons on appetite regulation. Chemogenetic DREADD-mediated
ARCAS® stimulation resulted in escalated feeding over several
hours as a single injection of CNO (0.3 mg/kg) continues to
activate the targeted receptor (predicted half-life ~8 h) [46, 64].
Importantly, this induction of feeding occurs in calorically replete
mice with no homeostatic motive to consume food, as assessed



66

Michael Krashes

near the beginning of the light cycle period when mice are coming
off dark cycle feeding bouts. This evoked rapid feeding behavior in
naive animals was phenocopied utilizing optogenetics to photacti-
vate ARCA#® neurons [60]. Interestingly, after the acute activa-
tion of ARCA2R! neurons with DREADD technology, both GABA
and NPY were found to be required for the rapid stimulation of
feeding, and the neuropeptide AgRP, through action on MC4Rs,
was sufficient to induce feeding over a delayed yet prolonged
period [51].

Chronic activation of ARCAS* neurons over 5 days caused
marked weight gain, accompanied with increased fat stores, due to
hyperphagia and most likely decreased energy expenditure, as acute
ARCAS®? activation drastically reduces energy expenditure [64].
Remarkably, following drug withdrawal, the CNO-induced obe-
sity and increased fat mass were normalized, and this reversal was
associated with compensatory hypophagia, strongly supporting the
existence of a “set point” for these parameters [64].

It has been suggested that the hypothalamic neurocircuitry
responsible for integrating metabolic signals is embedded within a
complex network that permits both the adaptation and synchro-
nization of nutrient needs to conditions in the animal’s local envi-
ronment [69]. It is likely that these same neurons invoke neural
mechanisms of reward, motivation, and decision making, all of
which are integrated to serve the ultimate goal of obtaining and
ingesting food.

Of note, ARCA®*F neurons not only drive homeostatic feeding
when food is freely available but also engage a behavioral program
to work for and seek out food. Chemogenetic ARCA#R activation
significantly increases a sated animal’s willingness to work for food as
determined through a classic nosepoke assay, in a similar magnitude
to that induced by the calorically deficient, fasted state [64]. This
finding was replicated employing optogenetics to photostimulate
ARCA®M peurons in sated animals during lever-press task [35].

To further investigate goal-directed behavior aimed at food
acquisition, physical activity was measured during the light cycle
when mice are relatively inactive. Stimulating ARCA#*" neurons in
the absence of food led to intense, unrelenting activity, a behavioral
state that continued unabated for hours. This was interpreted as
food-seeking behavior for two major reasons. Firstly, the mice were
often seen visiting areas of the cage where food was normally located
or accumulated and engaged in vigorous digging-type behaviors.
Secondly, when the same mice were again given CNO on a different
day, this time in the presence of food, this sharp increase in activity
was completely absent, indicating that the marked activity was
directed toward the acquisition and consumption of food [64].

The following protocol will provide the reader with the
equipment, materials, and setup necessary to carry out virally
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mediated chemogenetic studies as well as the procedures for
assessing feeding behavior. Moreover, experimental variables and
typical /anticipated results will be discussed. Finally, troubleshoot-
ing common problems with this technique will be examined.

2 Equipment, Materials, and Setup

As alluded to in Sect. 1, the chemogenetic method described here
requires two essential cogs: (1) a genetically modified mouse
line expressing Cre-recombinase in moleculary restricted neurons,
commonly driven off the endogenous promoter of your gene of
interest (in this case ARCAS®’ neurons expressed via an Agrp-
Ires-cre knock-in mouse), and (2) a Cre-dependent viral vector
expressing the chemogenetic receptor, often accompanied with a
fluorescent marker, used to selectively target these Cre+neurons
via intracranial, stereotaxic surgery (in this case either AAV-hsyn-
DIO-hM3Dqg-mCherry or AAV-hysn-DIO-hM4Di-mCherry used
to activate or inhibit neural activity, respectively).

Information on how to engineer mice to express Cre-
recombinase in discrete cell types can be found elsewhere. However,
several sources are available to purchase transgenic and /or knock-in
mice expressing Cre-recombinase under specific promoters confer-
ring expression of Cre in restricted neural populations:

(http://cre jax.org/index.html).
(http://www.gensat.org/cre.jsp).

For example, Agrp-Ires-cre knock-in mice can be ordered
directly from The Jackson Laboratory (Strain Name: STOCK
Agrpmierdtol/T- Stock Number: 012899.

Similarly, protocols for the design and construction of novel
viral vectors are beyond the scope of this book chapter. Nevertheless,
multiple sources are available to purchase packaged Cre-dependent
(DIO or FLEX) viral vectors in different AAV serotypes:

(http://genetherapy.unc.edu/services.htm).
(http://www.med.upenn.edu/gtp/vectorcore/).

For example, AAV-hsyn-DIO-hM3Dq-mCherry and AAV-
hysn-DIO-hM4Di-mCherry virus can be ordered directly from the
Gene Therapy Center at University of North Carolina (In-Stock
AAV Vectors—Dr. Bryan Roth; no MTA is required). Additionally,
many viral vectors are made readily available for purchase by inves-
tigators through companies such as Addgene:

https: / /www.addgene.org/.

Once a Cre-expressing mouse line and a Cre-dependent virus
are procured, a stereotaxic surgery setup is essential for precise
targeting of the virus into the mouse brain. Several options for a
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stereotaxic frame are available, many of which come with a digital
readout of X-, 7-, and Z-plane coordinates. These allow for meticulous
control of dorsal-ventral, medial-lateral, and rostral-caudal delivery
of the viral payload using the attached stereotaxic arm. Various
strategies to inject the virus into the mouse brain exist ranging
from syringe pumps to micro-injectors to compressed air systems.
This protocol uses the latter, so the required components consist
of' a micromanipulator or stimulator, a tank of compressed air, tub-
ing and accompanying valves, glass micropipettes for the physical
delivery of the viral payload into the brain of the animal, as well
as a large syringe used to load the glass micropipette with virus.
In addition, a drill is commonly employed to puncture the skull
surface so that the glass micropipette containing the viral payload
can be successfully lowered into the targeted, anatomical brain site.
This drill can be attached directly to the stereotaxic arm to facilitate
precision, or alternatively can be manually held and controlled by
the experimenter. An electric trimmer is used to shave the fur from
the dorsal surface of the mouse head to clearly visualize and prop-
erly clean the site of incision with iodine and alcohol. Pre-cleaned
and autoclaved surgical tools such as tweezers may be useful during
the procedure to fit the mouse in the apparatus and/or peel back
the skin during the incision, which requires a sterilized scalpel.
Also, proper anesthetic and analgesic agents are vital for anesthetiz-
ing the animal before surgery (isoflurane or xylanine: 5 mg/kg and
ketamine: 75 mg/kg diluted in saline 350 mg/kg) and pain man-
agement post-surgery (such as Metacam), respectively. A heated
pad is generally used post-surgery to allow for quicker recovery.
Finally, appropriate items for reclosing the incision made along the
dorsal skin surface of the animal head are required; either sutures
or specialized tissue adhesive glue can be used.

Food intake can either be assessed using home cages provided
by the animal facility or specialized cages specifically designed to
more accurately measure the amount of food ingested by the
animal. For simplification, this protocol will describe quantitative
analysis of food consumption utilizing facility-issued home cages as
these are normally provided for the researcher at no additional cost.
These cages should comprise a food hopper where pre-weighed
food pellets can be stored for easy access by both the animals dur-
ing eating and the experimenter during food measurements.
However, it should be noted that automated systems dedicated to
calculating food intake levels are available, most of which rely on
infrared beam break mechanisms to trigger the delivery of pre-
weighed, caloric food pellets (Coulbourn Instruments; http://
www.coulbourn.com/category_s/288.htm).

Clozapine-N-oxide (CNO), the activating ligand of DREADD
receptors, can be obtained via the NIH RAID program (http://
grants.nih.gov/grants /guide /notice-files/NOT-RM-10-012.html)
or purchased from chemical companies such as Sigma-Aldrich:
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http: / /www.sigmaaldrich.com /catalog/product/sigma/

c0832?lang=en&region=US.

DMSO and 0.9 % saline are required for making the final CNO

solution to be injected. Additionally, a vortex mixer is helpful in
ensuring that the CNO goes into solution. Insulin injection syringe
needles are used to load and i.p. deliver the CNO solution to the
animals.

Finally, a calibrated balance scale (preferably one that reads to

the hundredth place) is used to measure the weight of the food
used in the experiment.

1.
2.

N O\ Ul W

O o

18.

19.

20.
21.
22.
23.

Cre-expressing mouse line.
Cre-dependent viral vector, packaged into AAV.

Stereotaxic Surgery

. Stereotaxic frame (KOPF Model 963) with drill.

. Micromanipulator (Grass Technologies, Model S48 Stimulator).
. Compressed air (95 % CO,/5 % O,).

. Tygon material tubing and large syringe for loading pipette.

. Pulled-glass pipette with 2040 mm tip diameter (pulled by

Narishige pipette puller) and scale bar.

. Surgical tools such as fine tweezers.
. Electric shaver.

10.
11.
12.
13.
14.
15.
16.
17.

Todine.

Alcohol.

Scalpel.

Cotton swabs.

Ketamine and xylazine.

Metacam meloxicam.

T-pump circulating water animal-warming system.

Sutures (either absorbable or non-absorbable depending on
the animal protocol) or Vetbond tissue adhesive.

“The Mouse Brain in Stereotaxic Coordinates” by George
Paxinos.

Animal facility-issued home cage outfitted with a food
hopper.

CNO (Sigma-Aldrich, catalog #C0O832).
DMSO.
0.9 % Saline.

Vortex mixer.


http://www.sigmaaldrich.com/catalog/product/sigma/c0832?lang=en&region=US
http://www.sigmaaldrich.com/catalog/product/sigma/c0832?lang=en&region=US
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24. Insulin-injection syringe needles.
25. Calibrated balance scale.
26. Mouse chow pellets (typically ~4 g in weight).

27. PFA for perfusion and accompanying tools to extract brain
tissue.

28. 20 % Sucrose solution.

29. Microtome.

30. Paintbrushes.

31. PBS.

32. 6- or 12-well plates.

33. Microscope slides.

34. Epi-fluorescent microscope.

35. Antibody raised against Fos.

3 Procedures

3.1 Stereotaxic
Surgery

3.1.1  Virus Preparation

3.1.2  Animal Preparation

Cre-dependent viral vectors are stored at —80° (in this case AAVS-
hsyn-DIO-hM3Dq-mCherry). During the day of surgery a small
aliquot of the virus (typically 5 pL) in a centrifuge tube is thawed
and stored on ice. This is transported to the surgery suite along
with the animals scheduled for the procedure. A pre-pulled glass
micropipette is firmly attached to the block of a stereotaxic arm
and the large syringe is connected to the top of the micropipette
via tubing. Next, the micropipette is carefully lowered into the
aliquoted tube containing the liquid virus and the latter is pulled
up into the micropipette using the large syringe. Once a sufficient
amount is taken up, the micropipette is slowly raised out of the
aliquoted tube and a scale bar is taped to the pipette. Thus, when
the virus is being administered into the brain of the animal, the
amount of virus can be measured based on the dip in the meniscus
of the liquid virus in the glass micropipette. Finally, the tubing
connecting the large syringe is replaced by the tubing connected to
the micromanipulator (stimulator) controlling the delivery of the
compressed air.

Surgery is usually performed in adult mice aged 6—8 weeks (in this
case Agrp-Ires-cre knock-in mice and wild-type littermate con-
trols). Animals are anesthetized with xylazine (5 mg/kg) and ket-
amine (75 mg/kg) diluted in saline (350 mg/kg), shaved with an
electric hair trimmer, and placed into a stereotaxic apparatus
(KOPF Model 963) after their failure to respond to a toe-pinch
(this typically takes between 5 and 10 min). Mice are firmly inserted
into the ear bars and mouthpiece of the stereotaxic frame so that
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the head is stable. This is essential given that the accuracy of the
viral delivery depends on stereotaxic coordinates, which can be
altered and detrimental to the experiment if the mouse is improp-
erly secured. Once stabilized in the frame, the dorsal surface of the
head is cleaned with iodine and alcohol and a small vertical incision
is made along the dorsal axis of the skin with a scalpel. Cotton
swabs can be used to peel back the skin and expose the dorsal sur-
face of the skull. Repeatedly rubbing the skull with the cotton
swabs will help reveal the lambda and bregma landmarks on the
skull surface. These will be used to both level the brain and deter-
mine your coordinates for injection of virus.

Once the lambda and bregma positions are clearly exposed,
the brain is leveled on the vertical plane (rostral-caudal axis). To
achieve this, the glass micropipette is first cautiously lowered to the
lambda skull surface, where the Z-axis is zeroed, and then moved
and lowered to the bregma skull surface. When the glass micropi-
pette is just touching bregma, the reading on the Z-axis should
be within 0.10 mm of when it was just touching lambda. This will
ensure that the brain is level on the rostral-caudal axis. Next, to
level the brain on the horizontal plane (medial-lateral axis), the tip
of the glass micropipette is moved approximately 1 mm from the
midline and slowly lowered so that it just touches the skull surface
on one side of the brain. The Z-axis is then zeroed again. Next,
the glass micropipette is moved approximately 1 mm from the
midline and slowly lowered so that it just touches the skull surface
on the opposite side of the brain. Again, the reading on the Z-axis
should be within 0.10 mm to certify that the brain is level on the
medial-lateral axis.

Once the brain is properly leveled, the glass micropipette can
be raised and the stereotaxic arm containing the glass micropipette
detached and replaced with the secured drill arm. The drill is slowly
lowered so that the drill bit is just touching the bregma skull sur-
face. From here, the X- and Y-axes are zeroed. Next, the drill is
slightly raised and positioned over the anatomical brain region
intended for injection. This can be determined using a stereotaxic
mouse brain atlas such as “The Mouse Brain in Stereotaxic Coor-
dinates” by George Paxinos. In this example, the targeted site is
the arcuate nucleus (ARC), which is located -1.40 mm anterior-
posterior from bregma (Y-axis) and +0.30 mm medial-lateral from
bregma (X-axis). Once the drill is positioned using these coordi-
nates, it is slowly lowered to puncture a clean hole in the skull
surface at this specified spot. The drill should just be lowered to
penetrate the skull and it should be avoided lowering it into the
brain itself. Nonetheless, based on the position of the drill hole on
the skull surface, bleeding may occur which can be cleaned with
0.9 % saline and cotton swabs. Once the hole has been made the
drill arm can be detached and replaced back with the stereotaxic
arm containing the glass micropipette filled with virus.
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3.1.4 Delivery
of the Viral Payload

3.1.5 Mouse Recovery

3.2 DREADD-
Mediated Food Intake
Assessment

3.2.1 Acclimation Period

The glass micropipette is again carefully lowered to the bregma
skull surface. From here, the X-, Y-, and Z-axes are zeroed. The
stereotaxic arm is then slightly raised and moved to the designated
coordinates (in this example over the ARC; coordinates from
bregma: anterior-posterior, —1.40 mm; lateral, +0.30 mm). The
glass micropipette is then lowered down into the brain through
the drill hole to the designated coordinates (in this example over
the ARC; coordinates from bregma: dorsal-ventral, -5.80 mm).
Once correctly positioned, the air tank is opened and the microma-
nipulator (Grass Technologies, Model S48 Stimulator) is switched
on to slowly force the viral contents of the glass micropipette into
the designated brain region. The micromanipulator is used to con-
trol injection speed at 25 nL/min. The volume of virus injected
depends on a number of parameters including (1) the size of the
intended target, (2) the expression of the genetically engineered
Cre-expressing mouse, and (3) the serotype and diffusion proper-
ties of the virus. In this example, although the ARC is a small
structure and the AAVS serotype has enhanced diffusion proper-
ties, a large volume (200—400 nL) is injected per hemisphere due
to the restricted expression of Cre-recombinase in ARCA#® cells
conferred by the Agrp-Ires-cre knock-in mouse line. The pipette is
withdrawn 5 min after the termination of viral injection. Next the
glass micropipette is lowered to the contralateral side to bilaterally
transduce ARCA®®" neurons on both sides of the brain. Again, the
pipette is withdrawn 5 min after the termination of viral injection
to avoid spillage of the virus as it is retracted from the brain. Lastly,
wild-type littermate controls should undergo the identical surgical
procedure.

Immediately following the removal of the glass micropipette,
sutures or Vetbond tissue adhesive can be used to sew up or glue
shut, respectively, the incision made to the dorsal skin surface of
the head. At this point, analgesic can be administered to the animal
(Metacam meloxicam or alternative, approved pain medication
according to the animal protocol). Finally, mice are allowed to
recover using a T-pump circulating water animal-warming system,
until consciousness is regained and the animals are transferred to
sterile animal facility-appointed mouse cages.

Typically, AAVs are allowed 3 weeks to aptly recombine and trans-
duce the Cre-expressing neurons. During this time the researcher
should begin an acclimation period, whereby group-housed, sur-
gerized Agrp-Ires-cre knock-in and wild-type littermate animals are
separated into individual cages to adapt to solitary environmental
conditions, which act as a natural stress on social rodents such as
mice. The conditions during the acclimation period should mimic
those of the experiment. Therefore, mice should be handled
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(“scruffed”) by the investigator and poked intraperitoneally (i.p.)
with an insulin-injection needle syringe to reduce stress levels.
Additionally, cages should be changed for new, clean ones and
food measured to familiarize the animals to novel home cages and
researcher intervention during food intake quantification. This
adjustment period acts to minimize anxiety and stress that results
in lower experimental noise and variability.

Three weeks after intracranial surgery and a 10-14-day acclimation
period, food intake studies are initiated. Typically, multiple mice
are run simultaneously and injected with either CNO or saline as a
control. CNO is administered at 0.3-1.0 mg/kg of body weight
(see below on how to make CNO). Saline is delivered at the same
volume to maintain consistency in the studies. Crossover studies
are suggested to diminish inconsistencies beyond the investigator
control, such as external noises or unanticipated fluctuations in
temperature or humidity. Cages are switched immediately follow-
ing the injection and pre-measured food pellets, via a calibrated
balance scale, are presented to the animals ad libitum, typically
using a food hopper or bowl where animals have easy access to the
food. This cage change is important when food intake is being
assessed as older food can crumble and mix into the old bedding
making accurate measurements difficult to ascertain. This same
pre-weighed food is then quantified at desired time points post-i.p.
injection and presented back to the animal until the next reading.
In this example, food intake is measured at 30 min and 1, 2, and
4 h after saline or CNO injection. The opposite treatment is then
administered the following day. Thus, if an Agrp-Ires-cre mouse
received a saline injection on “day 1,” it would get a CNO injec-
tion on “day 2.” These studies are often replicated multiple times
over the course of a couple of weeks to ensure consistency and
reproducibility.

Food intake can be assessed either near the beginning of the
light cycle when feeding baselines are low or at the onset of
the dark cycle when feeding baselines are high. It is the decision
of the investigator to determine the quintessential time where
potential DREADD-mediated alterations in food intake would be
apparent. For example, if one predicts that an acute activation or
inhibition of the neural circuit in question would lead to an orexi-
genic response resulting in hyperphagic behavior, it may be benefi-
cial to evaluate feeding behavior during the light cycle when mice
normally refrain from high levels of food consumption. If however
one predicts that an acute activation or inhibition of the neural
circuit in question would lead to an anorexigenic response result-
ing in hypophagic behavior, it may be beneficial to evaluate feeding
behavior during the dark cycle when mice normally engage in high
levels of food consumption.
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3.2.3 Making CNO
Solution (Directions

to Create 0.1 mg/mL CNO
Solution in 0.9 % Saline
for Injection into Animals)

3.3 Verification

of Injection Site,
Number of Neurons
Transduced, and CNO-
Induced Neural
Activity

3.3.1 Euthanizing
Animals and Brain
Extraction

In this instance, since we predict that acute stimulation of
ARCAS®? neurons would intensify hunger drive, food intake would
be analyzed during the light cycle when consumption is low and
differences in DREADD-mediated ARCAS®’ neural activation are
more easily detectable. Specifically, food intake (2-3 pre-weighed
~4 g chow pellets) for Agrp-Ires-cre and wild-type controls injected
with AAV8-hsyn-DIO-hM3Dq-mCherry is measured near the
beginning of the light cycle at 9:00 a.m. and food intake was moni-
tored 30 min and 1, 2, and 4 h afteri.p. injection between 9:00 a.m.
and 1:00 p.m. It is imperative that the data from each mouse is
collected separately, as it is possible that some animals will not have
correct targeting of the virus.

The CNO used in this example is from the NIH RAID program
(other batches have also been used with this method). (a) Appro-
ximately 0.5 mg is weighed into a 15 mL conical. (b) An appropri-
ate amount of DMSO is added that will make a final DMSO
concentration of 0.5 % (for 0.1 mg/mL, divide the mg of CNO
in half, and that number=pL of DMSO to add to conical). The
DMSO is flick-mixed or gently vortexed (1-2-s bursts to prevent
matter from traveling up tube-goal is to keep matter in the bottom
of the conical) to ensure that all dry CNO is in suspension in the
DMSO. (c) With time and more gently vortexing, the solution
turns translucent indicating that the CNO has gone into solution.

