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Abstract
Density-Dependent Mu Opioid Receptor Function Revealed by Single-Molecule Microscopy
Michael Holsey

The Mu Opioid Receptor (MOR) is a G protein-coupled receptor (GPCR) important for pain
regulation. Opioid agonists have long been the most effective treatment for most types of pain;
however, this class of drugs is highly problematic due to the combination of several dangerous
side effects like addiction, tolerance, and respiratory depression. Recently, a dramatic rise in
opioid prescriptions has led to a nationwide opioid epidemic. Efforts to develop novel opioids with
improved therapeutic profiles have led to work suggesting that MOR signaling through G proteins
leads to analgesia while signaling through arrestin leads to respiratory depression and tolerance.
However, more recent work has raised questions about which aspects of arrestin signaling and
function contribute to these side effects. Additionally, the overall complexity of arrestin function
especially with regard to trafficking at the cell membrane has recently come in to clearer view.
Here, we use single-molecule tracking to describe membrane diffusion behavior of single MORs
before and after agonist treatment in heterologous cells. By tracking individual MORs, we have
revealed cell-context specific rules for MOR immobilization and endocytosis and shown that these
processes depend on receptor density as well as the local availability of arrestin molecules.
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Chapter 1. Introduction

Pain is a sensory experience resulting from a noxious stimulus that serves to reinforce the
avoidance of dangerous or damaging behaviors and events. The experience of pain is a highly
conserved warning system necessary for survival. While pain is useful for avoiding environmental
threats, maladaptive and unnecessary pain is a major societal burden. Greater than 30% of the
United States population experiences pain at any given moment2,3. In fact, among patients in
primary care, pain is the most common symptom reported3. Common chronic pain diagnoses
include neuropathic pain, osteoarthritis, and lower back pain and require intervention for pain
management. Additionally, severe acute pain (as is the case in sickle cell anemia) requires pain
management. The need for effective pain management has led to an increase in the prescription
of opioids. Over the course of a twelve-year period (1999-2011) the use of hydrocodone doubled
while the use of oxycodone rose 500%4,8,9. This rise in opioid use has led to a similar rise in abuse,
addiction, and death, resulting in what has been declared a national emergency by the
Department of Health and Human Services (HHS) in 2017. Part of HHS declaration was a fivepoint plan including “support cutting-edge research on addiction and pain”.
Opioids are the preferred treatment of pain because they are the most efficacious and can be
used to treat many types of pain. However, they are highly addictive and have side effects that
can be deadly. Tolerance leads to increased dosage over time, and addiction leads to opioid
diversion (the transfer of prescribed opioids to unprescribed individuals) and abuse. Respiratory
depression is the primary cause of death in opioid related overdose. This often occurs because
tolerance to respiratory depression is incomplete relative to analgesic and euphoric effects10.
While there are major efforts to curb prescription practices as well as to intervene in opioid
diversion, there remains a need to treat the large population of patients who suffer from chronic
pain.
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The mu opioid receptor (MOR) is the primary target of most opioid analgesics including
morphine and codeine11. To find improved drugs with fewer side effects requires a detailed
understanding of MOR function from the systems level to the cellular and structural level. The
goal of the work described here is to uncover new details of MOR function at the cellular level that
might ultimately lead to improved drug design for physical and emotional pain.

Mu Opioid System
Opium has been used to manage pain and increase pleasure for thousands of years12.
Endogenous opioids are peptide neurotransmitters that play a critical role in multiple systems
within the central as well as the peripheral nervous systems (CNS and PNS, respectively). In the
CNS, opioids regulate analgesia, euphoria, motivation and reward, and hedonic homeostasis. In
the PNS, the opioid system is involved in regulating gastrointestinal, smooth muscle,
cardiovascular and immune systems12,13. Opioids bind to opioid receptors (ORs). There are four
opioid receptors all of which are G protein-coupled receptors (GPCRs) mu (MOR), delta (DOR),
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kappa (KOR), and opioid receptor like-1 (also known as the nociceptin receptor[NOR])14. MORs
are the primary target of most opioid analgesics. However, there are increased efforts to target
DOR