Before euthanizing the experimental animals, CNO should be
administered ~90-120 min prior. This will allow for the opportu-
nity to perform an immunohistochemical analysis of Fos activity
(a marker of neural activity). Note that, for this approach, the
experimenter should expect an induction of Fos protein in the
desired cell type using the stimulatory hM3Dq DREADD and a
reduction of Fos protein in the desired cell type using the inhibi-
tory hM4Di DREADD. In this example, one would expect to
detect an induction of Fos protein specifically in ARCA#* neurons
since these cells alone express the stimulatory hM3Dq DREADD
receptor. Furthermore, due to the fused fluorophore in the DREADD
viruses, one can detect native fluorescence after brain sectioning.
In this case, one would expect to observe a high-intensity mCherry
fluorophore specifically in ARCA#® neurons. It is very important
to confirm the proper anatomical targeting of the virus to your
cells of interest. The fluorophore also allows one to count the
number of neurons transduced.

Approximately 90-120 min after a final CNO injection, experi-
mental animals can be anesthetized with xylazine (5 mg/kg) and
ketamine (75 mg/kg) diluted in saline (350 mg/kg) and perfused
with PFA. After the blood has been replaced with PFA and the
animals become stiff, sterile tools can be used to carefully extract
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the brain tissue. Each brain can be placed in a labeled canonical
15 mL tube filled with PFA to continue fixing the tissue. After 1-2
days, the brain can be transferred to a newly labeled canonical
15 mL tube filled with a 20 % sucrose solution to minimize any ice
crystals that may form during brain slicing.

3.3.2  Brain Sectioning, After the brains in the 20 % sucrose solution sink to the bottom of
Mounting, and Fluorophore  the tube (typically within 2448 h), the brains are then mounted
Detection on a freeze-stage microtome, sectioned in multiple series at a speci-

fied thickness (typically 30-60 pm), collected with a paintbrush,
and stored in well plates filled with PBS. Next, brain sections
floating in PBS are mounted onto microscope slides using a paint-
brush. The sections and slide are allowed to dry and then are cov-
erslipped. Finally, an epi-fluorescent microscope is used to visualize
the fluorophore confirming the specificity of the viral transduction
and number of neurons infected. Finally, immunohistochemistry
can be used to evaluate Fos protein as a readout for increases or
decreases in neural activity.

3.4 Analysis of Food  The food intake data from all days following saline/CNO injec-

Intake Data tions are then averaged and combined for analysis based on geno-
type. This takes into account any “missed” or “incomplete” hits as
verified by histology above.

4 Experimental Variables and Troubleshooting

As with any experimental procedures, evaluating DREADD-
mediated changes in food consumption can be variable. This sec-
tion highlights and addresses some common causes for the
observed inconsistencies. As this viral approach is dependent on
Cre expression to successfully recombine and express the DREADD
receptor, it is vital that the genotypes of the mice are confirmed
before surgery. Moreover, for one reason or another, different
batches of virus may ectopically express or display “leakiness,”
reducing the accuracy of your results. It is recommended that on
procurement of a new virus test it in a Cre-expressing mouse line
that can then be verified with an antibody against those particular
neurons to ensure the specificity of the virus.

A very common explanation for variability among experiments
is the efficiency and accuracy of the viral payload delivery. As men-
tioned above, although these viruses are engineered to only infect
neurons expressing Cre-recombinase, it is extremely common to
have a genetically modified mouse line that expresses Cre in multi-
ple, proximal brain sites. Thus, to discretely transduce your neurons
of interest without accidental infection of adjacent Cre-expressing
population requires repeated practice and optimization of the ste-
reotaxic coordinates. Injecting smaller volumes of virus or using
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serotypes known for reduced diffusion rates can additionally control
for this transduction of off-target neural populations. Furthermore,
different levels of DREADDs will be expressed in distinct mice and
thus these stoichiometric disparities may lead to variable results.

Unfortunately, the pattern of the DREADD-expressing neu-
rons is not revealed until the conclusion of the experiment after the
animal is euthanized and the brain tissue is analyzed. This is why it
is so important to record feeding numbers on individual animals
before grouping them together as it is not uncommon to discover
mice with little, no or oft-target expression of the DREADD recep-
tor. These are typically excluded from the final statistical analyses
depending on the experimental standards selected at the start of
the studies.

Another cause for variability is the exclusion of an acclimation
period whereby the animals become adjusted to being individually
housed, handled by the investigator, cage switches, and food intake
measurements. As all of these situations are stressful to the animals,
an adaptation phase is necessary to accustom the animals to condi-
tions that will be replicated during the actual experiment. Failure
to familiarize animals with these circumstances can certainly lead
to erraticism in the studies and should be consistent across all
animals.

Another common mistake, especially when large cohorts are
being gauged for food consumption, is simply mixing up the cage
order, the amount of food measured, or the experimental treat-
ment administered (CNO versus saline). To avoid these errors, it is
recommended to create an Excel worksheet or handwritten account
of the animal numbers or designation, food weight by exact
measurement time, and type of treatment by date. Additionally,
although fixed variables are thought to remain consistent through-
out the experiments, it is often possible that these will differ. These
factors could range from audible noise emanating throughout the
animal facility to slight oscillations in room temperature or humid-
ity. Thus, it is recommended that crossover studies are carried out
where one group is administered saline and the other group is
administered CNO on “day 1” and then this is switched on “day 2.”
Therefore, all of the animals are not receiving the identical treat-
ment on the same day, which controls for external inconsistencies
that are more difficult to identify and have direct influence over.

Additional variability can develop during food measurement.
Depending on the method of assessing food consumption, the pre-
cision can vary. For example, by quantifying the amount of chow
pellets in the food hopper, the experimenter cannot account for
the crumbs inevitably created as the mouse breaks off chunks to
consume. Although this seems like a large concern, the amount
lost is minimal and is consistent from animal to animal. However,
an alternative method is using a food dish or bowl where the food
is stored. During these measurements, it is possible to include the
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crumbs in the quantification as they typically remain in the food
dish. However, it is not uncommon for an animal to take the food
pellet out of the food dish making the accuracy of this technique
less reliable. Finally, as mentioned above, specialized feeding sys-
tems are available although many of them are expensive and not
optimized to fit in the animal’s home cage.

A major concern when investigating neural subpopulations
that may impinge on feeding behavior is the loss-of-function
phenotype, that is, a reduction in food intake. If an animal fails to
eat, one must consider alternative explanations for this observa-
tion. For example, did the acute manipulation of the neurons in
question lead to a motor deficit, anxiety, hyperarousal, sickness,
pain, or fear, all of which can lead to a decline in food intake.
Therefore, it is valuable to have bidirectional control over your
neurons of interest to physiologically confirm that acute activation
leads to increases in food consumption and acute inhibition results
in decreases of feeding behavior. Gain-of-function phenotype, that
is, induction of food intake, is more apparent as this drives a dis-
crete, motivational behavior, that of selectively seeking out and
consuming food.

Lastly, proper organization is key during euthanization, brain
sectioning, mounting, and verification of DREADD expression as
the information gained at the conclusion of the experiment for
each individual mouse needs to be matched to the behavioral out-
put of that mouse. Any potential mix-up can be detrimental to the
overall interpretation of the results. Once again, it is suggested that
each animal is treated as a separate entity throughout the duration
of the experiment and mice and the tubes, well plates, and micro-
scope slides containing the brain tissue are clearly marked and sys-
tematically labeled to avoid error and correctly match the respective
individual mouse with both its DREADD expression pattern and
food intake data.

5 Typical/Anticipated Results

If the investigator has successfully identified a neural circuit that
mediates feeding changes, the anticipated results should be statisti-
cally significant from controls (both within the same animal, CNO
versus saline and against wild-type controls, CNO versus saline).
If the newly identified neurons are orexigenic in nature, as are the
ARCAS? cells in this example, then acute activation should propel
feeding behavior in calorically replete mice and acute inhibition
should halt food intake in calorically deficient mice. Conversely, if
the subgroup of neurons is anorexigenic in nature, acute activation
should direct lower levels of feeding in energy deficient mice and
acute inhibition should evoke feeding episodes in mice with an
energy surfeit.
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In the example illustrated here, we stereotaxically targeted
stimulatory DREADDs (AAV-hsyn-DIO-hM3Dq-mCherry) bilat-
erally to the arcuate nucleus of Agrp-Ires-Cre and wild-type mice,
whereby the DREADDs are selectively expressed in ARCASR?
neurons in the former but are lacking in the latter due to the pres-
ence and absence of Cre-recombinase, respectively. After an accli-
mation phase lasting approximately 2 weeks to familiarize the mice
to solitary living conditions, experimenter handling, intraperito-
neal injections, cage changes, and steady food measurements, the
study was initiated. To assess the effects of ARCA#® activation on
acute feeding behavior near the beginning of the light cycle when
animals were in a calorically replete condition, post-DREADD sur-
gery Agrp-Ires-Cre and wild-type mice were injected i.p. with saline
or CNO, the latter of which crossed the blood-brain barrier,
bound to, and activated the hM3Dq DREADD receptors expressed
on ARCA#* neurons. This acute ARCASR stimulation rapidly drove
food intake over the 4-h time window of the light cycle, as pre-
weighed food pellets were measured 30 min and 1, 2, and 4 h after
i.p. injection. This upsurge in eating activity was significantly
higher than baseline feeding during this time in the same animals
tollowing a saline injection. Additionally, this increase in food con-
sumption was significantly greater than wild-type mice injected
with CNO. The experiments were repeated to ensure consistency
and reproducibility.

Following completion of the feeding studies, the animals were
all injected with CNO and euthanized 90-120 min later, which
permitted Fos analysis to verify CNO-mediated increases of neural
activity in ARCA#® neurons expressing hM3Dq DREADD recep-
tors. We also confirmed that ARCAS® neurons were transduced
with hM3Dq DREADD receptors by quantifying mCherry fluo-
rescence signal. Lastly, the food intake data from all days following
saline/CNO injections were then averaged and combined for anal-
ysis based on genotype. This finalized data took into account any
“missed” or “incomplete” hits as verified by histology.

6 Conclusion and Future Directions

Contemporary efforts to elucidate the functioning of the brain
focus heavily on neural circuits, the level at which the brain really
operates. Neural circuits are comprised of distinct populations or
ensembles of interconnected neurons that work in concert to per-
form specific sensory, motor, or cognitive functions. A central goal
in understanding the neural circuit basis of brain function is to
identify and manipulate subpopulations of cells and link these “cir-
cuit signatures” or “neural codes” to behavioral output. Feeding is
required in all living species but the neural mechanisms underlying
the homeostatic and hedonic underpinnings of eating behavior
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remain to be fully realized. Through the use of techniques, such as
chemogenetics and optogenetics, novel circuit nodes heavily con-
nected to appetite control are being uncovered at an unprecedented
rate. Through the use of newly engineered mice and molecular
tools used to both manipulate and monitor neural activity in freely
moving mice, the ambitious goal of mapping and deconstructing
the complex neural networks fundamental to feeding becomes one

of reality.
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Chapter 5

Dissecting Neuronal Circuits Involved
in Olfactory-Mediated Behaviors

Alexia Nunez-Parra, Krista Krahe, Wilson Chan, and Ricardo C. Araneda

Abstract

Feedback projections from upstream targets and neuromodulatory systems provide real time regulation of
information processing. In the olfactory pathway, sensory neurons establish synapses with principal neu-
rons of the olfactory bulb (OB), where the earliest stages of odor processing occur. Unlike other sensory
systems, output neurons in the OB project to the olfactory cortex bypassing the thalamus. Therefore,
neural circuits in the OB, and odor processing, are tightly regulated by several top-down mechanisms. A
large source of modulatory signals to the OB arises from neurons of the basal forebrain, most importantly
from clusters of cholinergic and GABAergic neurons. While cholinergic modulation of the OB circuit is
thought to be critical in olfactory processing, including odor discrimination and perceptual learning, the
role of the inhibitory GABAergic input from the basal forebrain is poorly understood. Here we describe
an experimental approach that uses virus-mediated expression of Designer Receptor Exclusively Activated
by Designer Drugs (DREADD:s) in basal forebrain GABAergic neurons, and behavioral tests, to examine
how this inhibitory modulation contributes to olfactory processing.

Key words Basal forebrain, GABA, Inhibition, Chemogenetics, Olfactory bulb, Odor discrimination,
Learning

1 Overview

One of the greatest challenges in neuroscience is to understand the
relationship between neuronal activity and behavior. This task is
extremely difficult since the behavioral output of an individual is
not always stereotypical, but rather, behavior is influenced by con-
stantly varying environmental cues. Thus, to accurately respond to
environmental changes, and to create an adequate representation
of the external world, sensory information is highly modified at
each relay stage in the sensory pathway. An important regulation of
networks involved in sensory processing is achieved by feedback
projections from upstream targets and by the action of neuromo-
dulatory systems of the brain. Therefore, one approach used to
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understand the relation between network activity and behavior
is to modify the activity of these neural networks using several
approaches that target feedback projections and neuromodulation.

2 Designer Receptor Exclusively Activated by Designer Drugs (DREADDs)

Recently, several laboratories have developed a large number of
molecular tools to selectively regulate neuronal activity with a pre-
cise spatiotemporal control [1]. Nowadays, opto- and chemoge-
netics are the most widely used techniques to genetically manipulate
neural circuits. In optogenetics, proteins derived from algae light-
activated opsins, such as channelrhodopsin and halorhodopsin, are
expressed in mammalian neurons. Stimulation with light of the
appropriate wavelength activates these proteins and produce neu-
ronal depolarization or hyperpolarization, respectively [2—4].
Optogenetics is currently widely used due to its high temporal
resolution; it affords control of neuronal activity within a few ms
[2]. Also, selective opsin expression in a subset of neurochemically
identical neurons can be achieved using the Cre-lox system [5, 6].
It has been shown, however, that opsins rapidly desensitize to light
stimuli, which can be a serious limitation in behavioral studies in
which trials last from seconds to minutes and even hours. Similarly,
rapid desensitization of the opsins limits their use in experiments
that test the effect of pharmacological agents during prolonged
and constant application. Another drawback in animal behavior
studies is that light stimulation is achieved through optic fibers that
are surgically attached via a cannula to the targeted brain region.
These surgical procedures are often time consuming and they can
damage other brain circuits. Lastly, the high-powered light source
required to produce behavioral changes, usually consists of expen-
sive lasers. As a result, an alternate emerging approach is the use of
chemogenetics, in particular, the use of Designer Receptor
Exclusively Activated by Designer Drugs (DREADDs) [1, 7-16].
One class of DREADDs consists of modified G-protein coupled
muscarinic acetylcholine receptors that are specifically activated by
clozapine-N-oxide (CNO), an exogenous ligand, which is inert at
other endogenous targets [17]. Expression of specific genetically
modified muscarinic receptors produces neuronal excitation
(hM3Dq) or inhibition (hM4Di) [1, 7, 17]. DREADDs DNA can
be delivered into a desired brain region using stereotactical viral
injections, offering great spatial resolution. Moreover, Cre-
dependent DREADD adeno-associated viruses (AAV) can be
injected into transgenic mice lines to restrict the DREADD expres-
sion to a subset of neurons in the region of interest [1]. The virus
injection procedure is fast, taking only 20-30 min per mouse. In
addition, a variety of DREADD viral constructs, with reporter
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proteins that at emit at different wavelengths (e.g., red or green
fluorescent proteins, RFP or GEP, respectively) are readily available
(and affordable) from several vector cores, making these tech-
niques extremely easy to implement. Finally, reporter proteins of
different colors facilitate confocal imaging analysis to estimate the
number of neurons in a particular region that were activated by the
CNO injection. All of these features make the DREADD technol-
ogy an excellent candidate to selectively manipulate neuronal cir-
cuits while the animal is actively engaging in behavioral tasks.

3 Regulation of Neural Circuits That Process Olfactory Information

Most mammals strongly rely on the sense of smell to engage in
behaviors that lead to survival and reproductive success. These
behaviors, which include food location, predator identification,
mating and aggression, among others, are initiated by the interac-
tion of odor molecules with olfactory sensory neurons (OSN)
located in the nasal epithelium [18]. OSNs project their axons to
the surface of the olfactory bulb (OB), to an anatomical specializa-
tion known as the glomerulus, where the sensory axons synapse
with apical dendrites of mitral and tufted cells (herein, MCs),
which are the bulbar output neurons. Activity of MCs, and hence
the neural output of the bulb, is regulated by inhibition from the
largest population of local neurons in the OB, the granule cells
(GGCs) [19-21]. GCs are axonless GABAergic neurons that form
dendrodendritic synapses (DDS) with the lateral dendrites of MCs.
At these DDS an active MC releases glutamate onto GCs dendrites
and the ensuing depolarization, in turn, releases GABA onto MCs
[22-24]. Importantly, GCs synapse with the lateral dendrite of
several other MCs and therefore the activation of a given MC can
result in inhibition of other MCs, in a process called lateral inhibi-
tion [25, 26]. MCs form local excitatory synapses onto GC and
therefore, GABA release from DDS can affect MCs via recurrent,
lateral and feedback inhibition. Not surprisingly GC-mediated
inhibition of MCs is also under precise control by feedback projec-
tions from upstream MC’s targets and from neuromodulatory sys-
tems (see below), which regulate excitability of GCs. Neurons in
the OB, particularly GCs, receive feedback projections from the
piriform cortex (PCx) and accessory olfactory nucleus (AON)
[27]. Recently, in vitro electrophysiological recordings using opto-
genetic techniques showed that feedback projections from the PCx
excite GCs, inhibiting the activity of MCs [28]. On the other
hand, glutamatergic feedback projections from the AON also ter-
minate in bulbar interneurons that inhibit MCs, but these fibers in
addition synapse onto MCs and depolarize them [29]. In vivo
neuronal recordings in mice have suggested that feedback fibers
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are necessary to amplify odor evoked inhibition, increase the
precision of MC firing and to decrease background interference in
MGCs [28, 29].

Several neuromodulatory systems innervate different layers of
the bulb, affecting neuronal excitability of both intrinsic and out-
put neurons [27, 30]. Neurons in the basal forebrain, specifically
in the horizontal limb of the diagonal band of Broca (HDB) send
extensive cholinergic and GABAergic projections to the OB [31,
32]. Several lines of evidence indicate that modulation of OB
circuits by these systems can affect odor discrimination, and at a
cellular level, a predominant effect of cholinergic modulation is to
increase GC excitability [30, 33-35]. Recent in vivo recordings of
MCsin anesthetized animals have shown that acetylcholine released
by optogenetic activation of HDB neurons sharpens MC’s tuning
curves [36], in agreement with studies showing that cholinergic
modulation is required in the OB to facilitate olfactory discrimina-
tion of perceptually similar odors [ 30, 37—40]. Recently, it has also
been suggested that local cholinergic release increases the excit-
ability of MCs, regulating its sensitivity to odors during active sens-
ing [41]. In stark contrast, the contribution of HDB GABAergic
modulation in OB neurons is poorly understood. We successfully
used Cre-dependent expression of DREADDs in GABAergic neu-
rons in the HDB and showed that silencing these cells disrupted
discrimination of closely related odors [11]. Below we describe
how olfactory-mediated behaviors can be assessed using the
DREADD technology, which is used to directly modify the activity
of a specific group of neurons.

4 Equipment and Materials

Note: All the experiments are conducted following the guidelines
of the Institutional Animal Care and Use Committee at the respec-
tive institution. Extra care must be taken to ensure the depth of
anesthesia during the procedures (i.e., testing for pinching reflexes).

Mice of postnatal age 30 days (P30) or older, expressing Cre-
recombinase under a promoter of interest are sterecotactically
injected with an adeno-associated virus (AAV) encoding a gene of
interest flanked by loxP sites. Currently available AAV viruses use
the Double-floxed Inverted Orientation (DIO) system (http://
genetherapy.unc.edu/services.htm). Under these conditions, only
neurons expressing the Cre- protein and infected with the virus
will transcribe the DREADD of choice. For these procedures a
stereotaxic apparatus and a virus delivery method, a microsyringe,
is needed; this syringe can be controlled manually or automated
with a micropump controller.
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For our experiments we used an AAV virus encoding for
DREADDs and a reporter gene, which we use to verify the injec-
tion site. Some DREADD virus express a hemagglutinin tag (HA
tag) while others encode for a fluorescent protein such as mCherry.
These proteins are detected through standard immunofluores-
cence techniques and confocal imaging, after the animal has been
intracardially perfused with paraformaldehyde 4 % and the brain
sliced using a vibratome. Antibodies, a shaker and other basic labo-
ratory supplies (such as culture plates) are needed to perform the
immunohistochemistry.

Once the injection volume and timing of optimal DREADD
expression is determined, mice receive an i.p. injection of CNO or
PBS (control) and are then exposed to the behavioral tasks
(Fig. 1a). We assess olfactory function by testing the ability of ani-
mals to naturally discriminate odors using the habituation/disha-
bituation paradigm, and their ability to recognize odors using
associative learning, with a food reward. In addition, odor detec-
tion threshold can be determined using a modified version of the
habituation /dishabituation paradigm. We use a behavioral arena
(i.e., a mouse cage) and record the behavior using a Camcorder for
post ad hoc analysis. Pure odors are presented, at standardized
concentrations, using wooden blocks and the food reward is a
small piece of cookie hidden under the bedding (cookie test).

a b HDB | olfactory bulb |

Stereotaxic injection
of viral encoded DREADDs

l 3-4 weeks

Behavioral studies
in animals where DREADDs
have been activated

Fig. 1 DREADD expression in GABAergic neurons of the HDB. (a) General strategy used to dissect neuronal
circuits underlying olfactory-mediated behaviors. DREADD expression is detected between 3 and 4 weeks
post-injection. (b) Confocal image of a brain slice from a mouse injected with rAAV8/hSyn-DIO-hm3D (Gq)
mCherry (left) and rAAV8/hSyn-DIO-hm4D (Gi) mCherry (right). Adeno-associated viral injections were per-
formed at P30 into the HDB using the following coordinates, with respect to Bregma: medial-lateral, —1.63 mm;
anterior—posterior, +0.14 mm; dorsoventral: —=5.40 mm. At P60 mCherry was detected by immunohistochem-
istry using the primary antibody mouse anti-RFP (1:1000, Abcam AB65856) and the secondary donkey anti
mouse Alexa 594 (1:750, Life Technologies A21203)
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5 Procedures

5.1 Viral Delivery
of DREADD Proteins

Prior to surgery autoclave all surgical tools. On the day of the sur-
gery place a warming blanket under the stereotaxic apparatus and
allow the virus stock to thaw on ice.

Place the syringe (5 pL, 33 gauge, Hamilton) into the holder.
Withdraw the proper amount of the virus using an automated
Pump Controller (MicroSyringe Pump Controller Micro4, World
Precision Instruments). The amount of virus to inject will depend
on the size of the region of interest, the titer and infective capacity
of the virus (50 nL-1 pL).

Deeply anesthetize the mouse using isoflurane and place its
teeth in the teeth bar of the stereotaxic apparatus. Position stereo-
taxic bars in ear canals and gently tighten the bars enough so that
the head is firmly locked, taking care that the head is leveled in all
three axes.

Apply enough optical ointment to cover and hydrate the eyes
and apply a local anesthetic subcutaneously to the scalp (S.Q., i.e.,
lidocaine 1-2 %, dosage 2—4 mg/kg). Clean the incision area with
cthanol and betadine. With a scalpel, make a small incision in the
skin above the center of the skull. Secure the skin flaps out of the
way using hooks made of bent needles.

Position the tip of the needle directly over the center of
Bregma, this will serve as the (0,0) coordinate. Record the location
of the needle, or reset all positions to 0, if a digital measurement
reader is available (Kopf). Move the needle to the desired coordi-
nates with respect to Bregma and mark that position using a fine-
point marker or tattoo ink.

Drill a hole through the skull using a Dentist’s drill (Cordless
MicroDrill, Stoelting), using a 0.6 mm drill bit (Ideal Micro-Drill
Burr Set, Cell Point Scientific). Use cotton swabs to stop any
bleeding, while keeping the brain moistened (see below).

Slowly, lower the needle until reaching the brain surface.
Record the location of the needle (or reset all positions to 0). The
needle needs to slide easily into the brain, if not re-drill a larger
diameter hole. Lower the needle gently until the desired position
in the z-axis is reached.

Infuse the virus at a rate of 0.1 pLL/min and once finished wait
5 min to allow virus diffusion into the tissue before retrieving the
needle. During the whole procedure keep the skull moistened with
saline or PBS.

Suture the skin, take the animal out of the stereotaxic appara-
tus and allow the mouse to recover. For post-operative care inject
carprofen (4 mg/kg), or similar analgesic, for 72 h and monitor
the animal daily.
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6 DREADD Expression Verification

Prepavation of brain for immunobistochemistry. For intracardial per-
fusions we use standard protocols [42]. Briefly, previously injected
mice (3—4 weeks post injection) are anesthetized with isoflurane
(2 %) and transcardially perfused with ice-cold PBS and then 4 %
PFA (diluted from 10 mL of 16 % stock, Electron Microscopy
Sciences) in PBS. We usually perfuse 10-20 mL of PBS, or until the
liver is sufficiently lightened in color and then approximately 20 mL
4 % PFA untll the tail and neck become extremely stiff. Dissected
brains are postfixed in 4 % PFA overnight at 4 °C.

Immunofluorescence: Fixed brains are sliced (50-100 pm) using
a Vibratome (Series 1000) and the sections collected directly in
PBS. Free-floating sections are washed 1x for 5 min in PBS and 1x
for 5 min in PBS with Triton X-100 (PBS-T) 0.1 %. Slices are then
incubated for 1 hin 10 % donkey serum (Sigma-Aldrich) in PBS-T
(0.1 %). Afterward, slices are incubated overnight with the primary
antibody, prepared in PBS-T with 2.5 % of serum, followed by 7x
washes for 5 min with PBS-T. Incubate the slices with the second-
ary antibody for 2 h and then wash them 3x for 5 min each in
PBS-T and 3x for 5 min each in PBS alone. Mount with
VECTASHIELD (Vector Laboratories). Image detection and
analysis is performed using a confocal microscope (Leica SP5 x)
and associated software (Fig. 1b).

7 Olfactory-Mediated Behaviors

Habituation/Dishabituation Test: Inject mice with the desired
virus into the target brain region 4-5 weeks previous to the behav-
ioral assay. The day of the experiment inject the animals with a
single i.p. injection of either PBS (control group) or 0.5-2 mg/kg
clozapine-N-oxide (CNO) (treated group). Previous studies have
shown that the maximal effect occurs between 30 min and 4 h after
the injection of CNO [8,9, 12, 16]. Under our experimental con-
ditions we tested the animals at 1, 2, 3, and 4 h. after injection and
achieved statistically significant results as early as 2 h post injection
(Fig. 2). A clean standard mouse cage (15 cmx30 cmx15 cm)
without bedding is used for the test. Mice are placed in the cage
and allowed to become familiar with the test environment for
30 min. During this time a wooden cube (2 ¢cm?) is placed in the
cage and at the conclusion of the familiarization phase, the wooden
block is removed for 1 min. Thereafter, the mouse is exposed to a
wooden block painted with pure water (3x, 2 min exposures).
These exposures allow the mouse to familiarize to the habituation
procedure. The second phase consists of three consecutive
exposures to a wooden block scented with 100 pL of an odor pair
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Fig. 2 Disruption of inhibition from the HDB/MCPO affects odor discrimination. A
virus encoding for hM4Di was injected into the HDB/MCPO of GAD65-Cre mice.
Four weeks later, animals received an i.p. injection of either PBS (control condi-
tion) or CNO (ireated condition) and were tested for odor discrimination using the
habituation/dishabituation paradigm. Before the CNO injection, mice habituated
to C7 (grey bar) and showed a significant increase in investigation time in the
presence of the dishabituated odor, C8 (red bar). Two hours after the CNO injec-
tion, mice habituated to C7 failed to show an increase in investigation time for
C8. However, the investigation time was increased significantly for a pair of odors
differing by two carbons (C6/C8). The inability to discriminate between C7 and C8
was recovered completely 4 h after CNO administration. *P<0.05; **P<0.02

(habituated odor), followed by the presentation of the test odor
(dishabituated odor; 2 min with at 1-min intervals). Each trial is
videotaped, and the time the mouse spent investigating the block
is quantified offline. Investigation is defined as the time during
which the mouse’s nose is within a 2-cm radius from the block. To
determine the exact odor dilution, an odor threshold paradigm
needs to be performed (see below). The following structurally sim-
ilar odors are presented to test for fine olfactory discrimination:
water, 3x; ethyl heptanoate (C7), 3x and ethyl octanoate (C8), 1x.
Using more dissimilar odors can decrease the difficulty of the task
(ethyl hexanoate, C6, vs. ethyl octanoate, C8) (Fig. 2).
Odor-Detection Threshold: Control (PBS-injected) and treated
(CNO-injected) mice are exposed to a modified version of the
habituation /dishabituation paradigm explained above. Animals
are kept under the same conditions, but instead of being presented
with a particular odor pair, they are tested for the same odor at dif-
ferent dilutions. In general, after three presentations of wooden
blocks containing only water, animals are presented with blocks
scented with odor dilutions (1:60,000, 1:40,000, 1:30,000,
1:20,000, 1:10,000, and 1:1,000, v/v, in water). Under these
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Fig. 3 (a) Odor detection threshold and associative odor learning is not affected
in the DREADD injected mice. In both groups (control and CNO injected), the
investigation time increased significantly when mice were presented with an
odor at a dilution of 1:30,000 (*, P<0.03, compared with 1:60,000). Notice that
in this paradigm, the investigation time declines at higher concentrations as the
odor novelty decreases due to the consecutive odor presentations. (b) Control
and hM4Di injected mice learn to associate an odor with food reward. Left, nor-
malized investigation time during the associative learning trials. During the first
trial the investigation time was 123+6 s (control, n=4, blue squares) and
17020 s (CNO injected, n=3, red circles). Right, at the end of 4 days (control)
or 5 days (CNO-injected hM4Di mice) of associative training, mice spend signi-
ficantly more time investigating the rewarded odor, in the absence of the
food reward (control, 16.1+2.4 vs. 3.8+0.8 s; CNO, 17.6+0.7 vs. 5.5+1.8;
*P<0.03; **P<0.002)

conditions, for simple esters, odor detection threshold are usually
above 1:30,000 in wild type mice ([11] Fig. 3a).

Associative Odor Learning: Injected mice are housed individu-
ally and placed on food restriction, with ad libitum access to water.
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For the duration of the associative learning trials, the weight of
each animal is monitored daily and maintained at 85 % of its origi-
nal body weight. Two hours before each training day mice receive
a single injection of CNO (0.5 mg/kg, treated group) or PBS
(control group). During the trials mice are trained to associate an
odor (1L-carvone) with a piece of cookie hidden under a 2-cm? filter
paper soaked with 75 pL of L-carvone (1:100), both buried under
the bedding. A filter paper soaked with the untrained odor
(p-Carvone; 1:100) was buried in the opposite side of the cage.
Each day of training consisted of five trials in which the time the
mouse took to retrieve the food reward was recorded. Under our
experimental conditions, both control and hM4Di-injected mice
equally learned to retrieve the cookie buried under the trained
odor within 2 days [11]. At the end of the day 2 of training, mice
are presented with both odors simultaneously for 2 min, in the
absence of the food reward. A mouse is deemed able to discrimi-
nate between the pair of odors when it spent a significantly longer
time investigating the rewarded odor than the non-rewarded odor.
The associative training is continued until the mouse is able to
discriminate between odors presented simultaneously (Fig. 3b).

8 Notes

Virus delivery: The brain region and the delivery method chosen
can dramatically affect the ability of the virus to infect neurons and
the yield of cells expressing the desired protein. To troubleshoot this
particular issue we suggest varying the speed of injection, the
speed of needle retrieval and the angle of the needle tip. Custom
made needles can be obtained from specialized companies. In
addition, different AAV serotypes containing the gene of interest
are available and some serotypes might be better at infecting a par-
ticular neuronal class.

Immunofluorvescence: For free floating immunofluorescence it
is recommended to use section holders to change the slices from
one solution to the other (for example, tissue processing wells,
Netwells from EMS). These containers easily fit into 12 or 24 cul-
ture plates. Additionally, to mount the slices, fill a large Petri dish
to the rim with PBS. Place the slide in the Petri dish and use a
brush to drag the slice towards the slide and up the surface. After
carefully drying the PBS off the slide, pipette 5 pL. of mounting
media (VECTASHIELD) over the slice and seal the coverslip bor-
ders with nail polish and store until confocal imaging.
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Chapter 6

The Use of DREADDs (Designer Receptors
Exclusively Activated by Designer Receptors)
in Transgenic Mouse Behavioral Models

Daniela Cassataro and Lucas Sjulson

Abstract

Designer Receptors Exclusively Activated by Designer Drugs (DREADDs) are increasingly used to
manipulate activity in specific neuronal populations in the brains of awake, behaving mice. Here we review
the pros and cons of DREADD:s relative to other genetically encoded neuromodulation technologies and
describe in detail methods for using DREADDs with transgenic mouse behavioral models. This approach
can not only provide insight into the role of specific neural circuits in behavior but also identify potential
neuromodulation targets for the treatment of neuropsychiatric disorders.

Key words DREADDs, CNO, Reverse pharmacogenetics, Addiction, Mouse behavior, Transgenic

mice

1 Background and Introduction

Since the development of the Designer Receptors Exclusively
Activated by Designer Drugs (DREADDs) [ 1] and their first use in
awake behaving mice [2], there have been an increasing number of
studies using this technology to examine the behavioral relevance
of specific neural circuits in mice. A number of these studies have
focused on the circuitry of the striatum, examining the differential
roles of the direct and indirect pathways in amphetamine sensitiza-
tion [3, 4] or the effect of modulating ventral striatum in a pre-
clinical model of alcohol abuse [5]. Others have taken advantage of
the cell-type specificity of DREADDs to determine the differential
roles of AgRP-expressing [6] and POMC-expressing [7] neurons
of'the hypothalamus in feeding behavior as well as orexin-expressing
hypothalamic cells in sleep-related behavior [8].

Given the increasing availability of Cre recombinase mouse
driver lines selective for different neuronal populations [9] and the
growing relevance of mouse behavior in neuroscience in general,

Gerald Thiel (ed.), Designer Receptors Exclusively Activated by Designer Drugs, Neuromethods, vol. 108,
DOI 10.1007/978-1-4939-2944-3_6, © Springer Science+Business Media New York 2015

95



96 Daniela Cassataro and Lucas Sjulson

this trend will only continue. While DREADDs are a robust tech-
nology, there are nevertheless a number of potential pitfalls to be
avoided when using them in mouse behavioral assays. In this chap-
ter, we describe several of these pitfalls as well as the framework
and protocols that we have found to be effective in avoiding them.
We hope that this will facilitate the successful application of this
technology to dissecting the functional roles of specific neural cir-
cuits as well as to identitying novel targets and strategies for the
treatment of neuropsychiatric disorders.

2 Experiment Planning

2.1 DREADDs Versus
the Alternatives

The first issue to address in the planning stage is to determine
whether or not DREADDs are the optimal tool for the particular
experimental question at hand. The primary features of DREADDs
are that they enable (1) genetic targeting of specific neuronal sub-
types, (2) reversibility on a timescale of hours, (3) focal neuro-
modulation without chronically implanted hardware, and (4)
modulation of large brain structures that are difficult to illuminate.
If any of these are not required for the experiment at hand, other
techniques should also be considered. For example, if genetic
encodability is not required, techniques such as lesioning, electrical
stimulation, or focal drug infusion strategies may be preferable
(Table 1). Similarly, if genetic targeting is required but reversibility
is unnecessary or even undesirable, alternatives include genetically
encoded tetanus toxin [10] or ion channels such as NaChBac [11]
or Kir2.1 [12, 13], which depolarize or hyperpolarize the mem-
brane, respectively.

If both genetic targeting and reversibility are required, then
alternative genetically encoded neuromodulation technologies
should still be considered. Two of the most widely used options
include optogenetics [ 14, 15] and the PSAM /PSEM system [16].
The primary advantage of optogenetics is its fast reversibility, which
can be advantageous in certain behavioral paradigms in which
modulation and control trials can be interleaved on timescales of
seconds. However, optogenetics requires indwelling optical fibers
and lasers for illumination, severely restricting the throughput of
behavioral assays. In contrast, DREADDs enable a large number of
animals to be tested in parallel without the need for extensive
equipment. Additionally, DREADDs can target multiple sites
simultaneously, which is often necessary for large brain structures
and can be difficult using optogenetics because it requires complex
implantations of multiple optical fibers.

The PSAM/PSEM system is another reverse pharmacogenetic
system in which engineered receptors are expressed ectopically in
the neurons of interest and activated by administration of an
otherwise-inert ligand. A key difference between PSAMs and
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Comparison of several common methods for modulating neural activity in behaving mice

Effect on
Cell-type membrane Duration
Method Reversible? specificity potential Onset of effect  of effect
DREADDs Yes Yes Depolarize or ~ ~30 min 2-3 h with IP
hyperpolarize ~ with IP administration
administration
Microbial opsins (e.g., Yes Yes Depolarize or ~ Milliseconds Milliseconds to
channelrhodopsin-2) hyperpolarize hours
PSAM /PSEMs Yes Yes Depolarize or ~ Minutes ~10 min with IP
hyperpolarize injection
Kir2.1 No Yes Hyperpolarize  Days Permanent
NaChBac No Yes Depolarize Days Permanent
AAV-Tetanus toxin No Yes Blocks synaptic  Days Permanent
vesicle release
Lesioning No Variable  Cell death Days Permanent
Electrical stimulation  Yes No Depolarize Milliseconds Milliseconds to
hours
Local drug infusion Yes No Depolarize or ~ Seconds Minutes to
hyperpolarize hours

2.2 Targeting

the Cells of Interest

DREADDs is that PSAM ligands (PSEMs) have significantly
shorter half-lives than the DREADD ligand CNO and are also
not available commercially. Another important difference is that
PSAMs are ion channels that alter membrane potential directly, but
DREADDs are G protein-coupled receptors that influence mem-
brane potential indirectly by modulating endogenous ion chan-
nels. This means that the efficacy of DREADDs will differ between
different cell types and developmental time points. For example,
one important limitation of DREADD-hM4Di is that it is unlikely
to be effective at early postnatal time points (e.g., before P10)
because of insufficient expression of endogenous GIRK channels
[17, 18]. Even in adult mice, DREADD-hM4Di may only be suf-
ficient to partially silence some cell types. Additionally, DREADDs
alter G-protein dependent cellular processes beyond membrane
potential, which may complicate interpretation of results in some
experiments. Nevertheless, DREADDs have proven to be a robust
technology that works in a variety of cell types and brain regions.

Having decided on the DREADD /CNO system, the next step is to
determine how to express the chosen DREADD in the cells of interest.
The two main methods are transgenic DREADD-expressing mouse
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lines and viral vector approaches. Several DREADD mouse lines
developed by the Dymecki and Roth laboratories are now available
from the Jackson Laboratory [4, 19, 20]. The primary advantage
of transgenic mouse lines over viral vectors is that with viral vectors
only a subset of the cells are infected, while with transgenic animals
virtually 100 % of the cells of interest will express the DREADD
given an efficient driver line. This also leads to greater uniformity
of expression levels across the cell population. However, this
approach is frequently problematic if DREADDs are expressed in
undesired brain regions or outside the brain, leading to nonspecific
effects if CNO is administered systemically.

For this reason, we generally use adeno-associated viral (AAV)
vectors to express DREADDs in the brain, which enables us to
restrict expression to specific anatomical regions. In addition, AAV
provides high transduction efficiencies (up to 80 %) and expression
levels with low toxicity, and it is commercially available at relatively
low cost. There are several possible methods for targeting AAV
expression to particular cells of interest, but we will focus on three:
using cell-type specific promoters, using Cre-dependent AAV to
target specific anatomical projections, and using Cre-dependent
AAV in Cre-expressing transgenic mice.

Cell type-specific promoters are of limited utility in AAV for
several reasons. Most promoters are too large for the ~5 kb packag-
ing limit, drive transgene expression too weakly, and/or exhibit
leaky expression in undesired cell types, possibly due to the high
number of viral genomes introduced to each cell. To date, the only
well-validated cell-type specific promoter for use in AAV is a mini-
mal CaMKIlIa promoter that in cortex and hippocampus drives
expression selectively in excitatory pyramidal cells. This promoter
was first validated in lentiviral vectors and then in AAV [21, 22].
Other viral vectors with larger capacity can carry longer promoter
sequences that in theory could provide higher specificity than AAV;
nevertheless, this approach frequently leads to leaky nonspecific
expression.

As a result, the more common approach is to use AAV contain-
ing Cre-dependent “FLEX” [23] or “DIO” [24] cassettes, in
which the transgene of interest (e.g.,a DREADD) is initially in the
reverse orientation and hence inactive. The presence of Cre recom-
binase irreversibly inverts the orientation of the transgene, activat-
ing transcription (Fig. 1). Using this approach, it is possible to
target cells based on projection pattern by injecting Cre-dependent
AAV near the somata of the cells of interest and a retrograde Cre
vector near the axon terminals [25-28]. However, a more common
method is to use transgenic/knock-in mouse lines that express Cre
in a subset of cells based on the expression profile of a given gene.
A growing number of Cre driver lines are commercially available
from vendors such as Jackson Laboratories, as well as from publicly
funded projects such as the GENSAT project [9].
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Fig. 1 The flip-excision (“FLEX”)/double-inverted open reading frame (“DI0”) method restricts expression of
DREADDs to Cre-positive cells

2.3 Mouse Breeding

2.4 Incorporating
DREADD:s into

the Behavioral
Paradigm of Interest

Another important consideration that should be planned as far in
advance as possible is the breeding scheme for the experiments.
Power calculations should be performed to estimate the number of
animals needed, and the breeding scheme should be based on this
estimate. Relevant considerations also include whether males,
females, or both will be used; the proportion of mice expected to
carry the required allele /alleles; and the number of mice required
for control groups including Cre-negative littermates and Cre-
positive littermates injected with a control AAV not encoding a
DREADD. The background strain of the mice is also important,
and transgenic mouse lines should generally be backcrossed onto an
inbred background such as C57BL/6 in order to minimize vari-
ability in anatomical targeting and behavioral performance. While
C57BL/6 is the most common inbred strain used for behavior
assays, we generally prefer to use C57BL/6 xFVB/NJ F1 hybrids
because FVB females generate larger litter sizes, and hybrid mice are
larger, healthier, and, at least in our hands, more reliable overall.