and

NOR

for

nociception to circumvent the
undesired side effects of
MOR agonism. MORs are
expressed throughout the
brain and body. In humans,
MOR is highly expressed in
the cerebellum, the caudate
nucleus

as

well

as

the

nucleus accumbens of the
striatum (Figure 1-1)6. MORs
expressed in the dorsal horn
of the spinal cord, the rostral
ventromedial medulla, and
Figure 1-1: MOR mRNA Expression in Brain and
Peripheral Tissue: Absolute quantitative real-time PCR
of MOR in human tissue (n=22). Copies/μg total RNA.
Mean and (S.D). Data from Peng et al.6

the periaqueductal gray of
the midbrain make up the
descending

pain

pathway

and facilitate opioid mediated analgesia (Figure 1-2)15. Critically, inhibition of GABAergic
interneurons in these regions by MOR agonism blocks transmission of pain at the spinal cord
(Figure 1-2)13. Opioid agonism in the rostral ventromedial medulla can also contribute to
respiratory depression16.
MORs in the limbic and paralimbic systems regulating mood, motivation and response to
social stimuli are a target for major depressive disorder (MDD)17,18. Recent work has implicated a

3

Figure 1-2: Pain Circuitry: Descending (red) and ascending (black) pathways of
pain modulation and transmission, respectively. Possible sites of action of opioid
analgesia include direct action at peripheral tissue innervated by the ascending
pathway. Inhibition of GABAergic interneurons at the spinal cord disinhibits pain
inhibitory neurons in the spinal cord. The periaqueductal gray area of the midbrain
and the rostral ventro-medial medulla are possible sites of opioid analgesia. Cortical
and limbic regions are involved in pain regulation, in particular, the cognitive and
emotional aspects of pain sensation.

potential overlap in physical and emotional/social pain neurocircuitry18. In particular, MOR has
been shown to regulate distress response to social rejection and respond to social acceptance19.
In humans, decreased MOR availability in the inferior temporal cortex was shown to correspond
with decreased responsiveness to selective serotonin reuptake inhibitors (SSRIs) and increased
cortisol levels. In the same study, the authors found a corresponding increase in MOR levels in
the anterior cingulate cortex, a region linked to mood regulation20.
4

There are several physiological aspects of the MOR system that make it problematic for
sustained clinical use. MOR signaling converges with the dopamine system which is thought to
contribute to the mood enhancing and addictive effects of opioid use. The overlap with the reward
system and the accompanied sense of euphoria often leads to opioid abuse and addiction.
Patients who use opioids for pain can also experience gastrointestinal complications such as
constipation. Ultimately, opioid effects on respiration can be deadly, especially in cases of abuse
or overuse.

5

Mu Opioid Receptor Pharmacology
Plant alkaloid opiates (like morphine and codeine) and synthetic opioid agonists have been
in use for centuries and decades, respectively. Indeed, the existence of ORs was confirmed by a
series

of

competition

binding

studies using known agonists and
antagonists

(particularly

[3H]-

naltrexone) before the cloning of
ORs and before endogenous opioid
receptor peptides were identified2125

.

Endogenous

opioids

were

identified beginning in the 1970s26.
The three originally discovered
families of endogenous opioids
consist
enkephalins,

of
and

β-endorphin,
dynorphins27.

Endomorphin-1 (Tyr-Pro-Trp-PheFigure 1-3: Structure of Endomorphins-1 and -2:
Endomorphin-1
(Tyr-Pro-TRp-Phe-NH2)
and
Endomorphin-2 (Tyr-Pro-Phe-Phe-NH2) have the
highest known affinity and septicity of opioid peptides
for MOR

NH2) and endomorphin-2 (Tyr-ProPhe-Phe-NH2) are two additional
opioid neurotransmitters that have

the highest affinity and specificity for MOR and are thought to be the primary endogenous ligands
for MOR whereas the other endogenous ligands interact with multiple ORs (Figure 1-3)28.
Endormoprins-1 and -2 bind MOR with Ki of 260 and 690 pM affinity, respectively29. This affinity
is orders of magnitude greater than endomorphins with other ORs. In fact, [3H]-endomorphins
showed insignificant binding to MOR knock out mouse brain membranes30.
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Morphine was isolated from the poppy plant in 1806 and with later advancements in medical
technologies became a common treatment for pain by the late 19th century31. However, it was not
until a knockout study in the late 20th century, that MOR was determined to be responsible for the
analgesic effects of morphine11. Morphine-like alkaloids, synthetic peptides like [D-Ala2, NMePhe4, Gly-ol]-enkephalin (DAMGO), and small molecules make up the majority of the
pharmacological tools available for clinical use and for studying MOR function. Various agonists
have various efficacies and affinities (Figure 1-4). A hallmark of opioid receptor agonism is
tolerance. While tolerance can
be attributed to endocytosis for
many GPCRs, morphine does
not induce endocytosis, yet
tolerance is a major side effect
of this drug. In fact, the lack of
endocytosis in this case has
Figure 1-4: [35S]GTPγS binding to rat thalamus, SK-N-SH
and mMOR-CHO membranes: Mean and standard error
values derived from scatchard analysis from Selley et al.7

been shown to contribute to
cellular

desensitization,

tolerance, and withdrawal32.
There are various opioids used in the clinic for a range of purposes (Figure 1-5). Hydrocodone
and oxycodone are two of the most commonly prescribed opioids. Methadone is often used to
treat heroin withdrawal. Buprenorphine is a MOR partial agonist used to treat opioid dependence.
Being a partial agonist, the euphoric side-effect common to full agonists reaches a ceiling and
therefore the compound has a lower abuse potential33. The antagonists naloxone and naltrexone
can be used to counter opioid overdose.

7

Figure 1-5: Common
Opioid Agonists and
Antagonists: Agonists
are used in the clinic
(buprenorphine) or
abused (heroin).
Prescribed drugs are
regularly abused and
can lead to addiction
and abuse of street
drugs like heroin or
extremely dangerous
drugs like fentanyl4,8.

Mu Opioid Receptor Gene and Structure
As previously mentioned, MORs are members of the G protein-coupled receptor super family.
GPCRs are seven-pass transmembrane (7-TM) proteins that reside on the surface of most cell
types. GPCRs integrate an extracellular signal into an intracellular response. This response can
be initiated by a wide variety of stimuli including light, odors, peptide, monoamines, or mechanical
transduction to name just a few. In fact, virtually all processes within the body involve a GPCR.
There are over 800 genes coding for GPCRs, making it the largest family of genes in humans.
GPCRs can be subdivided into three main groups based on amino acid sequence. Class A (or
rhodopsin family) GPCRs account for the overwhelming majority of GPCRs with 701 genes. More
than half of these genes encode for olfactory receptors. There are 241 non-olfactory class A
GPCRs including several major pharmacological targets such as histamine receptors, dopamine
receptors, serotonin receptors, and ORs to name a few. Class B GPCRs include secretin family
receptors and have large N-terminal domains. Class C GPCRs exist as dimers and include
metabotropic glutamate and gamma-aminobutyric acid (GABA)B receptors. Additionally, frizzled
and calcium binding receptors are considered two additional groups that fall outside of the three
classic receptors types. Many orphan GPCRs without known ligands or structure are still under
8

investigation as potential therapeutic targets. Typically, all families of GPCRs exist as 7-TMs
proteins with an N-terminal domain facing the extracellular space and a C terminus facing the
cytosol. There are three extracellular loops, and three intracellular loops. The intracellular loops
and TM bundle together form the “core” domain which can interface with various second
messengers. Each terminal domain can vary greatly between and within families. For example,
class B and class C GPCRs have large N-terminal domains while class A N termini are typically
much shorter. This variability in structure corresponds with varying function. While class C GPCRs
bind agonist in the N-terminal “venus fly trap” domain, the class A GPCR orthosteric binding
pocket is within the TM bundle. Further, each GPCR associates with various second messengers
with various degrees of affinity and specificity depending on the receptor type, agonist efficacy,
and both known and unknown GPCR conformational changes and post translational
modifications.