One of the key features of DREADDs is that the modulatory effect
is reversible, which enables partial within-subjects experimental
designs in which the behavioral effects of DREADDs are ascer-
tained by comparing the difference between the CNO and CNO-
negative control condition within a single animal. Although this
may slightly complicate analysis, we strive to use within-subjects
designs whenever possible because using each animal as its own
control helps to minimize variability and reduce the number of
animals required. Nevertheless, a number of control conditions are
usually necessary. Because a number of Cre lines exhibit abnormal
behavior, it is important to perform control experiments in which
Cre-positive animals are injected with an AAV that does not encode
a DREADD. An equally important but lesser-recognized control
involves injecting Cre-dependent AAV into Cre-negative litter-
mates, which we have found for some AAVs can have a surprisingly
large effect on behavior. Depending on the behavior being tested,
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it is frequently necessary to perform experiments controlling for
nonspecific effects such as impaired locomotion or motor coordi-
nation. Although the need for this type of control experiment
applies to any intervention, DREADDs offer the advantage of a
within-subjects design for these experiments as well (e.g., compar-
ing open field locomotion in saline vs. CNO conditions).

Finally, the CNO delivery method, delivery time, and dose
must also be determined. The most common delivery methods are
oral administration and IP injection, though focal infusions directly
into the brain are also effective [29]. For long-term administration
(e.g., overnight), we generally use CNO in drinking water at
0.1 mg/mL. Since a 30 g mouse generally drinks about 3 mL /day,
this amounts to an approximate dose of 10 mg/mL of CNO daily.
For shorter-term administration, we dissolve CNO in sterile PBS
and inject intraperitoneally at a dose of 1-5 mg/kg. Under these
conditions, DREADD activation generally takes ~30 min and lasts
about 2—4 h. However, Alexander et al. [2] have reported a longer
duration of effects.

3 Preexperiment Optimization

3.1 Optimizing
Anatomical Targeting

The single most important factor in the success of behavioral
experiments using DREADDs is obtaining high levels of DREADD
expression selectively in the cells and target region of interest.
Caretul preexperiment optimization is crucial.

Before starting experiments, it is important to test viral injection
conditions and optimize targeting of the brain structure of inter-
est. Stereotactic coordinates from atlases are a good starting point,
but in our experience these coordinates typically require refine-
ment. When targeting a new brain structure, especially structures
that are small and /or ventral, we first start by injecting small vol-
umes (e.g., 50 nL) of Evans Blue followed immediately by section-
ing the brain to verify targeting accuracy. Alternatively, one can
also place a small electrolytic lesion (100 pA cathodal current for
two seconds from a 50 pm tungsten electrode) and section the
brain 24—48 h later. The use of dye or lesions rather than AAV-EGFP
in pilot injections provides rapid feedback and a more precise esti-
mate of the true location than EGFP expression, which fills the
processes of the cells and thus extends to a larger spatial area. It is
important to use mice of the same background strain, age, and sex
that will be used for the experiments. If possible, we use inbred
mice or F1 hybrids so that all mice are genetically identical, mini-
mizing anatomical variability. After refining and validating coordi-
nates, we inject commercially available AAV-EGFP to verify the
amount of spread and optimal volume of virus to inject. The degree
of spread is dependent on serotypes and titer, so it is best to use the
same serotype that will be used for experiments.
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To target a molecularly defined cell population with Cre driver
lines and Cre-dependent AAV, both the mouse line and the viral
vector must be validated and optimized if this has not been done
in the past. An underappreciated aspect of using AAV is that even
among serotypes with known tropism for neurons, different sero-
types infect various neuronal subtypes with different degrees of
efficiency. When targeting a novel cell type, we first test a panel of
several AAV serotypes (e.g., AAV1, AAV5, and AAV9) to see which
is the most efficient for the cell type of interest. For our studies in
striatum, we generally use AAV5, which infects most striatal neu-
rons efficiently with relatively low levels of retrograde infection.
AAV-DREADDs are now commercially available in AAV2, 5, and
8 from the University of North Carolina Vector Core, providing
several options.

When using an untested Cre driver line, it is important to ver-
ify that expression is actually restricted to the cells of interest. This
is particularly true for transgenic Cre lines, in which the expression
pattern is less likely to mimic the endogenous expression pattern
than with knock-in lines. The simplest technique is to inject a Cre-
dependent AAV encoding a fluorescent protein such as GFP, then
use immunohistochemistry to verify that all of the green cells also
express the marker gene of interest (Fig. 2). For marker genes
where no suitable antibody is available, a logical approach would
be to cross the Cre driver with a Cre-dependent fluorescent pro-
tein reporter line, then inject the Cre-dependent AAV and quantify
colocalization of the two fluorescent proteins. However, we and
others [30] have found that this approach is not reliable because
most Cre-dependent AAVs will suppress expression of Cre-
dependent genomic reporters. Additionally, expression patterns in
reporter lines may be broader than with Cre-dependent AAV due
to recombination at early developmental time points. As a result,
the best approach in this case is to find alternative markers for
immunohistochemistry or to perform in situ hybridizations.

4 Performing the Experiment

4.1 Stereotactic
Injection Protocol

A protocol for stereotactic injections will vary depending on the
specific hardware and has been covered in detail elsewhere [31].
Nevertheless, given the importance of proper injection technique,
we will review the factors that we consider to be critical.

e Fill the injector pipet/syringe with AAV before anesthetizing
the first animal. We typically fill the pipet with enough AAV to
inject several animals in a row. Upon receiving a new AAV
stock, we make 8 pL aliquots in PCR tubes and store at —-80 °C.
Only thaw each aliquot once—after thawing, an aliquot is stable
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Fig. 2 Validation of cre driver line by immunohistochemical colocalization of a cel-
lular marker (green) and DREADD-mCherry (red ). Since the AAV does not infect all
neurons, some green neurons do not express mCherry, but all mCherry-expressing
neurons are positive for the immunohistochemical marker, consistent with the cre
driver line restricting DREADD-mCherry expression to the cells of interest

at 4 °C for up to a month. Prepare all other instruments and
supplies prior to starting anesthesia to minimize the duration
of anesthesia.

* Anesthetize the animal. We prefer the use of isoflurane to
injectable anesthetics such as ketamine/xylazine because the
animals recover much more rapidly after surgery. When using
isoflurane, be sure to use a heating pad and monitor the ani-
mal’s body temperature and respiratory rate every 15 min. If
the rate drops below 20 respirations in 15 s, lower the isoflu-
rane concentration. For complex surgeries requiring more than
three hours of anesthesia, we administer atropine 1 mg/kg
intraperitoneally at the start of the procedure to reduce secre-
tions that can lead to respiratory compromise.

¢ Fix the animal’s head in the stereotactic frame securely. This
may sound trivial, but doing this properly is the most techni-
cally difficult aspect of the procedure and is a key step in achiev-
ing accurate, reproducible results. First, coat the tips of the ear
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bars with topical lidocaine cream, which decreases anesthesia
requirements. When using isoflurane anesthesia, place the
animal in the nosepiece first and stabilize the level of anesthesia
at a higher isoflurane concentration than used for maintenance
anesthesia (e.g., 2 %). Next, loosen the nosepiece so the skull
can tilt up and down freely, and lift the animal by the tail until
the skull is level before securing the ear bars. Note that ear bars
should not be placed in the ear canals but on the skull anterior
to the ear opening, which provides greater stability. After tight-
ening the ear bars and nosepiece, push on the head to verify
that the skull does not move. Next, cover the eyes with eye
ointment or a mix of petroleum jelly and mineral oil, and
reduce the isoflurane concentration to a maintenance level
(e.g., 0.8-1 %).

After removing the hair and prepping the skin with betadine,
inject bupivacaine subcutaneously, and open the scalp with
sharp scissors cutting from posterior to anterior along the mid-
line. Bupivacaine decreases anesthesia requirements, but it may
still be necessary to increase the isoflurane concentration for
this step. Clear away the connective tissue covering the skull,
and hold the incision open with small retractors or hooks fash-
ioned from bent needles. Push the skull with blunt forceps to
verify that the head is fixed securely, and if necessary, reposition
or tighten.

Under maximum magnification, mark the calibration points
bregma and lambda on the skull with a scalpel or sterile razor
blade. Mark these locations with an “X” by interpolating along
the skull sutures—do not use the actual intersections of the
skull sutures, which vary considerably from animal to animal.
Touch the corners of the “X” with a new fine-tip permanent
marker—the ink will flow into the “X,” marking it for easy
visualization.

Ensure that the skull is level, first by visual inspection and next
by measuring the Z-axis (vertical) position of points 2.5 mm to
the left and right of bregma. For small and/or ventral targets,
our rule is that the difference in Z-axis measurements must be
80 pm or less. Next, ensure that the difference in Z-axis posi-
tions of lambda and bregma is also 80 pm or less. For this step,
it is highly advantageous to have a stereotactic frame that
allows adjustment of head angle without loosening the ear
bars, such as the Kopf Instruments 1900.

Mark the desired injection sites and drill craniotomies. Stop
drilling before puncturing the dura and clear skull fragments
from the craniotomy using a small (~28-30 gauge) needle with
the tip bent away from the opening to form a hook. The dura
is difficult to visualize in mice, so the best way to determine
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4.2 Post-surgery
Recovery

4.3 Preexperiment
Conditioning

and Behavioral Data
Collection

if it is intact is to poke the brain surface lightly with a sharp
needle. If the dura is intact, the brain surface will indent visibly
around the needle. After cutting craniotomies, keep them from
drying out using sterile saline and saline-soaked gel foam.

» Fit the injector onto the frame and re-calibrate coordinates to
bregma and lambda. Lower the pipet slowly, punching through
the dura, to reach the target coordinates.

e Infuse AAV at a rate of 50-100 nL/min, then wait 5 min after
the injection to remove the needle /pipet. Withdraw the pipet
slowly to minimize backflow of virus along the injection tract.

* Close the incision, stop anesthesia, and monitor the animal
until it has recovered.

For the first 34 days after injection, house animals individually to
prevent other mice from opening the wound. After this period, we
recommend group housing animals if possible to minimize the
behavioral effects of social isolation. Although fluorescent protein
expression is detectable as early as 3 days after AAV injection, we
recommend waiting at least 2 weeks before starting experiments.
Expression typically peaks around 3—4 weeks after injection and
generally persists for months.

Perform any necessary preexperiment conditioning (e.g., habitua-
tion to a test chamber and IP injections), and collect the behavioral
data. The actual procedure will vary depending on the assay, but
the procedural aspects of CNO administration are the same as any
other drug delivered through the same route. As with any behav-
ioral assay, uniform handling is critical to minimize variability.

5 Post-experiment Verification and Data Analysis

After the experiment, harvest and process brains for histology
according to any standard protocol. We sacrifice animals with an
overdose of sodium pentobarbital, followed immediately by trans-
cardial perfusion with a fresh solution of 4 % paraformaldehyde in
ice-cold PBS. After perfusion, we harvest the brain and postfix
in 4 % PFA for 1 h, then cryoprotect the tissue with 30 % sucrose
in PBS overnight. For sensitive detection of fluorescent proteins,
we cut 20 pm cryosections and perform immunohistochemistry
against the fluorescent reporter (in our case, usually mCherry).
However, in cases where the density of mCherry-positive cells is
high, it is possible to save time by cutting thick (100-150 pm) sec-
tions, mounting them, and visualizing native mCherry fluores-
cence (Fig. 3). When rating the accuracy of anatomical targeting,
it is crucial that the person rating the brains is blinded to the
experimental group of each sample to prevent bias.
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Fig. 3 Visualization of DREADD-mCherry expression after stereotactic AAV injec-
tion in the nucleus accumbens

6 Conclusion

The DREADD-CNO system enables targeted modulation of
specific neuronal populations in vivo and possesses numerous fea-
tures making it well suited for behavioral assays in transgenic mice.
DREADDs provide genetic specificity and reversibility, allowing
partial within-subjects study designs. Additionally, unlike optoge-
netics, DREADDs enable large numbers of animals to be tested in
parallel without the need for lasers or indwelling implants and teth-
ers that can restrict free movement of the animal. DREADDs
can also affect cells over large anatomical regions that would be
difficult to illuminate.

In this chapter, we focus on expression of DREADDs using
Cre-dependent AAV with Cre driver lines that restrict expression
to subsets of cells that normally express a given gene. This power-
ful approach provides two layers of specificity: cell-type specificity
from restricted Cre expression and anatomical specificity due to
precisely localized injections. For most applications, both of these
are essential for minimizing off-target effects. Nevertheless, the
genetic specificity of the DREADDs provides flexibility that
extends well beyond this approach to include expression of
DREADDs from genomic loci [4, 19], based on projection pat-
terns [25-28], or even based on recent activity patterns [20, 32].

Using DREADDs to manipulate a specific cell population in a
specific area of the brain not only adds to our understanding of the
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roles of those cells in their circuit—it also clears a path toward
potential clinical applications. A primary limitation of current
treatments for neuropsychiatric disorders is insufficient specificity
for affecting specific components of dysfunctional circuits.
Information gained using DREADD:s in transgenic mouse models
may thereby help identify targets and methods for the eventual
treatment of neuropsychiatric disorders in humans.
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Chapter 7

Pharmacogenetic Dissection of Neural Mechanisms
Underlying the Regulation of Sleep-Wakefulness
Using DREADDs

Michihiro Mieda and Takeshi Sakurai

Abstract

Sleep and wakefulness are controlled by a complex network of neurons harboring diverse neurochemical
characteristics, including glutamatergic, GABAergic, monoaminergic, cholinergic, and peptidergic neu-
rons. To understand the precise role of each type of neuron in this circuit, it is useful to artificially manipu-
late the activity of a particular type of neuron to see its effect on behavior. The DREADD system has made
such a strategy possible. Here, we review our recent work using DREADD to pharmacogenetically dissect
neural mechanisms regulating sleep—wakefulness, describe the protocol we used, and discuss the technical
aspects of our studies.

Key words Sleep—wakefulness, Orexin, Narcolepsy, Neuropeptide, Preoptic area, Hypothalamus,
Transgenic mice

1 Introduction

Designer receptors exclusively activated by designer drugs
(DREADD) are artificially generated mutants of human musca-
rinic receptors that lose the ability to bind natural ligands, acetyl-
choline, while they gain the ability to be activated by the otherwise
pharmacologically inert ligand clozapine-N-oxide (CNO) with
nanomolar potency [1, 2]. The stimulatory DREADD, designated
“hM3Dq,” couples with the G, pathway to depolarize neurons,
while the inhibitory DREADD, “hM4Di,” couples with the G,
pathway to hyperpolarize neurons. Therefore, in combination
with genetic techniques to target expression of exogenous genes,
DREADDs function as powerful tools of neuroscience research
to artificially manipulate the activity of a certain population of
neurons to reveal its physiological and pathological roles.

Gerald Thiel (ed.), Designer Receptors Exclusively Activated by Designer Drugs, Neuromethods, vol. 108,
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Compared to optogenetics [ 3], which utilizes photoactivatable
cation channels, ion pumps, or GPCRs to manipulate neural activi-
ties, the time resolution of DREADD technology is limited. On
the other hand, it is less invasive and its effects last for longer peri-
ods, which may be suitable for studying events occurring on
a time scale of minutes to hours, such as sleep—wakefulness cycles.
In addition, since CNO is a stable substance that can cross the
blood brain barrier, it can be readily administered intraperitoneally
(i.p.) or orally while only minimally interfering with the behavioral
state in freely moving animals.

We have been studying the neural mechanisms underlying the
regulation of sleep—wakefulness since our discovery of the neuro-
peptide orexin [4, 5] (further explained later). Proper waketulness
and vigilance are essential for us to behave in an appropriate man-
ner, while sleep is vital for the normal function and homeostasis of
our brains, as well as for efficient memory formation. Thus, under-
standing the regulation of the sleep—wakefulness cycle is of tremen-
dous importance. Since the development of DREADD technology
by Dr. Bryan Roth’s group at the University of North Carolina [1, 2],
we have utilized DREADD technology to dissect neural circuits
regulating the vigilance states. We so far have demonstrated
(1) that changes in the activity of orexin neurons can alter the
behavioral state of animals [6], (2) that activation of dorsal raphe
(DR) serotonergic neurons and locus coeruleus (LC) noradrener-
gic neurons suppress cataplexy and fragmentation of wakefulness,
respectively, in narcoleptic mice [7], and (3) that stimulation of
GABAergic neurons in the preoptic area (POA) leads to an increase
in the amount of non-rapid eye movement (NREM) sleep [8].
These findings will be described below in more detail.

2 Pharmacogenetic Modulation of Orexin Neurons Alters Sleep—Wakefulness
States in Mice [6]

The neuropeptides orexin A and orexin B, also called hypocretin 1
and hypocretin 2, are produced by cleavage of a single precursor
polypeptide, prepro-orexin, in neurons located in the lateral hypo-
thalamic area (LHA) [5, 9]. These neuropeptides act on G protein-
coupled receptors, termed orexin receptors type 1 and type 2
(OX1R and OX2R). Intracerebroventricular administration of
orexin in animals increases the amount of wakefulness, accompa-
nied by decreases in the amount of both NREM and REM sleep
[10-12]. Neurons expressing orexins (orexin neurons) send pro-
jections throughout the brain and spinal cord, with particularly
dense innervations to nuclei containing monoaminergic and
cholinergic neurons in the hypothalamus and brainstem, which are
implicated in the promotion of wakefulness and constitute the
ascending reticular activating system [4, 5, 9, 13—-15]. In vitro slice
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electrophysiology studies have further shown that orexin increases
the firing rates of monoaminergic neurons in the LC [16, 17], DR
[18, 19], and tuberomammillary nucleus (TMN) [20-22], as well
as the cholinergic neurons in the basal forebrain and laterodorsal
tegmental nucleus (LDT) [23]. The critical roles of orexins and
orexin neurons in the consolidation of wakefulness are further high-
lighted by the fact that the disruption of orexin signaling results in
narcolepsy in mice, rats, dogs, and humans [4, 24-29]. Narcolepsy
is a sleep disorder characterized by difficulties in maintaining pro-
longed episodes of wakefulness [30] (described in detail later).

Consistent with wake-promoting roles of orexin neurons, their
activity increases during wakefulness and decreases during sleep
[31-33]. However, it remains unclear whether changes in the
activity of orexin neurons result in changes of sleep—waketulness
states. Since orexin neurons receive input from various brain
regions, including those involved in sleep—wakefulness regulation
[34, 35], changes in their activity may occur secondarily to changes
in sleep—wakefulness states. Alternatively, the alterations in acti-
vity of orexin neurons may actively affect the vigilance states of
animals.

To address this question, we utilized DREADD technology
to artificially manipulate the activity of orexin neurons to see its
consequence on sleep—wakefulness [6]. To target the expression of
DREADDs specifically in orexin neurons, we injected recombinant
adeno-associated virus (AAV) vectors, utilizing the flip-excision
(FLEX) switch [36] that restores the open reading frame in a Cre-
dependent manner, into the LHA of Orexin-Cre transgenic mice,
in which Cre-recombinase is expressed exclusively in orexin neu-
rons [37]. The successtul targeting of the expression of DREADDs
in orexin neurons was confirmed by double-immunostaining,
demonstrating that hM3Dq and hM4Di were expressed in 78.3
and 73.3 % of orexin neurons, respectively, without any ectopic
expression in non-orexin neurons.

Stimulation by i.p. CNO administration of excitatory hM3Dq
expressed in orexin neurons significantly increased Fos expression,
a marker of neuronal activity, while stimulation of inhibitory
hM4Di in orexin neurons significantly decreased Fos expression in
these neurons during light and dark periods, respectively. This
demonstrates that the DREADD system can be used to manipulate
the activity of orexin neurons. Electroencephalogram /electromyo-
gram (EEG/EMG) recordings demonstrated that excitation of
orexin neurons significantly increased the amount of time spent in
wakefulness and decreased both NREM and REM sleep times,
while inhibition of orexin neurons decreased wakefulness time and
increased NREM sleep time (Fig. 1). These findings clearly show
that changes in the activity of orexin neurons can alter the
behavioral state of animals and also validate this novel approach for
manipulating neuronal activity in awake, freely moving animals.
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Fig. 1 Effect of stimulation of orexinergic tone by hM3Dq on vigilance states of
mice during light and dark periods (/eft and right panels, respectively) [6]. Hourly
analysis of sleep—wake states in transgenic and wild-type mice, both injected
with rAAV-DIO-HAhM3Daq, after administration of CNO at ZT4 or ZT12. Amounts
of wakefulness (Wake, upper panels), NREM sleep (middle panels), and REM
sleep (lower panels) are shown

Artificial manipulation of the activity of orexin neurons was
initially achieved by optogenetics: the photostimulation of orexin
neurons expressing channelrhodopsin 2 increased the probability
of transition to wakefulness from either NREM or REM sleep [38].
However, chronic photo-stimulation (15 ms pulses at 20 Hz for
10 s every minute for 1 h) of orexin neurons did not increase total
wake time, although the number of NREM sleep-to-wake tran-
sitions was increased [39]. This fact suggests that DREADD-
mediated pharmacogenetic stimulation has an advantage, evoking
a greater potent and chronic stimulation of orexin neurons than
ChR2-mediated photo-stimulation does, although the time reso-
lution was less for the former than for the latter.
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3 Pharmacogenetic Activation of DR Serotonergic and LC Noradrenergic
Neurons Differentially Ameliorate Narcolepsy in a Mouse Model [7]

As mentioned previously, the degenerative loss of orexin neurons
in humans is associated with narcolepsy (type I narcolepsy: narco-
lepsy with cataplexy), a debilitating neurological disorder that pro-
vides a unique perspective on the mechanisms of sleep—wakefulness
control [26-28]. The narcolepsy syndrome consists of excessive
daytime sleepiness that often results in sleep attacks (sudden onset
of NREM sleep), cataplexy (sudden bilateral skeletal muscle weak-
ening triggered by emotions without impairment of conscious-
ness), hypnagogic hallucinations, and sleep paralysis. These
symptoms can be divided into two independent pathological phe-
nomena [30]. One is the inability to maintain a consolidated wak-
ing period, characterized by abrupt transitions from wakefulness to
NREM sleep (i.e., dysregulation of NREM sleep onset). This phe-
nomenon manifests clinically as excessive daytime sleepiness or
sleep attacks. The other key phenomenon
is the pathological intrusion of REM sleep or REM atonia into
wakefulness or at sleep onset (i.e., dysregulation of REM sleep
onset; normal sleep is characterized by an orderly progression from
wakefulness to NREM sleep and then to REM sleep) [30]. It is
during these periods that patients may experience cataplexy, hyp-
nagogic hallucinations, and sleep paralysis.