9
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Figure 1-6: Adapted Schematic of OPRM1 Gene in Mouse: A, spatial arrangement of 19
exons contributing to various splice variants of MOR. Exons are color coded and represented in
the splice variants below. B, Splice variants of the 7-TM MOR. The majority of the 7-TM splice
variants involve variation of the C-tail. C, 1 (of 5 total) splice variant encoding for a 6-TM MOR
shown at right. Unlike traditional GPCRs, the 6-TM N-terminal domain has the same membrane
orientation at the C-tail. D, 1 (of 5 total) splice variant encoding for a single-TM MOR. Variants
include a TM encoded by exon 1. Adapted from Xu et al.1

MOR is encoded by the gene OPRM1. OPRM1 has an unusually high number of splice
variants across multiple species (Figure 1-6). In humans, rats, and mice, the gene encodes for
19, 29, and 16 respective variants34. The unique protein diversity encoded for by this single gene
with 18 exons allows for varied signaling and expression profiles in diverse regions of the brain
and the body1,34-36. OPRM1 splice variants fall into three categories, 7-TM (variations within the C
terminus), 6-TM (lacks exon1 and the extracellular N-terminus), and single-TM variants (only the
first exon)34. Here, we consider the full length 7-TM variant; however there are efforts to target the
6-TM variant as some have reported that specifically targeting this variant leads to reduced side
effects36. Notably, the 7-TM C-terminus variants have shown variable adverse effects in response
to morphine while maintaining analgesia, suggesting the potential importance of the C-terminus
in mediating side effects like tolerance1.
The canonical MOR (MOR-1) is 400 amino acids in length. 66 amino acids make up the Nterminal domain, 288 make up the 7 TM helices, IC and EC loops, and the remaining 46 residues
make up the C-terminus. To date there are three structures of MOR37-39. The MOR structures are
quite similar to other GPCRs. The antagonist (β-funaltrexamide [B-FNA]) bound orthosteric
binding pocket is open and exposed which might explains the fast dissociation kinetics of
otherwise high affinity ligands37,40,41. The agonist bound structure was solved with the addition of
a stabilizing nanobody (Nb39)38. While the binding pockets between agonist (BU72) and
antagonist are quite similar, the agonist bound structure reveals a lid formed between the MOR
11

N terminus and ligand (Figure 1-7b). Still, the lid forming residue (H54) is not conserved, and

A

there is no effect on agonist binding or

B

signaling when mutated38. Additionally,
there is an expansion of a water-filled cavity
adjacent to the binding site in agonistbound MOR. In contrast to β2 adrenergic
(β2AR)
Figure 1-7: Crystal Structure of Agonist
Bound MOR: 2.1 Ä nanobody bound MOR
crystal structure. A, Orientation showing outward
movement of TM6 opening up the cytosolic
facing pocket. B, Orientation showing the Nterminal domain “capping” the agonist binding
pocket. PDB: 5C1M

and

M2

muscarinic

(M2R)

receptors, the overall structural changes
within the binding pocket upon

agonist

binding are quite small42,43. Consistent with
other agonist bound GPCRs, there is a
counterclockwise rotation of TMs upon

agonist binding, and an outward movement of TM6 (Figure 1-7a); however, in the case of MOR
the TM6 movement is notably smaller. Additionally, there is a polar network between the binding
pocket and intracellular G protein facing surface. It is speculated that these can serve as
“molecular switches” that stabilize the inactive confirmation and are critical for initiating
signaling38. Still, a nuclear magnetic resonance (NMR) study showed that allosteric coupling
between the agonist binding pocket and the intracellular facing core is weak and that stabilization
by nanobody is required for TM6 movement44. In fact, in the same study, ICL1 and helix 8 were
shown to have a greater spectral change compared to TM644.
As discussed later, GPCRs interact with one or multiple of several heterotrimeric G proteins.
MOR interacts exclusively with Gαi/o/z subunits45. Recently, a cryo-electron microscopy study
solved the structure of MOR in complex with the Gαi subunit39. In this DAMGO bound structure,
the binding pocket is nearly identical to the BU72 bound and Nb39 stabilized structure. This
suggests a “stereotypic” interaction with different agonists given the major structural differences
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between BU72 and DAMGO39. ICL2, ICL3 and TM3, TM5 and TM6 together form the interaction
site with αN, αN-β1 loop and α5 helix of the Gαi subunit (Figure 1-8).

Figure 1-8: Cryo-Electron Microscopy Structure of G Protein
Bound MOR: 3.5 Ä Nucleotide free, G protein bound MOR crystal
structure. MOR in copper, Gαi in navy blue, Gβ in light blue, Gγ in silver.
scFv16 fab fragment in yellow. MOR was activated by DAMGO. PDB:
6DDE

Finally, while there is no available structure of MOR bound to arrestin, structural studies of
other GPCRs combined with other functional assays have led to a general understanding of the
nature of MOR-arrestin interactions46-48. Arrestin is thought to engage both with the C-tail of
GPCRs as well as with the receptor core region. Core engagement is thought to compete with G
protein binding and contribute to desensitization. C-tail engagement with arrestin depends on
phosphorylation and the affinity of this interaction varies widely between GPCR subtypes.
Notably, there are 11 serine and threonine residues in the C terminus of MOR that are important
for engagement with arrestin.
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Mu Opioid Receptor Signaling
G proteins are heterotrimeric signaling molecules consisting of Gα, Gβ, and Gγ subunits that
couple to GPCRs49. There are 23 Gα, 7 Gβ, and 12 Gγ isoforms encoded for by 16, 5, and 12
genes, respectively50. Upon agonist binding, GPCRs activate G proteins by facilitating the
exchange of GDP for GTP bound to the Gα subunit51. Gα then becomes activated and dissociates
from Gβγ subunits. Both Gα and Gβγ proceed to initiate a versatile cascade of cellular signaling
events in a subtype specific manner. Gα then catalyzes GTP back to GDP with the help of

A

B

α
GDP

β

α
γ

C

β

γ

D

α

α
GDP

β γ

β

Signaling
Figure 1-9: Schematic of G Protein Activation Cycle: A, Inactive GPCR is
bound or unbound to an inactive GDP bound G Protein heterotrimeric complex.
B, Upon agonist binding, GPCR changes conformation and catalyzes G protein
exchange of GPD for GTP (with a brief nucleotide-free transition). C, G protein
then dissociates into Gα and Gβγ subunits and initiates signaling events. D, Gα,
a GTPase, converts GTP to GDP and reforms a heterotrimeric G Protein.
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γ

“regulator of G protein signaling” (RGS) proteins and reforms Gαβγ as an inactive heterotrimer
(Figure 1-9)52,53.
GPCRs not only differ in ligand binding, but also in G protein coupling. While, less is known
about the variable functions of Gβγ subunits, much of our understanding about the cellular
outcome of GPCR signaling depends on the well-studied Gα subunits. MOR couples to the

Figure 1-10: Schematic of
G Protein Signaling: A,
Gαi/o/z inhibits adenylate
cyclase which inhibits the
production of cyclic AMP and
protein kinase A activation.
B, Gβγ can modulate G
protein-coupled
inwardrectifying
potassium
channels. Gβγ can also
activate GRK2 and PLCβ.