Similarly, mice deficient in orexin signaling, such as mice lack-
ing the prepro-ovexin gene (Orexin”~ mice), orexin neurons
(orexin/ataxin-3 mice), or orexin receptors (OXIR”~; OX2R~~
mice), display a phenotype strikingly similar to human narcolepsy:
markedly decreased duration of wakefulness episodes during the
dark phase (i.e., inability to maintain a long waking period, or
sleepiness) and abrupt behavioral arrests with muscle atonia (i.e.,
potentially cataplexy) that manifest as direct transitions from wake-
fulness to REM sleep in EEG/EMG recordings [4, 29, 40].

However, the precise neural mechanisms downstream of orexin
neurons, which play important roles in consolidating wakefulness
and inhibiting inappropriate transitions from wakefulness to NREM
or REM sleep, have remained largely unknown. In vitro studies
have shown that orexin activates wake-active monoaminergic and
cholinergic neurons in the hypothalamus and brainstem [16-23].
However, neurons activated by the pharmacological application of
exogenous orexin are not necessarily essential for the endogenous
mechanisms by which orexin neurons regulate sleep—waketulness
in a physiological condition. In order to identify neurons that are
directly activated by endogenous orexins and mediate their wake-
stabilizing effect in a particular natural context, we searched for
monoaminergic and cholinergic nuclei in which the focal rescue of
orexin receptor expressions in OXI1R~~; OX2R~~ mice ameliorates
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their narcoleptic phenotype. As a result, we found that the targeted
restoration of orexin receptor expression in the DR and in the LC
of OXI1R~~; OX2R~~ mice differentially inhibited their cataplexy-
like episodes and pathological fragmentation of wakefulness (i.e.,
sleepiness), respectively [7]. The suppression of cataplexy-like epi-
sodes was correlated with the number of serotonergic neurons
restored with orexin receptor expression in the DR, while the con-
solidation of fragmented wakefulness was correlated with the num-
ber of noradrenergic neurons restored in the LC.

To further confirm that our conclusion originated from the
receptor-restoration experiments, we used the DREADD system
to examine whether the artificial activation of DR serotonergic and
LC noradrenergic neurons using orexin neuron-ablated narcolep-
tic mice (orexin/ataxin-3 mice) [7]. In these mice, orexin neurons
degenerate postnatally due to the transgenic expression of a trun-
cated Machado-Joseph disease gene product, mimicking the
pathophysiological condition of human narcolepsy [29]. For this
purpose, we generated AAV vectors encoding hM3Dq under the
control of either a serotonergic neuron-selective promoter (Petl
promoter) [41] or a noradrenergic neurons-selective promoter
(PRSx8 promoter) [42]. Although the specificity of these neuron
type-selective promoters was not perfect, causing some leaked
expression, most of the neurons expressing hM3Dq were cells of
interest. This suggests that these promoters were acceptable for
demonstrating serotonergic or noradrenergic neuron-specific effects
of neuronal activation mediated by hM3Dq when careful control
experiments were combined. As described in the previous section,
we could ideally target the hM3Dq expression in DR serotonergic
and LC noradrenergic neurons by microinjecting AAV vectors uti-
lizing the FLEX switch in the DR and LC of mice expressing Cre
specifically in serotonergic neurons and noradrenergic neurons,
respectively. However, for the purpose of this study, we needed
orexin/ataxin-3 mice that had a Cre-expressing allele, which were
laborious to obtain for our experiments. Thus, we considered our
approach using neuron type-selective promoters in recombinant
AAV vectors to be practical.

When AAV-Petl /hM3Dq was microinjected into the DR,
hM3Dg mRNA expression was detected in 78.4+1.5 % of seroto-
nergic neurons in the DR, and 83.1+ 1.0 % of sM3Dg(+) cells were
serotonergic [7]. No sM3Dg mRNA expression was detected in
the area surrounding the DR. L.p. administration of CNO into
orexin/ataxin-3 mice injected with AAV-Petl /hM3Dq in the DR
immediately before the start of the dark period substantially
reduced the frequency of and time spent in cataplexy-like episodes
during the subsequent 6 h in the dark period (Fig. 2a). In contrast,
fragmentation of wakefulness was not improved by CNO adminis-
tration (Fig. 2b).
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Fig. 2 Pharmacogenetic activation of DR serotonergic and LC noradrenergic neurons suppresses cataplexy-
like episodes and consolidates wakefulness, respectively [7]. Orexin/ataxin-3 mice with DR serotonergic neu-
ron-selective (a, b) or LC noradrenergic neuron-selective (¢, d) expression of hM3Dq were injected with saline
or CNO. Hourly plots of number and total time of cataplexy-like episodes (a, ¢) or hourly plots of wakefulness
duration and number (b, d) within 12 h after administration at ZT 12 (arrows). *P<0.05, #P<0.01, 2-tailed
Student’s paired ttest. Values are mean +SEM

Similarly, when AAV-PRSx8 /hM3Dq was microinjected into
the LC, hM3Dg mRNA expression was detected in 68.1£3.9 % of
noradrenergic neurons in the LC, and 81.1+1.5 % of AM3Dg(+)
cells were noradrenergic [7]. In these mice, the duration of wake-
fulness episodes during the subsequent 6 h of the dark period was
significantly increased in the CNO-treated condition as compared
to the saline-injected control condition (Fig. 2d). The total time
spent in wakefulness during the same period was not significantly
increased when CNO was administered. In contrast, the adminis-
tration of CNO did not significantly affect the frequency of
cataplexy-like episodes in these mice (Fig. 2c). Importantly, the
wake-stabilizing effect of CNO was not observed in orexin/
ataxin-3 mice with off-target hM3Dq expression, which have simi-
lar numbers of hM3Dq-expressing cells in the regions surrounding
the LC but have almost no such cells in the LC. In addition, the
wake-stabilizing effect of CNO was strongly correlated with the
number of 4#M3Dg(+) noradrenergic neurons in the LC nora-
drenergic neurons, but not with the number of #M3Dg(+) non-
noradrenergic neurons in any of surrounding areas.

These data suggest that the pharmacogenetic activation of DR
serotonergic and LC noradrenergic neurons in narcoleptic mice is
sufficient to significantly suppress cataplexy-like episodes and con-
solidate wakefulness, respectively [7]. In addition, our success in
improving narcoleptic symptoms by DREADD may lead to a novel
type of gene therapy: the delivery of an artificial receptor into neu-
rons using a viral vector—together with the subsequent adminis-
tration of an artificial ligand for the receptor with the appropriate
timing, in which the effectiveness, specificity, and safety of that



116 Michihiro Mieda and Takeshi Sakurai

artificial receptor-ligand system have been well established—can be
used to ameliorate symptoms of interest.

4 Pharmacogenetic Stimulation of POA GABAergic Neurons Increases NREM
Sleep in Mice [8]

The POA of the hypothalamus is thought to play an important role
in the initiation and maintenance of sleep. Electrical or chemical
stimulation of the lateral POA in animals promotes EEG slow-
wave activity and sleep onset [43—46]. Consistently, lesions in the
POA have been shown to result in profound and persistent sleep
loss [47,48]. The extracellular recording studies in vivo have iden-
tified sleep-active neurons in a region extending from the medial
through the lateral POA [49, 50]. In addition, neurons in the rat
ventrolateral preoptic area (VLPO) and median preoptic nucleus
(MPO) have been reported to drastically increase Fos expression
following consolidated sleep [51, 52].

The POA sends GABAergic inhibitory projections to wake-
active monoaminergic regions, including the LC, DR, and the
TMN [52-55]. The VLPO receives projections from wake-active
monoaminergic neurons, such as TMN histaminergic, DR seroto-
nergic, and LC noradrenergic neurons, and electrophysiological
studies have demonstrated that VLPO neurons are inhibited by
noradrenaline and serotonin [56]. These facts suggest mutually
inhibitory interactions between VLPO and the monoaminergic
arousal systems [57].

Thus, we aimed to specifically activate GABAergic neurons in
the POA using excitatory DREADD hM3Dq and examine its
effects on sleep—wakefulness and on the activity of wake-promoting
orexin neurons [8]. For this purpose, we injected an AAV vector
containing the inverse hM3Dq cDNA in combination with
the FLEX switch into the POA of Gad67-Cre mice, in which
GABAergic neurons specifically express Cre recombinase. Specific
stimulations of hM3Dq-expressing GABAergic neurons in the
POA by i.p. CNO administrations significantly increased the
amount of NREM sleep, regardless of whether CNO was adminis-
tered during the light or dark phase (Fig. 3). We further confirmed
direct connectivity between POA GABAergic neurons and orexin
neurons, in addition to their widespread projections to wakefulness-
related areas in the hypothalamus and brainstem, using chan-
nelrhodopsin 2 (ChR2) as an anterograde tracer. Optogenetic
stimulation of the nerve terminals of POA GABAergic neurons on
orexin neurons rapidly inhibited the activity of orexin neurons and
evoked fast IPSC in slice preparations, and pharmacogenetic stim-
ulation of POA GABAergic neurons in vivo mediated by hM3Dq
significantly reduced Fos expression in orexin neurons. These
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Fig. 3 Specific pharmacogenetic stimulation of GABAergic neurons in the POA
increased NREM sleep amount [8]. Total time of wakefulness (WAKE), NREM
sleep, and REM sleep for 3 h after CNO (or saline) administration at ZT12 (upper
panels) and at ZT4 (lower panels)

observations suggest that activation of POA GABAergic neurons is
sufficient to increase NREM sleep, which might be at least partly
through the inhibition of orexin neurons [8].

5 Technical Considerations on the Strategy of DREADD Expression

As in the previous sections, we used recombinant AAV vectors to
express DREADDs in the neurons of interest in the brain. Even
with ubiquitous, powerful promoters, such as EFla and CAG pro-
moters, stereotaxic microinjections of AAV vectors can target the
expression of transgenes in the areas of interest. Practically, how-
ever, it is difficult to perfectly restrict expression in only the small
areas of interest in mice, often resulting in additional expression in
the adjacent areas. Additionally, multiple types of neurons are usu-
ally intermixed within a particular brain area. Thus, Cre-dependent
AAV expression vectors, utilizing the FLEX switch [36], are an
excellent strategy for targeting DREADD expression, specifically
in a neurochemically defined neuronal population located in a par-
ticular brain area of interest when suitable transgenic mice express-
ing Cre recombinase are available. Note that specificity of Cre
expression is required only in the brain area of interest and its sur-
rounding regions. Undesired Cre expression in the brain regions
located apart from the area of interest (>~1 mm) is of no matter,
since stereotaxic injection of AAV vectors can avoid the infection
and expression in such areas. On the other, the expression of
DREADDs should be confirmed in every mouse that receive AAV
injections because the location and spread of AAV infection inevi-
tably varies among individual injected mice.
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Alternatively, DREADDs can, of course, be expressed by gener-
ating transgenic mice with cell-specific promoters. It is worth
noting that two useful transgenic mouse lines have been developed.
One expresses hM3Dq specifically in tTA (tetracycline-controlled
transactivator)-expressing cells [ 1], while the other expresses hM4Di
in Cre and/or Flp recombinase-dependent manner [58]. We also
generated transgenic mice in which hM3Dq or hM4Di fused with
the loxP-flanked transcriptional blocker are knocked-in in the
Rosa26 allele so that DREAD receptors are expressed in a Cre-
dependent manner. By using these transgenic mice in combination
with other transgenic mice expressing tTA, Cre or Flp specifically in
the neuronal population of interest, we can target the DREADD
expression in the cells of interest with minimal variation of expres-
sion among individual mice. However, in these cases, systemic
administration of CNO would result in the activation or inhibition
of not only the cells of interest but also of other neurons expressing
Cre or Flp in the regions of no interest. Thus, the outcomes of
DREADD activation should be carefully interpreted. This problem
may be resolved by focal administration of CNO in the brain area of
interest [59, 60].

6 Protocols

6.1 AAV Production
and Purification

6.2 AAV Serotypes

First of all, it should be noted that multiple AAV vectors of
DREADDs, which are purified and have high titer, are currently
available from the Gene Therapy Center of the University of North
Carolina at Chapel Hill (http://genetherapy.unc.edu/services.htm).

Viruses are produced using a triple-transfection, helper-free
method in which the recombinant expression plasmid, containing
the AAV-2 (serotype 2) inverted terminal repeat (ITR) sequences
and an expression cassette of gene of interest, is co-transfected into
the HEK293 cells with a helper plasmid carrying adenovirus-
derived genes and a plasmid carrying AAV replication (rep) and
capsid (cap) genes.

There are many AAV serotypes available, each incorporating a dif-
ferent viral capsid protein and each mediating different transduc-
tion characteristics within the brain and peripheral tissues [61].
The AAV2 serotype has been most studied and utilized as a
recombinant vector. However, when the expression cassette flanked
by AAV2 ITRs is cross-packaged into capsid proteins of other sero-
types, the hybrid AAV vectors have been reported to infect neu-
rons more efficiently as compared to AAV2 vectors. On the other
hand, AAV2 can be relatively easily purified using a heparin-agarose
column [62]: purification of viral particles of other serotypes needs
ultracentrifugation over either a CsCl or iodixanol gradient, which
is cumbersome and expensive. Thus, we decided to utilize AAV2
vectors containing a mutant form of AAV2 capsid protein to
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6.3 Plasmids

6.4 HEK293 Cells

6.5 Packaging

increase the efficiency of transgene expression (kindly provided
by Dr. Arun Srivastava of the University of Florida) [63], which
retains the ability to bind to heparin for purification, and this was
used for the three studies described above. We will describe the
protocol of viral production and purification in detail later.
Recently, it was discovered that microinjection of unpurified
AAV viral solutions in the brain may not cause significant patho-
logical damage to the tissue [ 64 ]. Therefore, we are currently using
unpurified AAV vectors with capsid proteins of rh10 serotype [65],
which seem to infect neurons more efficiently than mutant AAV2.

We initially constructed ITR-containing plasmids with DREADD
c¢DNAs in combination with the FLEX switch by replacing
ChR2::EYFP genes of pAAV-double floxed-hChR2(H134R)-
EYFP-WPRE-pA [66], provided by Dr. Karl Deisseroth of Stantord
University (http://www.stanford.edu/group /dlab /optogenetics/),
with HA-hM3Dq or HA-hM4Di ¢DNAs derived from the plas-
mids pcDNA5 /FRT-HA-hM3Dq and pcDNA5 /FRT-HA-hM4Di
[2], provided by Dr. Bryan Roth of University of North Carolina.
Currently, mCherry-fusioned DREADDs have been developed
and are available from Dr. Roth’s laboratory or addgene, which are
easier than using HA-tagged DREADDs to detect protein expres-
sion. Therefore, we are currently using Cre-dependent AAV vec-
tors expressing mCherry-fusioned DREADDs.

For producing AAV-2 vectors used in the studies described
previously, we used pACG-2-Y730F [63], which contains a mutant
form of AAV2 capsid protein, as the rep/cap plasmid. To produce
AAV-rh10 vectors, we replaced pACG-2-Y730F with pAAV2/
rh10, which contains AAV2 rep gene and AAVrh10 cap gene (avail-
able from the Vector Core of the University of Pennsylvania,
http:/ /www.med.upenn.edu/gtp /vectorcore /index.shtml). For
the helper plasmid carrying adenoviral genes, we used pHelper
(Stratagene), but a similar helper plasmid pAd-DeltaF6 is also
available from the Vector Core of the University of Pennsylvania.

We used 293A cells (Invitrogen), which are a subclone of the
HEK293 cell line and were originally established for the produc-
tion of recombinant adenoviral vectors. They grow efficiently and
adhere to the culture dishes better. The commonly used HEK293
cell line should work for AAV production, and another subclone
AAV-293, which had been screened for AAV production, is avail-
able from Stratagene. We have no information about which 293
cells are the best for the production of recombinant AAV vectors.
Note that the following protocol is on the 293A cells.

1. Plate ~4.5x 10° cells per 100-mm tissue culture dish in 10 ml
of DMEM medium 24-28 h prior to transfection. We usually
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10.

11.

12.

13.

prepare ten dishes for producing one AAV-2 vector with a
purification step (the following protocol describes the amount
of reagents for 10 dishes). When producing AAV-rh10 vectors
without purification, we downscale to four culture dishes per
vector.

. Inspect the host cells that were split 1 day before; they should

be approximately 90-100 % confluent.

. Add 100 pg of each of the three plasmid DNA solutions:

pHelper, pACG-2-Y730F, and the ITR-containing expression
plasmid) to 10 ml of 0.3 M CaCl, in a 50-ml conical tube and
mix gently.

. Pipet 10 ml of 2x HBS (NaCl 8.182 g, Na,HPO, 0.106 g,

HEPES 5.958 g/500 ml, pH 7.10, filter-sterilized; adjust pH
to 7.06-7.07 because filtration slightly increases pH) into a
second 50-ml conical tube. Add the 10-ml DNA /CaCl, mix-
ture (step 3) dropwise with gentle rocking of the conical tube.
Mix gently by inversion or by repeated pipetting.

. Leave the DNA /CaCl,/HBS suspension for 20 min at room

temperature.

. Apply the DNA/CaCl,/HBS suspension to the dish of cells

(2 ml/dish) in a dropwise fashion, swirling gently to distribute
the DNA suspension evenly in the medium.

. Return the tissue culture dishes to the 37 °C CO, incubator

overnight.

. At the end of the incubation period, remove the medium from

the dishes and replace it with 10 ml/dish of fresh DMEM
growth medium.

. Return the dishes to the 37 °C incubator for an additional

2 days.

At the end of incubation, the density of cells is much higher
than at transfection, with each cell appearing compressed.
Most cells remain attached to the dishes.

Scrape and transfer the transfected cells plus DMEM growth
medium to two 50-ml conical tubes.

Collect cells by centrifugation at ~150 g for 10 min at room
temperature.

Discard the supernatant and resuspend the cells in binding
buffer (10 ml of 0.15 M NaCl, 50 mM Tris—HCI, pH 8.0).
The cells can be stored frozen in the -80 °C deep freezer for a
long period before purification.

For production of AAV-rh10 vectors, wash cells once with
PBS, pellet the cells, and resuspend in 400 pl (for 4 dishes) of
PBS containing 1 mM of MgCl,. The following steps (step
14~) are essentially same, except that we use benzonase nucle-
ase instead of DNasel and RNaseA, pellet cellular debris by
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6.6 Purification

14.

15.

16.

17.
18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

microcentrifuge at the maximal speed, and omit the purification
step (step 19~).

Subject the cell suspension to two rounds of freeze—thaw by
alternating the tubes between the —80 °C deep freezer and the
37 °C water bath.

Pellet cellular debris by centrifugation at ~2000 x g for 15 min.

Transfer the supernatant (~10 ml) to a fresh tube and add
40 pl of DNasel (10 mg/ml) and 80 pl of RNaseA (5 mg,/ml).

Incubate for 30 min in the 37 °C water bath.

Centrifuge the viral solution at ~2000 x 4 for 15 min and trans-
fer the supernatant to a fresh tube.

Add 500 pl (1,/20 volume) of 10 % Sodium deoxycholate to
the viral solution, and then incubate it for 30 min in the 37 °C
water bath.

Centrifuge the viral solution at ~2000xg for 15 min and
recover the supernatant.

Pass the viral solution through a 5 pm-syringe filter, then
through a 0.4 pm-syringe filter.

(In parallel to the treatment of the viral solution, prepare
heparin-agarose resin) Transfer 1.5 ml of Heparin-agarose
suspension (Sigma) into a 15-ml conical tube with 5 ml of
binding buftfer.

Centrifuge the Heparin-agarose suspension for a minute, discard
the supernatant, and wash the Heparin-agarose with another
5 ml of biding bufter.

Centrifuge the Heparin-agarose suspension for a minute and
discard the supernatant. Add the viral solution prepared in step
21 to the Heparin-agarose.

Suspend the viral solution/Heparin-agarose by rocking at 4 °C
for 1 h.

Transfer the viral solution/Heparin-agarose into a bio-spin
column (Bio-Rad) and allow the column to empty by gravity
flow.

Wash the Heparin-agarose resin three times with 2 ml of
binding buffer.

Add 1 ml of elution buffer (0.5 M NaCl, 50 mM Tris, pH 8.0)
to the resin and collect the eluate in a fresh tube.

Cap the tip of column, add another 1 ml of elution buffer, and
leave the column for 5 min.

Remove the cap at the tip of column and collect the eluate in
the tube.

Add another 1 ml of elution buffer to the column and collect
the eluate (total ~3 ml of eluate).