pertussis toxin sensitive Gαi and Gαo subunits as well as the pertussis toxin insensitive Gαz
subunit45. There are three isoforms of Gαi (Gαi1, 2 and 3), 2 isoforms of Gαo (A and B) and one of
Gαz. MOR activation of Gαi/o/z inhibits adenylyl cyclase (AC) and reduces cyclic AMP (cAMP).
Reduction in cAMP activity leads to a decrease in the activity of cAMP-dependent protein kinase
(PKA) and a decrease in cAMP mediated calcium influx (Figure 1-10a). Gβγ can also go on to
deactivate G protein-coupled inward rectifying potassium channels (GIRK) resulting in
hyperpolarization of neurons and inhibition of activity (Figure 1-10b). This action at GIRK channels
is thought to be critical for opioid mediated effects on neural excitability54,55. MOR activation can
also regulate Ca2+ channels via Gβγ56. Critically, opioid tolerance is associated with an
upregulation of vesicular Ca2+ which can be reversed by the acute treatment of MOR agonist56.
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MOR activation can also act at NMDA and BK channels in a G protein independent manner which
may contribute to morphine induced hypersensitivity and tolerance45,57,58.
MORs also interact with the 48 kDa cytosolic protein, arrestin. Arrestin-1 was the first arrestin
discovered and binds to the rhodopsin receptor in the retina, and so is often referred to as “visual
arrestin” along with arrestin-4. Of the four arrestin isoforms, MOR interacts with the ubiquitously
expressed so called “non-visual” arrestins 2 and 3 (also referred to as β-arrestin 1 and β-arrestin
2). Arrestin is recruited to the cell surface following GPCR stimulation and is thought to initially
bind to phosphorylated residues on the C-tail of most receptors59. Additionally, arrestin can
interact with the intracellular core domain of the receptor where it contributes to desensitization.
Arrestin is required for GPCR internalization. In the canonical view of receptor internalization,
arrestin binds to GPCRs and aids in trafficking the receptor to clathrin coated pits (CCPs) by direct
interactions with CCPs and interactions with adapter protein 2 (AP2). The receptor then
undergoes clathrin-mediated endocytosis. Arrestins have also been shown more recently to be
signal transducers of their own. MAP kinases ERK1 and 2 were shown to be activated by
arrestin60. Arrestin can also scaffold protein phosphatase-2A (PP2A) and protein kinase B (Akt)
(Figure 1-11b).
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Phosphorylation

of

GPCRs is carried out by G
protein

receptor

(GRKs)61.

GRKs

phosphorylate

kinases
can

intracellular

threonine and serine residing
either on intracellular loops or
the C-tail. Phosphorylation of
these

residues

greatly

increase the affinity to arrestin

Figure 1-11: Schematic of Arrestin Function and
Signaling: A, After GPCR activation and G protein signaling,
GRK2 and 3 are recruited to the membrane and
phosphorylate C tail serine and threonine cytosolic facing
residues. Arrestins then bind to the phosphorylated GPCR
simultaneously competing with G protein, and initiating
trafficking to clathrin coated pits (shown as an invagination at
right) B, Arrestin can engage in signaling through
phosphatase-2A and protein kinase B (Akt), as well as
extracellular signal-regulated kinases (ERK).

and initiates arrestin signaling
and receptor internalization.
Of the 7 GRKs, GRK2 and 3
are

the

most

widely

expressed and are thought to
be the major players in GPCR phosphorylation due to interactions of their pleckstrin homology
(PH) domains and Gβγ61. GRKs1 and 7 are expressed exclusively in rods and cones of the
eye61,62. Emerging understanding of GRK phosphorylation has led to the “barcode” hypothesis
where differential phosphorylation patterns by different agonists or between receptor types can
lead to a range of cellular responses offering increased diversity in signaling and the potential to
design drugs with improved therapeutic properties63-65.
MOR is phosphorylated by GRKs in multiple locations. While DAMGO induced
phosphorylation produces multisite phosphorylation, morphine only induces phosphorylation of
Ser375. There are two clusters of residues with in the C-tail

354

TSST357 and

370

TREHPSTANT379

that are readily phosphorylated after MOR activation66-68. The role of phosphorylation in
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desensitization is not fully understood. Rapid desensitization at calcium channels and GIRK
channels precedes internalization. Additionally, abolishment of phosphorylation residues has
been shown to reduce desensitization by some MOR agonists, but not morphine69. Indeed,

377

Figure 1-12: Sequence of Human Mu Opioid Receptor: C-tail serine
and threonine residues are highlighted in green. Serines and threonines
in ICL1 and ICL3 are highlighted in cyan. Human MOR serine 377
corresponds to the mouse serine 375. Human correlates of mouse
clusters of serines and threonines that are differentially phosphorylated
depending on agonist are bracketed. Created with gpcrdb.org

understanding the complexities of MOR phosphorylation in the context of desensitization and
tolerance is of great interest. In fact, recently it was shown by electrophysiology that there is a
fast desensitization component independent of MOR phosphorylation, as well as a sustained
desensitization component that depended on