122 Michihiro Mieda and Takeshi Sakurai

6.7 Dialysis
and Concentration

6.8 Surgery of Mice

32. Transfer the eluate containing AAV particles into a Slide-A-Lyzer
Dialysis Cassette (Pierce, Slide-A-Lyzer Gamma Irradiated
Dialysis Cassete Extra-strength, 0.5-3 ml, 10,000 MWCO)
and dyalize it against 1 | of PBS (KH,PO, 0.144 g, NaCl 9.0 g,
Na,HPO,-12H,0 1.062 g, MgCl,-6H,0 0.10 g, CaCl,-2H,0
0.133 g/1 1, pH 7.4, filter-sterilized; adjust pH to 7.36-7.37
because filtration slightly increases pH) overnight at 4 °C.
Change the dialysate once.

33. Concentrate the dialyzed viral solution by placing the Dialysis
Cassette into the Slide-A-Lyzer Concentration Solution
(Pierce) inside the resealable plastic bag and rock the bag for
60-90 min at 4 °C.

34. Recover the concentrated viral solution from the cassette,
make aliquots, freeze rapidly, and store at -80 °C. Typically,
we can obtain 400-800 pl of concentrated viral solution.

35. Measure the titer of the viral stocks by real-time PCR. Prior to
PCR, 2 pl of viral solution is pretreated in 100 pl of 50 mM
NaOH for 30 min at 95 °C to liberate AAV genome DNA from
viral particles, followed by neutralization by adding 8.4 pl of
1 M Tris—=HCI pH 8.0. Further dilute the DNA solution 20-fold
and use 2.5 pl of diluted solution per PCR reaction in 10 pl. Use
serial dilution of ITR-containing plasmid as the reference to
write standard curves for calculating viral titers. We amplify the
WPRE sequence, which is contained in most of the recombinant
AAV vectors we generated, by Roche LightCycler 480 using two
primers 5’-actgtgtttgetgacgeaac-3’ and 5’-agcgaaagtcccggaaag-
3’ in combination with an universal probe #77. When using
other types of real-time PCR reagents and cyclers, primer
sequences may need to be optimized. Typically, we obtain final
viral stocks with the titer of 2 x 10122 x 10*3 genome copies,/ml.

Male mice (10-20 weeks old) were anesthetized with sodium pen-
tobarbital (0.5 mg/kg, i.p.) and positioned in a stereotaxic frame
(David Kopf Instruments). For microinjection of viral solutions,
we used the Hamilton syringe (10 pl, 701RN) in combination
with a 33-gage needle (1 in. long).

The coordinates for injection sites depend on the location and
size of the area of interest. The following are the coordinates we
used, with reference to the bregma; anteroposterior, AP (“-”
means posterior to the bregma); mediolateral, ML (“+” means
bilateral injections); dorsoventral, DV (“~” means ventral to the
skull surface):

LHA (targeting orexin neurons) [6]: AP, -1.4 mm; ML, +0.9 mm;
DV, -5.5 mm;and AP, -1.8 mm; ML, +0.9 mm; DV, -5.7 mm. Since
orexin neurons are scattered in the LHA and perifornical area, we
microinjected viruses in four sites. LC: AP, -5.4 mm; ML, +0.9 mm;
DV, -3.7 mm. DR: AP, -4.4 mm; ML, +0 mm; DV, -3.0 and
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-3.5 mm. TMN: AP, -2.5 mm; ML, +1.0 mm; DV, -5.6 mm. PPT:
AP, -4.5 mm; ML, 1.0 mm; DV, -3.7 mm. PB: AP, -5.4 mm; ML,
+1.0 mm bilaterally; DV, -3.5 mm [7]. POA: AP, +0.3 mm; ML,
£0.65 mm; DV, -5.72 mm [8]. Note that the coordinates of injection
may need to be optimized for each experimenter and mouse age and
strain.

Small holes were drilled into the skull at the position corre-
sponding to the injection sites, and the needle was inserted slowly
and progressively to minimize tissue damage until the tip of needle
reaches to the injection site. Then, 0.2-1 pl of viral solution was
delivered to each site over a 10-min period using KDS310 Nano
Pump Syringe Pumps (KD Scientific). After 5 min of rest, the nee-
dles were slowly removed. Injection using 33-gage stainless needles
caused minimal tissue damage in most cases. However, when rela-
tively small nuclei are targeted, the thickness of the needle and the
volume of viral solution injected may cause broader infection than
expected. Microinjection of smaller volume using fine glass micropi-
pettes would be more suitable for finer expression, although target-
ing small volume to very restricted areas might make the targeting
technically more difficult. From this perspective, the Cre-dependent
expression system utilizing the FLEX switch is a useful strategy to
target the expression into the cells of interest in spite of the broader
infection of AAV vectors in the surrounding cells /areas.

Following virus administration, electrodes for EEG and EMG
recording were implanted in the skull of each mouse [4, 6-8]. The
EEG/EMG implant was based on a six-pin double inline micro-
computer connector, modified to form four EEG electrodes and
two EMG wire electrodes soldered to the pins. Four holes were
drilled on the skull, and the four arms of the EEG electrode were
placed anterior and posterior to the bregma (AP, +1.2 mm; ML,
1.2 mm and AP, -1.2 mm; ML, +1.2 mm). Stainless steel wires
for EMG recording were bilaterally sutured to the neck muscles of
each mouse, and each electrode was glued solidly to the skull.

Silicon tubes (Shinetsu Polymer, CP-N, outside diameter:
1 mm, inside diameter: 0.5 mm) were implanted for remote CNO
injection [6, 8]. The tube was implanted subcutaneously from the
abdominal to the neck. The tip of a 30 cm-long silicon tube was
inserted 1 cm into the peritoneal cavity and sutured to the abdomi-
nal wall. The other end of the silicon tube was placed outside the
body through an incision in the neck, and all incisions were sutured.
Implanting silicon tubes minimizes the disturbance due to the
CNO administrations. Alternatively, the CNO can be administered
i.p. by conventional injections using syringes and needles with
proper acclimations to the injection before the experiments, reduc-
ing the invasiveness of surgery [7].
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6.9 Sleep Recordings

6.10 Histological
Confirmation
of DREADD Expression

All animals were then housed individually for a recovery period
of at least 7 days. Generally, transgene expression by AAV vectors
plateaued about 2 weeks after injection.

After the recovery period, animals were moved to a recording cage
placed in an electrically shielded and sound-attenuated room.
A cable for signal output was connected to the implanted electrode
and animals were allowed to move freely. Signals were amplified
through an amplifier (AB-611]J, Nihon Koden, Tokyo) and digi-
tally recorded on a PC using EEG/EMG recording software (Vital
recorder, Kissei Comtec). Animals were allowed at least 7 days to
adapt to the recording conditions prior to any EEG/EMG record-
ing session. Following the adaptation period, each animal was
injected with both CNO and saline on separate experimental days
with at least a 2-days interval. The order of injection (i.e., either
CNO first or saline first) should be randomized. EEG/EMG data
were evaluated and staged for 24 h on the day of CNO or saline
administration. Data acquired on the day of saline administration
were used as controls [6-8].

After EEG/EMG recordings, efficiency and specificity of DREADD
expression should be determined histologically. Mouse brains were
fixed by transcardial perfusion with 4 % paraformaldehyde and
serial coronal brain sections were prepared by standard procedures.
Immunostaining with a mouse anti-HA antibody (Covance, 1:1000)
detects HA-tagged DREADDs expressed at relatively high level [1,
6, 8]. However, the sensitivity of detection is not good enough
to detect low-level expression. Thus, as an alternative method,
DREADD mRNA can be detected by nonradioisotope in situ
hybridization using digoxigenin-labeled antisense riboprobes for
DREADD:s [7]. Using mCherry-fusioned DREADDs makes it much
easier to check their expression, by the fluorescence of mCherry
or immunostaining with rabbit anti-DsRed antibody (Clontech
632496, 1:2000).

7 Conclusion

Overall, there are clear benefits to using DREADD technology in
the analysis of neural circuits underlying sleep—wakefulness regula-
tion. We successfully manipulated the activity of neurons involved
in sleep—wake regulation and detected the effects of manipulation.
The same strategy can be applicable to other types of neurons,
which may lead to the understanding of the whole picture of how
our vigilance states are controlled, and further to a novel therapeu-
tical approach to multiple sleep disorders, such as insomnia and
narcolepsy.
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Chapter 8

DREADD’ed Addiction: Using Designer Receptors
to Delineate Neural Circuits Underlying Drug-Seeking
Behaviors

Sunila G. Nair, Denis Smirnov, and John F. Neumaier

Abstract

One of the important problems in the treatment of addiction is the vulnerability of previously addicted
individuals to relapse to drug use months or even years after abstinence. Longitudinal, retrospective, and
laboratory studies suggest that important factors in drug relapse are exposure to cues previously associated
with the reinforcer, exposure to small amounts of the reinforcer itself, or exposure to stressful situations.
Thus, studying the neuronal circuitry underlying relapse is critical for the development of effective treat-
ments for addiction. Though studies of relapse to drug seeking using experimental animals, primarily
rodents, have provided invaluable information on the neurobiological basis of relapse, the precise neuro-
chemical events that contribute to the various forms of relapse are still not completely understood.
Furthermore, treatments available to treat relapse to drug addiction are almost non-existent, suggesting
that significant efforts need to be concentrated in delineating the role of distinct neural circuits and cell
types within these circuits in the mechanisms underlying drug relapse. In the recent years, much research
has been directed at identifying and validating sophisticated new technologies that allow investigators to
modulate the activity of specific neurons within a brain region or a neural circuit with unprecedented preci-
sion. Here, we describe methods based upon recent advances in molecular biology techniques, using the
Designer Receptor Exclusively Activated by Designer Drug (DREADD) technology to identify the role of
modulation of neuronal activity within a brain region and in discrete neural circuits during complex behav-
ioral tasks. These techniques will serve as valuable tools not only to parse out the neural circuitry that
underlies addictive behaviors, but will also be useful to the neuroscience community in understanding the
biological bases of other neuropsychiatric disorders.

Key words Addiction, Designer receptors exclusively activated by designer drugs (DREADDs),
Lateral habenula, Viral-mediated gene transfer

1 Background and Introduction

A major problem in the treatment of drug addiction is the high rate
of relapse to drugs of abuse following a prolonged abstinence
period [1]. Results from studies in humans suggest that in drug-
free individuals relapse to drug use during periods of forced or
voluntary abstinence can be triggered by acute exposure to the
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self-administered drug [2], stimuli previously associated with drug
taking [ 3], or stressors [4]. Acute exposure to the self-administered
drug or related drugs, drug-associated cues, or stress also reinstates
drug seeking in laboratory rats and monkeys [5]. Because of the
similarities between the human condition and the laboratory animal
model, the use of the animal model (commonly known as the “rein-
statement model”) to elucidate the mechanisms underlying relapse
to drug seeking has seen a dramatic increase in recent years.

In the drug self-administration version of the reinstatement
model, which is based on an operant-conditioning procedure,
laboratory animals (rats, mice, monkeys) are initially trained to self-
administer drugs by lever pressing (or nose-poking—also commonly
used as the operant response) for intravenous drug infusions (or for
oral delivery of alcohol). Subsequently, the drug-reinforced behav-
ior is extinguished by substituting the drug solutions with saline or
by disconnecting the infusion pumps while providing repeated
exposures to the drug cues in the operant chamber. After extinction
of the drug-reinforced behavior, the ability of acute non-contingent
exposure to drugs (termed “drug priming”) [6], drug-associated
cues [7], or stress [8] to reinstate lever responding is measured
under extinction conditions. The non-reinforced responding on the
“active lever”—the lever that previously delivered the drug—is
interpreted to reflect reinstatement of drug seeking. The respond-
ing on the “inactive lever”—the lever that has not been associated
with drug injections—is often interpreted to reflect nonspecific
activity, but it may also reflect response generalization [9].

In addition to using the operant self-administration procedure
to study relapse, researchers also commonly assess reinstatement of
drug seeking in a variation of the reinstatement model that is based
on the “conditioned place preference” procedure. In this version
of the reinstatement model, animals are trained over several days to
associate one environment with injections of a drug and a second
distinct environment with vehicle injections. Over the course of
training, animals learn to associate the drug-paired environment
with drug availability and consequently, when given a choice
between the two environments during “test day” (conducted in a
drug-free state), animals typically spend significantly more time in
the drug-paired environment, indicating a preference for the envi-
ronment previously associated with drug experience. Similar to the
drug self-administration version of the reinstatement model, the
preference for the drug-paired environment can be extinguished
by pairing this environment with saline over days. Subsequent
exposure to drug injections reliably reinstates preference for the
drug-paired environment. However, since the total amount of
drug intake by experimental animals is relatively low and is non-
contingently administered, this model mimics occasional
recreational drug use at best. Despite these limitations, the condi-
tioned place preference procedure is relatively more commonly
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used to study relapse since it is technically less challenging and less
labor intensive than the drug self-administration procedure, which
requires intravenous surgical expertise and continuous monitoring
of jugular catheters to ensure patency during the course of the
experiment.

Despite the availability of these sophisticated models to study
relapse, in addition to decades of research that has gone into study-
ing mechanisms that contribute to relapse to drug seeking, the
neuronal processes that underlie this phenomenon are not
completely understood. Further, there are no effective treatments
currently available to treat drug relapse in addicts. This clearly indi-
cates that much research still needs to be done to delineate specific
neural circuits and precise cell types within these neural circuits
that mediate relapse-related behaviors.

In recent years, several sophisticated technologies using engi-
neered receptors activated by light or by synthetic ligands have
been developed. These techniques can be used to modulate the
activity of cells of interest with remarkable spatial, temporal, and
phenotypic precision. In this chapter, we focus on the use of
designer receptors that can be activated by synthetic ligands in
examining the neuronal mechanisms that underlie relapse to drug
seeking behaviors. For strategies on modulation of neuronal activ-
ity using light-activated receptors the reader is referred to detailed
reviews that specifically cover this topic [10, 11].

2 DREADDs

2.1 Modulation
of Signaling Pathways
Using DREADDs

The use of ligand-dependent engineered receptors called Designer
Receptors Exclusively Activated by Designer Drugs (DREADDs)
to selectively modulate neuronal activity is steadily increasing in
popularity in recent years. These receptors consist of a family of
evolved muscarinic receptors that were engineered by molecular
evolution and site-directed mutagenesis in the laboratory of Dr.
Bryan Roth at the University of North Carolina [12]. These recep-
tors are the latest addition to the development of ligand-receptor
pairs designed to remotely control signaling mediated via different
classes of G-protein-coupled receptors (previously called RASSLs
for Receptors Activated Solely by Synthetic Ligands). The
DREADDs display high affinity for clozapine-N-oxide (CNO), a
ligand with negligible binding to known neuroreceptors, while
losing affinity for their original cognate endogenous ligand, acetyl-
choline [12, 13]. Three DREADD receptors have been described
to date; the G;/,-coupled receptor (also called hM,D;) that acti-
vates Go; signaling, the G,-coupled receptor (also called rM;Ds)
that activates Go, signaling, and the Gy-coupled receptor (also
called hM;D,) that activates Gu, signaling. All DREADDs share
the same point mutations at Y*33C and A>#°G that alter the respon-
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siveness of these receptors, making them insensitive to acetylcho-
line and rendering them capable of being selectively activated by
CNO. CNO has high CNS penetrance and can be administered by
relatively noninvasive methods, such as intraperitoneal injections,
addition to drinking water, etc. which enables modulation of
G-protein-coupled signaling pathways in desired brain regions
with minimal invasiveness. Recently, CNO has also been microin-
fused into discrete brain regions, allowing investigators to use it as
a tool to turn off local neurotransmitter release to modulate neu-
ronal activity with a high degree of spatial precision [14, 15].
Following transduction of DREADDs into neurons in a specific
brain region, administration of CNO will stimulate these receptors
and initiate downstream signaling pathways that can activate (via
Goay or Gayg) or inhibit (via Go) cells that express the receptors.
Mechanistically, activation of hM,D; with CNO activates potas-
sium channels, resulting in membrane hyperpolarization and tran-
sient inhibition of neuronal activity. Recently, Stachniak et al. [15],
in an elegant electrophysiological study, demonstrated that hM,D;
activation not only leads to hyperpolarization, but also significantly
suppresses presynaptic neurotransmitter release that leads to tran-
sient inhibition of neuronal activity. In contrast, activation of
rM;D; or hM;D, increases neuronal activity by increasing intracel-
lular signaling cascades or induction of burst firing of neurons,
respectively. However, each of these signaling pathways are more
complex than simply inducing or inhibiting neuronal firing; rather,
activating each of these pathways may also impact gene expression,
plasticity, and modulate other signaling pathways. Low levels of
DREADD expression can still be highly effective in vivo [ 16], min-
imizing the likelihood that unstimulated DREADDs have unde-
sired effects on host cells. DREADDs generally do not demonstrate
constitutive activity in vivo (with the exception of rM;D; that
exhibits constitutive activity in pancreatic beta cells [17], but defi-
nitely does not do so in striatal neurons [16]).

A related technique, optogenetics, involves transgenic expres-
sion of engineered proteins that can be activated by light to depo-
larize or hyperpolarize neurons, or activate a G-protein-coupled
receptor [ 10, 11]; this powerful strategy has gained immense pop-
ularity in recent years. While optogenetic receptors can be con-
trolled instantaneously with local application of laser light, CNO
can be administered systemically and will activate DREADDs on
a time scale that is more typical for drug-receptor interactions
(i.e., minutes to a few hours). Combined with viral-mediated
gene transfer or transgenic expression, DREADDs provide us with
a powerful strategy to examine the role of neurons in a specific
brain region on behavior because (1) the same methodology can
be applied to stimulate as well as inhibit neuronal activity (using
different DREADDs, even simultaneously), (2) it exhibits pre-
cise anatomical accuracy since CNO will activate only expressed
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2.2 Packaging

DREADD receptors without off-target effects, (3) DREADDs
can be activated “remotely” by systemically or orally administered
CNO, or by local CNO infusion if preferred, (4) activation of
DREADD:s is ligand-driven, unlike a neurotoxic lesion, and can be
timed to coincide with different aspects of behavior, and (5) this
technology allows us to localize the site of manipulation precisely
by visualizing the expression of DREADD-fluorescent protein
fusion proteins directly or by detecting transgenes with immuno-
histochemistry. While optogenetics allows subsecond precision in
activating neurons or even axon terminals [18, 19], the DREADD
approach allows for brief, repeated activation of the engineered
receptors at key points during a complex behavioral task over many
days [20] without any implantation of fiber-optics, making it less
invasive. In addition to neurons, DREADDs have also been tar-
geted at nucleus accumbens shell astrocytes to demonstrate that
modulation of glial G-protein-coupled signaling can alter ethanol
self-administration [21]. In our laboratory, we have previously
used hMDi (G;/,-coupled DREADD) expressed with viral vec-
tors to selectively target the direct or indirect striatal pathways to
show that these pathways play opposing roles in psychostimulant-
induced plasticity [22]. It is intriguing that this DREADD aftected
behavioral plasticity associated with repeated amphetamine expo-
sure without disrupting acute behavioral responses mediated by
the striatal circuitry. We have also used both hM,D; and hM;D,
with viral vectors to demonstrate that inhibition and activation of
the direct pathway has opposing effects on the plasticity involved
in a decision-making task [20]. More recently, we have begun to
use DREADD:s to examine the role of the lateral habenula (LHb),
an understudied epithalamic nucleus, in operant cocaine self-
administration and relapse behaviors that will serve as illustrations
of how DREADDs can be used to study the precise functional
neurocircuitry involved in these behavioral models of addiction.

In addition to transgenic mouse strategies, DREADDs can be
packaged into several common viral vectors such as herpes simplex
virus 1(HSV), adeno-associated virus (AAV), and lentivirus. The
factors that are commonly considered in choosing a vector for
virus-mediated gene transfer are (1) the cell types that can be tar-
geted by the virus, (2) the time-course of expression of the trans-
gene (which includes both the onset as well as the duration of
expression), (3) the size of the gene/genes that can be packaged,
and (4) whether/not the gene is integrated into the host genome.
We have used the HSV and AAV vector systems for transducing
DREADD:s into discrete brain regions successfully; the advantages
and disadvantages of these systems are briefly discussed below.

We have used the HSV vector system for more than a decade
in our laboratory to express a broad range of receptors and other
proteins [23, 24]. The main advantage of this viral vector system is
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that it has a very high specificity for neurons and has the largest
payload capacity, readily allowing the incorporation of promoters,
multiple gene cassettes, etc. In addition, when used with the HSV
promoter the onset of transgene expression is fairly rapid (<24 h)
with peak expression at 3—4 days. In addition, the vector does not
integrate into the host genome. The disadvantages of the HSV
system (with the HSV promoter) are that the transgene dissipates
after about 67 days post-transduction. Further, the number of
neurons transduced using HSV-mediated gene transfer is usually
lower than the transduction following AAV or lentivirus-mediated
gene transfer. However, this limitation of HSV makes it highly
suited as a viral vector to transduce genes into small brain regions,
such as the lateral habenula (Fig. 1).

In contrast to HSV, expression of transgenes with AAV vectors
is relatively slow in onset (1-2 weeks) but long term in duration
(months). This makes it possible to perform multiple experiments
in the same cohort of animals in a counterbalanced fashion, which
is especially useful when performing complex behavioral experi-
ments to study mechanisms of relapse, which are described in
Section 3. In addition, AAV vectors have high titres and the inflam-
matory response generated by infusion of these vectors is minimal.
Further, commercial packaging is widely available for these vectors.
The limitation of this vector system is the size of the payload that
can be incorporated, which is usually less than 3 kb; AAV is thus not
the vector of choice for packaging large genes. Furthermore, there
are many AAV serotypes in common usage and the field is not in
agreement regarding the relative usefulness and cell specificity of
even the most commonly used serotypes.

In our experience, the efficiency of transduction with either
viral vector depends upon (1) the volume and titre of viral vector
infusion, (2) the rate of infusion, (3) the phenotype of neurons in
the targeted brain region, and (4) in the case of AAV, the serotype
of the viral vector, which is discussed briefly below.

Several serotypes of AAV are commonly available for gene
delivery and these include AAV1, 5,7, 8,9, etc. While AAV2 is the
most extensively used serotype, it has relatively low transduction
efficiency. To enhance transduction efficiency, a common strategy
is to construct hybrid AAV vectors by packaging recombinant
AAV2 genomes into capsids derived from other AAV serotypes.
For instance, in AAV 2/5, the genome is based on recombinant
AAV2, while the capsid is based on AAV5. There are various stud-
ies comparing the efficiency of these various AAV serotypes and
hybrids in diverse model systems [25-28]. Taken together, the
results from these studies are largely inconclusive. This may be due
to a variety of factors such as differences in model systems employed
for viral transduction, differences in procedures employed in the
generation of the vectors, procedural differences involved in trans-
duction of the model system either in vitro or in vivo, etc. Here, we
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A. HSV-hM,D; transgene amplicon
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Fig. 1 HSV-mediated gene transfer (a) lllustration of the herpes simplex virus-hM,D; green fluorescent protein
transgene amplicon (b) lllustration of rat brain coordinates (Paxinos plate 32, —3.6 mm) used for viral vector
infusion. The red oval depicts the target zone for the viral vector unilaterally. MHb Medial habenula, LHb Lateral
habenula (c) Representative histological plate of demonstrating herpes simplex viral vector injection from a

coronal section of the LHb 4 days after viral vector infusion

have compared the transduction efficiency of AAV vectors of
serotypes 5 and 8 of comparable titres (as measured by dot blot)
carrying the DREADD gene (Fig. 3). Under our procedural con-
ditions (described below in detail), we find significantly greater
transduction with AAV8 compared to AAVS5 in rat lateral habenula
neurons, with both Cre-dependent and non Cre-dependent

versions of these viral vectors (Fig. 3).
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A. Floxed viral vector design
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B. Viral vector C. Representative image DIO-AAV5- hM,4D;
infusion site in the LHb and CAV-Cre in the VTA
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Fig. 2 Dual virus DIO strategy (a) lllustration of the DIO Viral vector design. L-ITR: Left inverted terminal repeat,
R-ITR: Right inverted terminal repeat, WPRE: Woodchuck hepatitis post-transcriptional regulatory element (h)
lllustration of LHb rat brain coordinates (Paxinos plate 32, —3.6 mm) used for viral vector infusion. The red oval
depicts the target zone for the viral vector bilaterally. MHb Medial habenula, LHb Lateral habenula (c)
Representative histological plate of demonstrating viral vector injection from a coronal section of the LHb
approximately 3 weeks after viral vector infusion (DIO-GFP injected into the LHb and Canine adenovirus
expressing Cre injected into the VTA. The GFP signal is enhanced using an anti-GFP antibody)

2.3 Promoter-Driver  Viral vectors that express DREADD transgenes under the control
Expression of cell-specific promoters can serve as a powerful tool to manipu-
late G-protein-coupled signaling in a highly specific group of neu-
rons within a brain region. An important factor that must be taken
into consideration while constructing cell-type specific viral vectors
is the amount of genetic material that can be packaged which, as
stated earlier, depends on the type of viral vector. Nonessential
sequences must be removed from the construct to generate the
shortest length of the promoter that retains its function. The onset
and duration of expression of the viral vector depends largely on
the promoter that drives expression of the transgene. For instance,
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Infusion of non Cre-dependent AAV5 Infusion of non Cre-dependent AAV8
hM,D; into the LHb hM,D; into the LHb

d
Infusion of FLEX-AAV5-hM,D; Infusion of FLEX-AAV8-hM,D;
into the LHb and CAV-Cre into the RMTg into the LHb and CAV-Cre into the RMTg

Fig. 3 Comparison of AAV5 and AAV8 viral vectors (a, b) Representative histological plate from a coronal sec-
tion of the LHb approximately 3 weeks after viral vector infusion of AAV5 and AAVS, respectively. The mCherry
signal is enhanced using a ds-Red antibody for AAV5 (¢, d) Representative histological plate from a coronal
section of the LHb approximately 3 weeks after viral vector infusion of Cre-dependent AAV5 and AAV8 respec-
tively (DIO-hM,D; injected into the LHb and Canine adenovirus expressing Cre injected into the RMTg. The
mCherry signal is enhanced using a ds-Red antibody for AAV5)

in our laboratory we commonly use HSV vectors driven by the
HSV1 IE 4 /5 promoter that has a rapid onset of expression (less
than a day), with peak expression at 3-5 days after which expres-
sion rapidly begins to dissipate and is entirely gone by 1 week [29].
In contrast, when a neuropeptide promoter (preprodynorphin or
preproenkephalin) is used to drive transgene expression the onset
of expression is delayed (detectable at ~7 days), and expression is
fairly stable for a couple of months post-injection [22]. Pilot exper-
iments must be performed to determine the onset and duration of
transgene expression when working with novel viral vectors. The
efficiency of gene expression will vary with each promoter but is
likely to be somewhat lower than that observed with the very
powerful viral promoters such as the HSV1 IE 4 /5 promoter.
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2.4 Single and Dual
Vector Strategies

2.4.1  Single Virus

2.4.2 Dual Virus DIO
Strategy

For the single-virus approach, we have used both HSV and
AAV-mediated gene transfer with DREADDs in our laboratory.
While we have observed significant behavioral effects upon modu-
lation of G-protein-coupled signaling with both viral vectors [30,
31], we generally see greater degree of transduction with AAV
(Figs. 2 and 3).

While a number of brain regions have been identified in mediat-
ing relapse to various reinforcers, little is known about the cir-
cuitry underlying relapse-related behaviors. In order to study the
role of functional neural circuits during complex behavioral tasks,
we have recently implemented a variation of a recently developed
dual virus DIO (double-floxed inverted open reading frame)
strategy [32], also referred to as FLEX (FLip and EXcise) switch
vectors. This elegant method is a variant of the Cre-lox system
that we are currently using in our laboratory to study the func-
tional significance of LHDb projections to its major targets—the
dopaminergic ventral tegmental area (VTA), the serotonergic
dorsal raphe nucleus, the GABAergic rostromedial tegmental
nucleus (RMTg), and the cholinergic laterodorsal tegmentum, in
drug-reinforced behaviors and relapse. The viruses used for this
technique encode a DREADD transgene that is doubly floxed by
lox sites, so that Cre recombinase inverts, but does not excise the
transgene. The floxed transgene is cloned into the construct in a
3’ to 5’ orientation relative to the promoter, and Cre recombines
the DNA such that the transgene is now “flipped” into a 5 to 3’
orientation to allow transcription. We injected a DIO-G; ,-coupled
DREADD transgene with adeno-associated virus (Fig. 2) into the
LHb of male Long-Evans rats (400-425 g) and then injected
canine adenovirus-2 (CAV-2) expressing Cre into neurons that
project from LHb to the VTA. CAV-2 efficiently infects axon ter-
minals and is retrogradely transported to the neuronal cell bodies
in the LHb where it expresses Cre [30, 33, 34]. The
DIO-G;/,-coupled DREADD transgene is coupled to a reporter
gene (e.g., mCherry) that can be conveniently visualized. Thus,
the DIO-DREADD vector can only lead to expression in neurons
that are retrogradely infected with Cre, where the DIO-DREADD
is flipped into the proper orientation to allow transcription
(Fig. 2). We observe no leakage expression with this system what-
soever if Cre is not introduced. This general approach using
floxed, inverted DREADDs, where the DREADD is fused to
mCherry to monitor receptor expression, has also been applied in
mice with genetic/viral Cre expression [35] and more recently in
rats [ 34].
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3 Methods

3.1 Equipment,
Materials etc

3.2 Stereotaxic
Injections

In our laboratory, we typically use Long-Evans rats (350-425 g)
for operant self-administration and reinstatement experiments.
Rats are initially double-housed and allowed to acclimate to the
vivarium for at least 1 week prior to the start of behavioral experi-
ments. Animals are handled 3—4 times prior to the start of behav-
ioral procedures. Food and water are available ad libitum. All
experimental procedures must receive approval of local Institutional
Animal Care and Use Committees. Additionally, since viral vectors
involve recombinant DNA technology and gene transfer, investi-
gators must consult with their local Biosafety Committees that
determine the safety and use of all biological materials prior to
initiating the use of any viral vector mediated technology. In our
experience, the procedures that relate to the use of personal pro-
tective equipment required for both preparation as well as use of
viruses for in vitro and in vivo work are dependent upon (1) the
type of viral vector used and (2) the Institutional Biosafety
Committee. In the United States, there are four biosafety levels
(Level 1-4), and each biosafety level is associated with a distinct set
of personal-safety related rules. The Institutional Biosafety
Committee works in collaboration with the Institutional
Environmental Health and Use committee to determine the bio-
safety level of all biological materials. For instance, we are required
to use Biosafety Level 2 precautions in our laboratory for packag-
ing Herpes Simplex Viral Vectors that utilizes replication-deficient
helper virus. Subsequently, we perform plaque assays to confirm
that each batch of virus is indeed replication-deficient, after which
that specific batch of virus can be used by investigators with
Biosafety Level 1 precautions.

Following the acclimation period, rats are implanted with jugular
venous catheters as described [36], following which stereotaxic
surgery is performed to deliver viral vectors expressing DREADD
transgenes into discrete brain regions. In our laboratory, rats are
anesthetized with 3 % isoflurane. Once the animals are in the surgi-
cal plane of anesthesia (as evidenced by the absence of the eye blink
reflex and withdrawal response to toe pinch) the head of the animal
is shaved and prepared with povidine iodine and ethanol. The rat is
placed on a heating pad to maintain body temperature and a lubri-
cant eye ointment is applied to the eyes to ensure adequate mois-
ture is provided during surgery. Rats are placed in a Stoelting
stereotaxic apparatus, the scalp is incised, skull landmarks are visu-
alized by scraping the periosteum and burr holes are drilled in the
skull. A 27 gauge dental needle is directed to the targeted brain
region stereotaxically using anatomical co-ordinates from the
Paxinos and Watson rat atlas. The 27 gauge needle is connected
to polyethylene tubing (PE-20) which is connected to a 10 pl
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Fig. 4 Stereotaxic set-up for virus-mediated gene transfer (a) Microsyringe pump controller (b) Microsyringe
pump (c) Hamilton syringe (d) Stoelting stereotaxic apparatus (e) PE-20 tubing (f) Dental needle (g) Drill (h)
Apparatus for isofluorane anesthesia

Hamilton syringe that is controlled by a microprocessor driven
pump. The stereotaxic set-up used for virus-mediated gene transfer
used in our laboratory is depicted in Fig. 4. The Hamilton syringe,
polyethylene tubing and dental needles are filled with sterile
H,0. Viral vector (that is always stored on ice during the surgery)
is backfilled into the dental needle immediately prior to injection.
The needle is gradually lowered into the brain and the viral vector
is slowly infused into the target brain region at the rate of 0.2—
0.4 pl/min. The volume of viral vector injected depends largely on
the size of the targeted brain region, the nature of cell types in the
targeted brain region, the type of viral vector, and the titer of infec-
tious particles. For instance, herpes simplex viral vector-induced
transduction (HSV) is neuron-specific and localized; 1-2 pl of viral
vector injection transduces large numbers of neurons because of
the high neuronal binding affinity of HSV. In contrast adeno-
associated virus (AAV) that transduces both neurons and glia has a
greater tendency to spread beyond the site of injection. Infusing
viral vector volumes greater than 2 pl can possibly lead to local
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3.3 Behavior:
Self-Administration,
Extinction, and
Reinstatement

toxic effects; multiple lower volume injections can be made to
cover large brain regions. Following viral vector injection, the
injector is left in place for an additional 5 min to minimize diffu-
sion of the viral vector up the injector tract and withdrawn slowly
to minimize withdrawal of the viral vector back into the injector
tract. The cranial incision is closed with sterile 3-0 monofilament
nylon sutures and may be augmented with sterile z-butyl cyanoac-
rylate glue (VetBond). Buprenorphine (0.1 mg/kg, s.c.), meloxi-
cam (0.2 mg/kg, s.c.) or other analgesics approved by the
Institutional Animal Care and Use Committee are administered
for post-surgical analgesia. Animals are closely monitored until
recovery from anesthesia and during the post-operative recovery
period. The onset and duration of transgene expression is largely
dependent on the promoter that drives expression and pilot experi-
ments are performed to determine these parameters prior to any
behavioral testing. For dual viral vector experiments, prior to
injecting rats with viral vectors, we target neuronal projections
from one brain region to the other anatomically using a combination
of anterograde and retrograde tracers using conventional fluores-
cent tracing tools (TAMRA-Lys-Dextran and fluorescent
FluoSpheres). The methods used for the injection of tracers are
identical to the methods used for infusion of viral vectors described
above with the exception of injection volumes and dilution, which
is in accordance with the manufacturer’s instructions.

Behavioral testing is performed once transgene expression levels
are stabilized. When using viral vectors with rapid onset and short
duration of expression, behavioral training may be interrupted to
infuse viral vectors. To study operant self-administration behaviors,
typically rats are trained to self-administer drugs of abuse (or non-drug
reinforcers) for 10-15 days under varying reinforcement schedules.
For a description of various reinforcement schedules the reader
is directed to the following descriptive behavioral neuroscience
articles [37, 38]. Following reinforcement training, rats infused
previously with DREADD receptors intracranially are injected with
intraperitoneal CNO prior to each test session in a counterbal-
anced fashion to activate the DREADDs. Since the activity of
DREADD:s is ligand-dependent, we and others typically utilize a
within-subjects experimental design for these complex behavioral
experiments [14, 31]. Doses of CNO generally used for rats to
modulate G-protein-coupled signaling in vivo range between 1
and 3 mg/kg (injected 20-30 min prior to the test) [20, 22, 31],
although doses as high as 20 mg/kg i.p. have been reported in the
literature [14]. In our opinion, doses higher than 3-5 mg/kg i.p.
are likely to produce off-target effects and should be avoided. For
reinstatement tests, following self-administration training, the
active lever presses are extinguished over a duration of 10-12 days
(duration of extinction varies according to the pharmacological
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3.4 Perfusion,
Immunohisto-
chemistry

and Microscopy

properties of the reinforcer). Following extinction, the operant
response is typically reinstated by exposure to small amounts of the
drug itself, exposure to a cue/cues previously associated with the
reinforcer or by exposure to various stressors [9]. The commonly
used stressors in the reinstatement field are intermittent footshock
(0.5-1 mA administered non-contingently for 10-15 min prior to
the start of the test session) [8, 39], and yohimbine (an alpha2
adrenoceptor antagonist that produces anxiogenic effects in
humans and in experimental animals) [40, 41]. Rats are injected
with CNO prior to extinction sessions or reinstatement sessions to
determine the effect of modulation of G-protein-coupled signaling
(depending of which DREADD is expressed) in discrete brain
regions on extinction responding and/or reinstatement of drug
seeking. In our experience, as well as from a recently published
study [14, 31], repeated injections of CNO do not influence
behavioral responding on subsequent tests, as long as testing days
are separated by an interval of at least 24 h to allow for complete
drug clearance. Experimental timelines for reinstatement experi-
ments using HSV and AAV vectors are depicted in Fig. 5. Results
from our behavioral experiments using DREADDs in combination
with virus-mediated gene transfer in rats indicate that activation of
G; ,-coupled signaling in LHb neurons increases operant cocaine
self-administration, while activation of Gg-coupled signaling in
these neurons decreases cocaine intake. Further, our initial results
using the dual vector technology indicate that activation of G; -
coupled signaling in LHb neurons projecting to the VTA does not
influence operant cocaine self-administration, but decreases rein-
statement of cocaine seeking induced by a priming injection of
cocaine [31, 42].

For verification of expression of the transgene, all rats are perfused
at the end of the behavioral experiment. In our laboratory, rats are
deeply anesthetized with a combination of pentobarbital sodium
and phenytoin sodium. Once the corneal reflex is absent and the rat
is unresponsive to paw pinch we proceed to perfuse the rat.
Intracardiac perfusions are performed with 100 ml of phosphate-
buffered saline followed by 200 ml of 4 % paraformaldehyde, both
at pH 7.4 and stored on ice for the duration of perfusion. The rat
brains are dissected and post-fixed in 4 % paraformaldehyde for
24 h, after which they were placed in phosphate-buffered saline.
Coronal sections (40 pm) were made on a Leica VT 10008 micro-
tome, mounted and coverslipped with VECTASHIELD mounting
medium (VectorLabs, Burlingame, CA). The sections were subse-
quently examined for immunofluorescence on a Nikon Eclipse
E600 microscope. While microscopy can be used to visualize fluo-
rescent proteins such as GFP and mCherry, we and others routinely
detect a few-fold increase in the number of cells when the signal for
the reporter transcript is enhanced using immunohistochemistry.
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A. Experimental design using HSV vectors

Reinstatement (days 33, 36) or
No reinstatement (days 34, 35)

DAY 0 8 ~20 ~30 33 343536
~12 days ~ 10 days
Extinction I
IV Catheter Begin Begin Viral infusion CNO or VEH

SA training extinction HSV-DREADD counterbalanced

B. Experimental design using AAV vectors

Reinstatement or
No reinstatement

DAY 0 8 ~20 3031 3334
I ~12 days I ~ 10 days
IV Catheter Begin Begin CNO or VEH
Virus infusions SA training extinction counterbalanced

Fig. 5 Recommended experimental designs for reinstatement experiments using HSV and AAV vectors. IV
intravenous, SA self-administration, CNO clozapine-N-oxide

Representative images are depicted in Figs. 1 and 2. We typically
examine brain sections for immunofluorescence of the reporter
gene instead of measuring the number of DREADD receptors since
these receptors get translocated away from the site of injection and
hence cannot be reliably quantified. If the viral vector is under the
control of a specific promoter that restricts the expression of the
transgene to a specific cell type, dual immunohistochemistry should
be performed to confirm that the transgene markers co-localize
with neuronal markers of the specific cell type.

4 Summary

In this chapter, we have highlighted the use of DREADDs as tools
to study the role of various brain regions and neural circuits during
complex behaviors. DREADDs can be used in conjunction with a
variety of viral vectors the choice of which depends largely upon
the initiation and duration of transgene expression in accordance
with key elements of the behavioral testing procedure. Transgene
expression can be easily verified with histological techniques
following completion of behavioral testing. Further, expression of
the DREADD transgene can be driven by a variety of different
promoters to selectively target a specific phenotype of neurons
within a brain region or neural circuit. In the future, the use of
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promoter-driven  DREADDs coupled with viral vector (and
transgenic) strategies is likely to yield significantly useful informa-
tion on the mechanisms underlying addictive behaviors and other
complex behavioral questions in neuroscience.
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Chapter 9

DREADDSs in Drosophila melanogaster

Charles D. Nichols and Jaime Becnel

Abstract

The fruit fly, Drosophila melanogaster, is a powerful genetic model organism that has been crucial for our
current understanding of human biology and behavior. Key features of this system include powerful
genetic methods, sophisticated behaviors, and conservation of fundamental aspects of development and
physiology with mammals. There have been several methods of conditional control of neuronal activity
developed for the fly; however, they are primarily switch-like, and/or require expensive and dedicated
equipment. We recently adapted Designer Receptors Exclusively Activated by Designer Receptors
(DREADD) technology to the fly to provide convenient and true dose responsive conditional control of
neuronal activity and behaviors in Drosophila. Significantly, the DREADD system also allows for analysis
of signal transduction effectors and second messengers not only in neurons, but conceivably any other
tissue in the fly. This chapter is intended to provide practical guidance on the use of in the model organism
Drosophila melanogaster. A brief introduction on the usefulness of the fly as a model system is provided,
followed by sections relevant to the use of DREADD:s in flies. These include protocols for synthesizing
CNO, performing experiments in adults, experiments in larva, and considerations for use of this system.

Key words Drosophiln, GPCR, Behavior

1 Introduction

The fruit fly, Drosophila melanogaster, has been an important
model organism for over a century. Unlike simpler organisms like
yeast, or even the worm C. elegans, the fly is sufficiently complex to
model advanced physiological processes and behaviors relevant to
human biology. Greater than 75 % of known disease related genes
in humans have a functional ortholog in the fly [1]. Significantly,
similarity extends beyond gene function and homology to the sys-
tems level where these conserved genes direct the development
and function of organs in the fly that perform equivalent functions
as the gut, brain, kidney, and lung, among other systems.
Accordingly, the fly is being used to model not only fundamental
developmental and physiological processes but also several diseases

including cancer, diabetes, cardiovascular disease, and neurological
disorders [2].