370

TREHPSTANT379 phosphorylation68. Notably,

mutations in these residues do not completely abolish GRK2 or arrestin recruitment and yet
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internalization is completely perturbed. Thus, it would appear that a robust recruitment of effector
molecules is necessary to facilitate MOR internalization.
Given the multi-faceted nature of MOR signaling, there have been significant efforts to
understand how each signaling component relates to therapeutic outcomes. Biased agonism at
the MOR is a major area of therapeutic development with at least one drug (TRV-130) in clinical
trials70. The hope for drug development based on biased agonism at MOR lies in the observation
that agonists that signal primarily via the G protein pathway promote analgesia with less side
effects like respiratory depression whereas agonist that are biased for arrestin signaling tend to
promote worse results in respiratory assays71. However, recently a knock-in mouse that
expresses a phosphorylation deficient MOR and no longer binds arrestin was shown to have
improved analgesia and reduced analgesic tolerance without any change in respiratory
depression

72

. These results call in to question whether positive effects and negative effects of

MOR agonism can be attributed to G protein and arrestin signaling alone. Given the richness of
GPCR interacting partners and the diversity of cellular events downstream of G protein and
arrestin signaling, a closer look at multiple components of MOR signaling and function may be
necessary to complete our understanding of biased agonism at the MOR.