Gerald Thiel (ed.), Designer Receptors Exclusively Activated by Designer Drugs, Neuromethods, vol. 108,
DOI 10.1007/978-1-4939-2944-3 9, © Springer Science+Business Media New York 2015
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An important feature of the fly is its repertoire of sophisticated
behaviors that range from social interaction (e.g., aggression,
courtship) to flight navigation. The brain of the fruit fly is com-
prised of about 100,000 neurons (but the brain also contains glia)
that form several distinct specialized regions for such processes as
vision, learning and memory, olfaction, and motor coordination
[3]. Communication between neurons is mediated by conserved
neurotransmitters (serotonin, dopamine, glutamate, GABA, etc.)
and the fly has been instrumental in elucidating fundamental
mechanistic aspects of neuronal and synaptic function [3].

In addition to a high degree of complexity relevant to human
biology and behaviors, attractive features of the fly as a model also
include a rapid and prolific life cycle (10 days at 25 °C), and an
extremely low cost of maintenance compared to rodent or other
mammalian models. Perhaps the most valuable aspect of D. mela-
nogaster is the extensive genetic toolkit available. Compared to
rodent models, it is quite easy and affordable to generate trans-
genics (~$300 to generate several independent founder strains),
mutations, and to manipulate gene expression within discreet tis-
sues or populations of cells. Within this framework of facile genetic
manipulation, several methods have been developed for control of
neuronal function and behavior. Early technologies included
selective expression of toxins to ablate neurons, and a dominant
negative temperature sensitive dynamin mutant (shzbirets) to halt
neurotransmitter vesicle recycling [4]. Later technologies included
expression of ion channels to either activate or silence neurons
(e.g., dTRPA1, NaChBac, Kir) [5-8]. These channels can be
expressed throughout development, or induced at any time in
development using a Gene Switch approach [9]. Some, like the
dTRPAI channel, are temperature sensitive and modulation of
neuronal activity simply requires shifting flies to the appropriate
temperature. A significant drawback to these channel-based
approaches is that they are all essentially on/off switches.
Channelrhodopsins have also been developed to provide control
of neuronal activity using light [10] and employed in the fly [11].
These optogenetic approaches have been refined to enable both
activation and silencing of neurons through modification of sev-
eral different forms of microorganism light sensitive channels.
Whereas early optogenetic technologies suffered from desensitiza-
tion issues, and were primarily on/off switches, recent techno-
logical advances have address these concerns to some extent.
Further, relevant to the fly, the blue light necessary to activate
many channelrhodopsins poorly penetrates the cuticle. An addi-
tional barrier to the use of optogenetic approaches is the require-
ment for expensive and sophisticated light and fiber optic
equipment. Although optogenetic approaches are used in the
Drosophila community, it is not widespread and there are very
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few publications that report using this method. Most laboratories
still rely on the temperature sensitive channel-based “switches” to
control neuronal activity. A major disadvantage of the switch
approach is that by either fully activating or inactivating a neuron
or circuit, more subtle behaviors that a neuron or circuit controls
will not be uncovered for study or analysis. Further, these channel
methods only modify neuron firing activity and are not useful for
probing the function of non-neuronal tissues.

We have translated DREADD technology to the fly to allow
for easy, cost effective conditional control of neuronal function
[12]. Significantly, this control is truly dose responsive over several
orders of magnitude and allows for the study of subtle behaviors
mediated by neuronal circuits that are otherwise masked by com-
plete activation or inactivation. Control is achieved by simply feed-
ing the activating ligand, clozapine-N-oxide (CNO), to the fly. No
specialized equipment like light sources or dedicated temperature
controlled incubators are required. In this chapter we provide
information for using DREADDs in Drosophila, and consider-
ations for their optimal use based upon our experience. Protocols
for performing individual behavioral assays are not provided here,
but may be found elsewhere [13]. Here, we focus on clozapine-N-
oxide synthesis and preparation, feeding techniques, and logistics
of fly culturing leading up to feeding drug.

The fly DREADD system is based upon the bipartite GAL4 /UAS
expression system [14]. This system allows for precise spatial
control of gene expression in the fly. The yeast transcription factor
GALA4 is driven by enhancers for a specific gene in one strain (the
driver strain), and in another strain (the responder strain) DREADD
receptor cDNA has been cloned downstream of the GAL4 binding
sequence (UAS site) and the entire element inserted at random
into the fly genome by P-element transposition. When the driver
and responder strains are mated, the progeny express functional
DREADD protein in the pattern defined by the driver.

There are several methods for generating “GALA4-driver”
strains including insertions of the GAL4 element into genes where
expression is driven by local enhancers (enhancer trap), and con-
structing transgenic elements with a known promoter region of
genomic DNA upstream of the GAL4 gene (promoter fusion) that
are then inserted into the genome. Importantly there are several
thousand of these GAL4 driver strains available from public stock
centers that demonstrate expression representing the entire reper-
toire of cells a particular gene is expressed in to more highly
restricted discreet sub-populations of cells.

The set of UAS-DREADD:s include the UAS-hMI1D (Dq),
UAS-hM4D (Di), and rM3DBar (Ds) that are coupled to Gaq,
Gai, and Gas, respectively. They were created in a w!i®
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background, and the insertion elements moved to our laboratory
standard strain of w'**%. Each has been tested for inducible expres-
sion, and has been validated in cellular, physiological, and behav-
ioral experiments [12]. Dq activation results in calcium
mobilization, closing of KCNQ channels, and membrane hypopo-
larization (facilitation of neuronal activation). Di activation results
in inhibition of adenylate cyclase, lower cAMP levels, and opening
of GIRK channels through Gfy leading to membrane hyperpolar-
ization (neuronal silencing). Ds activation results in activation of
adenylate and production of cAMP.

2 Materials

UAS-DREADD flies are currently available from Dr. Charles
Nichols, LSU Health Sciences Center, New Orleans LA. Clozapine
used to synthesize CNO was purchased from Enzo Life Sciences
(Farmingdale, NY). All other chemicals were purchased from
Sigma-Aldrich (St. Louis, MO). Four-well culture dishes and 5 ml
plastic culture tubes were from Thermo Fisher Scientific (Waltham,
MA, USA). Glass capillary tubes used to feed individual flies are
from Trikinetics (Waltham, MA). Polypropylene fly culture bottles
(6 and 8 0z), and mesh for the large 64 oz bottles are from Genesee
Scientific (San Diego, CA, USA). Large 64 oz plastic juice bottles
are from the local grocery.

3 Methods

3.1 Clozapine-N-
Oxide

Some commercial CNO, and the CNO produced by the NIMH
chemical synthesis program, is not water soluble. Good water
solubility of CNO is necessary because drug is administered in the
food, and agents like DMSO or ethanol may interfere with palat-
ability and confound experiments. The CNO available from Tocris
has been reported to be water soluble and effective in the Drosophiln
DREADD system (cat# 4936). Our cost-effective solution has
been to synthesize and purify our own CNO from clozapine.
This CNO is water soluble to at least 50 mM; however, we have
found that the aqueous solution is not stable for more than a few
hours before precipitating out of solution. Further, storage at 4 °C
or -20 °C precipitates the CNO out of solution rapidly and it does
not go back into solution. Therefore, only enough stock solution
is prepared from powder that is necessary for setting up a given
experiment. Typically, a 20 mM solution of CNO in sterile water is
prepared and diluted accordingly into the feeding substrate. Our
protocol for CNO synthesis is described next and is modified from
[15]. Our typical yield of CNO is ~75 % of the starting amount of
clozapine.



3.1.1  CNO Synthesis

3.1.2 Optional:
Recrystallization (This Step
May Enhance Water
Solubility Depending

on the Purity of the Initial
Product)

3.1.3  Preparing Working
Solutions of CNO

P
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. Dissolve clozapine (400 mg, 1.22 mmol) in 5 ml of CH,Cl,.

. Treat dropwise with a solution of m-chloroperoxybenzoic acid

(273 mg of 77 % mCPBA, 1.22 mmol) at 0 °C.

. Stir at 0 °C for 90 min, then store reaction at 4 °C overnight.

. Place the reaction onto a 30 g column of dry neutral alumina

(about 2 cmx26 cm).

. Elute the column with dichloromethane. The desired CNO

will stick to the column, but unreacted clozapine as well as the
m-chloroperoxybenzoic acid will elute off. A wet packed col-
umn gives a better elution than a dry column.

. Several slow brown/orange/pink bands will be evident near

the top of the column. Once no more impurities are observed
in the eluent by TLC, the product is then eluted from the
column with methanol, collecting eluent until it is no longer
pink colored.

. Concentrate the pink solution to dryness under a vacuum to

an orange crystalline residue.

. Dissolve the crystals in a minimal amount of warm ethanol,

followed by slowly adding ether until the solution is just on the
verge of turning cloudy.

. Add a seed crystal and let stand at room temperature for several

hours, then at 4 °C overnight.

. Filter and air-dry orange crystals.

. Store in the dark at -20 °C. Allow storage vial to warm to

room temperature before opening and weighing out powder.
MW clozapine =326.82.

MW clozapine-N-oxide = 342.82.

MW MCPBA=172.57.

TLC (silica, 8:2 CH,Cl,-MeOH).

Weigh out an appropriate amount of CNO for a concentrated
stock solution and mix in an appropriate volume of sterile
water (usually for a 20 mM CNO solution). Do not greatly
exceed the amount necessary for the assay, as the concentrated
stock does not store well (see general notes below). This
should readily go into solution with brief vortexing.

3.42 mg CNO in 500 pl H,O=20 pM CNO stock.
Dilute stock solution to a working solution of drug in the feeding
substrate and mix (usually 1-3 mM).

50 pl CNO stock (20 mM) +950 pl warm molten food=1 mM
CNO in food.
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3.2 Setting
Up Crosses to Express
DREADD Receptors

3.2.1 Adult Collection

3.2.2 Larva Collection
and Feeding

50 pl CNO stock (20 mM)+500 pl 20 % sucrose/2 % aga-
rose +450 pl H,O =10 % sucrose, 1 % agarose, 1 mM CNO.

Mix 4.0 g sucrose with 20 ml of water, add 0.4 g agarose in a
125 ml Erlenmeyer flask. Microwave on low until agarose is
melted, avoiding boil-over (e.g., 2 min on power level 2), and
swirl to mix and repeat until the agarose is dissolved. After the
solution has cooled to ~55 °C, add 500 pl to a 1 ml microfuge
tube containing 50 pl CNO stock and 450 pl H,O. Vortex
briefly to mix and allow to solidify for about 1 h.

Most experiments will involve testing the F1 progeny of the
GALA4-driver strain crossed with the UAS-DREADD responder
strain, either as larva or adults.

Start fresh bottles (6 o0z) of each parental strain needed
(10 female + 6 male young adults) and incubate at 25 °C.

Allow the adults a few days (up to a week) to mate and lay eggs
before removing the adults.

As the newly eclosed adults emerge about 10 days after setting
up the bottle, collect and separate the virgin females and sexually
naive males (adults less than 6 h eclosed).

For the cross, start a new bottle (6 or 8 oz) with 10-15 virgin
females of one parental line and 6—10 males of the other paren-
tal line. It does not matter which strain is the male, and which
the female unless an insertion element is on the X chromo-
some. In that case, only the female F1 will contain both the
GALA4 driver and UAS-DREADD.

Allow these flies a few days (up to a week) to mate and lay eggs
at 25 °C. Remove the adults from the bottles before the pupa
begin to eclose.

As the F1 generation emerges, collect the adult flies as needed
depending on the assay being performed.

Set up 8 oz round bottles with 15 virgin females of one parental
strain and ten males of the other parental line and incubate at
25 °C (see step 1 in Adult Collection for setting up these
parental bottles).

Allow flies to mate and lay eggs for 24 h at 25 °C before
removing adult flies from the bottle.

When the majority of the larva in the bottle have reached the
third instar stage (~day 6), flood with 50 ml of a 20 % sucrose
solution in water (w/v). The larva will float to the surface
within 2-3 min.

Collect floating larva with a large bore serological pipette
(e.g., 25 ml) and transfer them to a small mesh basket, and
wash twice with deionized water before further use.



3.2.3 Adult CNO Feeding
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e To expose the larva to CNO, transfer approximately fifty
larvae to a small 10 ml glass beaker containing 1.2 ml of 5 %
sucrose in sterile H,O (either alone or with the appropriate
concentration of CNO) for 15 min to allow time for larvae to
ingest drug.

e Transfer the larva back to the mesh basket, rinse quickly with
deionized water to remove the excess sucrose and CNO, and
transfer them to the appropriate assay chamber (e.g., a petri
dish with 1 % hardened agar).

*See [13] for further information on larva collection.

Some experiments may require an acute feeding of CNO, whereas
others will require continuous feeding of the drug (e.g., monitoring
circadian activity or mating assays). Acute feeding assesses the imme-
diate effects of CNO on a naive fly; however, this method is low
throughput and the amount of drug ingested is highly variable.
Chronic feeding is predicted to achieve steady state levels of drug,
and be more reliable in reducing individual variability of ingested
drug levels. Further, chronic feeding is easier than acute and ame-
nable to feeding large numbers of flies (e.g., several hundred) simul-
taneously. The first chronic feeding protocol described is for
collecting large numbers of adult flies for use en masse in assays like
olfactory learning and memory. The second chronic feeding proto-
col is for feeding small numbers of flies. The third chronic feeding
protocol is for administering drug to individual flies for use in assays
like locomotor activity monitoring or aggression.

Acute

¢ For acute administration, collect adult flies approximately 24 h
post-eclosure, and starve overnight (~18 h) by placing them in
an empty standard vial without food or water (no more than
~50 flies per vial).

¢ Dilute CNO stock solution in a 10 % sucrose solution for the
appropriate working concentration of CNO.

e Cutasmall disk of filter paper to fit into the bottom of a 4-well
culture plate, and place in a well.

e Apply 50 ml of the CNO /sucrose solution to the filter paper,
and place one fly into the chamber and cover (removing the
wings of the flies under light anesthetization prior to overnight
starvation helps prevent them from flying away during the
loading procedure).

e Allow the fly to feed for 5 min immediately prior to the assay.
Flies should be observed using a stereo dissection microscope
for the proboscis extending to the filter paper to confirm inges-
tion. If a fly does not begin eating within 1 min, discard and
transfer a fresh fly to the well.
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3.2.4 Chronic (Several
Hundred Adults)

3.2.5 Chronic 2-15
Adults)

After 15 min the CNO should have full effect, and should
remain effective for ~30—45 min, and the appropriate assay
should be performed.

Optional: To determine the amount of drug ingested, spike
the feeding solution with a small amount of [3]H-glucose.
Immediately after the fly has been assayed (or within 60 min of
feeding) homogenize individual flies in scintillation fluid and
measure radioactivity in a scintillation counter. Compare over-
all counts to the activity of the feeding solution and calculate
volume ingested, and amount of drug ingested based on the
concentration of CNO.

Set up four to six 8 oz bottles as described above for adult col-
lection (parentals and F1 progeny). Once adults begin to
emerge, clear culture bottles and after 48 h collect the recently
emerged adult flies and transfer to large 64 oz bottles. Transfer
flies without anesthetization.

Prepare 2 ml of CNO+ food by mixing with either standard fly
food or instant food (e.g., Jazz mix) or 1 % agarose+10 %
sucrose to the appropriate concentration of CNO.

While the CNO +food mixture is still liquid, transfer into a
food cup, which is then attached to the interior of the cap of
the large 64 oz bottle with Velcro.

Place the bottle on its side in a well ventilated area and allow
the flies to feed 24-72 h depending on the assay. Remove old
food and add fresh food + drug every 24 h to prevent the food
from drying out.

Notes

A large 64 oz commercial “juice” bottle is used. A large hole
for ventilation is cut out of the bottom, and a fine mesh is
glued in place with epoxy to cover the hole and retain flies in
the bottle. A small piece of Velcro is attached to the inside of
the cap to attach the food cup to. The food cup is the cap of a
standard 15 ml conical tube with a small piece of Velcro
attached to the top exterior.

The larger environment prevents over exposure to the food source
(flies being covered in food) and allows for proper grooming and
feeding, which results in clean, dry flies for the assays.

Dilute the CNO stock solution to an appropriate working
solution with standard fly food, instant food (e.g., Jazz mix),
or agarose +sucrose to the appropriate concentrations. Add
CNO when the mixture is ~55 °C.

Pipette 1 ml of the mixture into 5 ml polystyrene culture test
tubes.
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Cover the test tubes with cheese cloth and allow food to dry
overnight in a cool dark place.

Once flies are collected and placed in the test tubes, the tubes
should be plugged with a small piece of cotton and placed on
a slight angle and not completely upright.

Maintain tubes with flies at the appropriate temperature and
lighting conditions for the assay to be performed.

If performing an experiment that requires lengthy periods of
feeding, flies will need to be transferred to a fresh tube + food /
CNO after 3 days.

Notes

Some condensation may develop on the side of the tubes.
To prevent this, several small holes can be made in the side of
the test tube once the food is solidified using a small, heated
needle. Moisture can also develop from respiration of the flies
after a few days. To combat this, place no more than 15 flies into
a test tube and transfer to fresh food /CNO at least every 3 days.

Prepare a mixture of 1 % agarose, 10 % sucrose, and the desired
working concentration of the CNO as described above.

Glass tubes should be clean, dry, and fitted with a cotton plug
on one end.

Collect adult flies from healthy productive bottles not more
than 3 days post eclosure (depending on assay) into an empty
fly vial without the use of CO,.

Place the vial of flies on ice until they are sedated, but no longer
than 10 min.

While flies are being chilled on ice, place a glass dissection dish
onto ice in a small container (e.g., pipette tip box lid) to cool.

Transfer the appropriate number of cold-anesthetized flies
from the vial onto the chilled glass dish for sorting.

Transfer one fly into one glass tube using fine forceps (we
typically only use males). Using a small spatula, fill the free end
of the glass tube with a small plug of the agarose mixture
(~50-60 pl) and cap with a plastic cap.

Verify that all flies are awake and freely moving before incubating
the tubes at the appropriate temperature and lighting conditions
for the assay to be performed.

4 Notes

Glass capillary tubes are from Trikinetics (Waltham, MA,
USA). 1 ml of agarose solution is normally enough for setting
up 16 capillary tubes.
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We typically follow this protocol for activity monitoring in the
Trikinetics Drosophila activity monitoring system (DAMS) to
assess the effects of DREADD receptor activation on locomo-
tor activity under both light/light and light/dark environmen-
tal conditions. For experiments measuring activity in light/dark
conditions, rear flies under light/dark conditions for several
days prior to collection to ensure that they are entrained.

We also use this feeding method to treat individual flies for
assays where isolation is necessary (e.g., courtship).

It is important to not use CO, for anesthetization prior to activity
assays because it interferes with overt activity for up to 24 h.

5 General Notes

All of our experiments have been performed with flies contain-
ing only one copy of the expression GAL4 driver and one copy
of the responder UAS-DREADD. Having two copies of each
may increase expression levels of the DREADD and improve
assay sensitivity. Another method to increase expression is to
rear the flies at 29 °C for 48 h prior to performing the assay to
maximally activate the GAL4 transcription factor.

Although we have found this system to be very effective for
many assays, in some instances we have been unable to manip-
ulate behaviors or physiological processes. This may be due to
gene dosage (see note above), or to inherent aspects of the
system being probed. If activation of DREADD receptors is
not observed to elicit a physiological or behavioral change with
up to 10 mM CNO in the feeding substrate, increasing gene
dosage of either/or the GAL4 driver or UAS-DREADD can
be attempted.

It is critical to have the GAL4 driver and UAS-DREADD trans-
genic elements in the same genetic background to properly
interpret results, especially with regard to behavioral experi-
ments. A w!® is not a w!''® is not a w!*® from laboratory to
laboratory due to the accumulation of random mutations in iso-
lated laboratory stocks over several hundred generations that
can alter behaviors. By having the transgenic elements within
identical genetic backgrounds, one can be assured that behav-
ioral differences observed in experiments are due to the presence
of'and activation of DREADD receptors, and not merely due to
general genetic differences between the driver, responder, and
F1 flies. Our laboratory standard strain is a w!!® originally
obtained from Dr. Bih-Hwa Shieh at Vanderbilt University and
subsequently isogenized in our laboratory. Each of our UAS-
DREADD clements, as well as GAL4 driver elements we use,
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has been moved into this background through six successive
generations of back crossing prior to behavioral testing.

We have found that CNO precipitates out of solution when
stored overnight, even at =20 °C. Therefore, the stock and
working solutions should be used as soon as possible. For final
food preparations of either standard or instant or agarose/
sucrose, the final solidified product can be stored in darkness at
4 °C, but storage in this manner is not recommended to exceed
more than 48 h. When mixing CNO with food substrate that
must be melted prior to mixing, the temperature of the food
should not rise above 55 °C in order to prevent degradation of
the CNO.

When we use agarose +sucrose to provide drug in we have
found that 10 % sucrose works the best. Using 5 % sucrose, the
flies do not get enough nutrients and die within a couple days.
Using 20 % sucrose, flies appear to not eat as much drug. We
believe that 10 % sucrose in 1 % agarose achieves maximum
balance between drug intake and viability over several days.

There have been several attempts at generating light-sensitive
GPCRs with mixed success [16-19]. In theory, this technol-
ogy would mimic DREADD effector control of cellular trans-
duction pathways, only using light as the receptor stimulus.
However, these methods still require expensive light sources,
and it is unclear how dose responsive these systems are. Further,
many suffer from rapid bleaching issues [20]. Regardless, there
are not yet any published reports using light activated GPCRs
in Drosophila.
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