Mu Opioid Receptor Trafficking and Membrane Organization
GPCRs reach the cell membrane via the secretory pathway73. The first step on the way to the
plasma membrane is the targeting of the endoplasmic membrane (ER) for membrane insertion.
Targeting of GPCRs to the ER is achieved either by a cleavable N-terminal signal peptide, or by
a signal anchor sequence encoded for by the first TM domain. Like the vast majority of class A
GPCRs, MOR uses a signal anchor sequence to reach the ER. In fact, the 6-TM MOR splice
variant does not traffic to the cell membrane but resides within intracellular compartments74,75.
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Upon agonist binding, GPCRs transduce signals via G proteins before they are
phosphorylated by GRKs and interact with arrestin molecules. Coupling to arrestins initiate the
trafficking of GPCRs to CCPs where they undergo endocytosis. In the canonical view, endocytosis
serves as a means to desensitize cells to persistent stimuli by decreasing the level of surface
receptor thereby attenuating signal. Once endocytosed, GPCRs are sorted either into recycling
endosomes where they uncouple from ligand and are transported back to the cell surface, or to
lysosomes where they are degraded.
GPCRs can be divided into two families based on their interactions with arrestins. Class A
GPCRs bind to arrestin-3 more tightly than arrestin-2. Arrestins also tend to dissociate from class
A GPCRs after internalization. MOR belongs to the class A family along with dopamine receptors
and β2 adrenergic receptors. Class B receptors bind both non-visual arrestins with equal affinity
and remain tightly bound to arrestin after internalization. Vasopressin V2 (V2R) belongs to this
family of GPCRs76. Importantly, this difference in behavior reflects an affinity difference between
receptor tail and arrestin. In fact, the only GPCR cryo-EM structures available with a bound
nonvisual arrestin is between arrestin-2 and a GPCR chimera that is a combination of the TM
domains of β2AR and the high affinity C-tail of V2R.
The role of internalization in desensitization is unclear. As mentioned previously, agonists that
do not promote internalization can cause desensitization as in the case of morphine and MOR.
Additionally, GPCRs that have been internalized have recently been shown to engage in
signaling77,78. Arrestins bound with high affinity to GPCRs can continue to signal at various stages
of endocytosis. G proteins exist at intracellular membranes and can be activated by GPCRs
depending on the ability of ligands to access intracellular compartments78. Until recently, it has
been difficult to distinguish the exact compartments within the cell contributing to GPCR mediated
signaling. The development of single-domain antibody (nanobody) probes has led to a greater
understanding of the activation states of receptors at various cellular compartments. Using
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activated-OR sensing nanobodies, it was shown that ORs activated by opioid peptides at the
plasma membrane can maintain an active state in endosomes. Additionally, it was shown that
nonpeptide agonists have a distinct activation cycle. ORs in somatic Golgi apparatus and Golgi
outposts can be activated by non-peptide drugs specifically, potentially disrupting the signaling
pattern initiated by native peptide agonists77.
Even within the two-dimensional plasma membrane, GPCRs are thought to be further
compartmentalized. Since the initial description of the “fluid-mosaic model” by Singer and
Nicolson79, the ability to image integral membrane proteins and membrane structures using
fluorescence microscopy has redefined how we think about proteins in the plasma membrane. In
the fluid-mosaic model, the plasma membrane is described as a “viscous phospholipid bilayer”
where proteins can freely sample the surrounding area in a random-walk. We now know that
membrane proteins can dimerize, cluster, interact with other membrane proteins, or be corralled
in various membrane compartments, all of which can restrict the movement of integral membrane
proteins. GPCRs are proposed to be corralled in cytoskeletal fences where they can engage in
“hop diffusion”80. There is also evidence of GPCRs existing in “lipid rafts” or cholesterol rich
detergent insoluble domains. Finally, it is widely accepted that GPCRs interact with clathrin coated
pits upon agonist stimulation; however, there is also evidence of other clathrin structures at the
membrane called flat clathrin lattices (FCL) that may contribute to receptor organization in an
endocytosis dependent or independent manner81. Indeed, the membrane environment is full of
traps and obstacles. Understanding the details of the diffusion behavior of receptors might shed
light on various biological processes associated with certain membrane environments.
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Membrane Domains and Single-Molecule Tracking
The fluid-mosaic model is the long-standing foundation for how we think about the nature of
the plasma membrane79. With over 10,000 citations, this model has maintained relevance despite
important revelations that have required updating82. The original model was based on earlier work
outlining the importance of hydrophobic interactions in protein structure83. This study laid the
groundwork for the concept of the self-assembly of phospholipids into a bilayer with hydrophobic
tails facing inward and hydrophilic domains facing both the extracellular space and the cytosol.
Integral membrane proteins were proposed to be imbedded within the membrane such that
hydrophobic domains were located within the bilayer. It was predicted in this model, that
membrane proteins would diffuse freely within the bilayer as in a 2-dimensional fluid. However,
we now know that membrane proteins diffuse more slowly than predicted, and much slower in
cell membranes than in artificial membranes84. Additionally, a substantial “immobile” fraction has
been observed in various experiments that is largely unexplained82,85-87.
Much of the early work characterizing membrane protein diffusion was performed using
fluorescence recovery after photobleaching (FRAP). Briefly, fluorescently labeled molecules
within a cell membrane are bleached with a high intensity laser leaving a dark spot of unlabeled
molecules. The surrounding fluorescent molecules are then able to diffuse in to the dark space.
By measuring the recovery time course of fluorescent molecules in to bleached area, diffusion
coefficients can be calculated88. FRAP has also revealed the presence of an immobile population
of membrane proteins as there is consistently incomplete fluorescence recovery after
photobleaching89-91.
A combination of advancements in fluorescence, detection, optical, biological, and analytical
tools have led to the development of single-molecule techniques for visualizing and tracking single
fluorescent spots corresponding to single proteins within a membrane80,92-95. This collection of
techniques has transformed our understanding of the nature of the plasma membrane, the
22

diffusion behavior of lipids and membrane proteins in general, and the diffusion behavior of
GPCRs specifically.
One such study showed that GPCRs undergo hop diffusion. As mentioned above, membrane
proteins diffuse 5-50 times slower in cell membranes than in artificial lipid bilayers80. By tracking
GPCRs at extremely fast time resolution (25 μs frame acquisition rate), it was shown that GPCRs
diffuse in 210-nm and 730-nm compartments for tens of milliseconds before “hopping” to an
adjacent compartment. Further, within these compartments GPCRs diffuse with similar diffusion
coefficients to that seen in artificial lipid membranes. This transient confinement is only revealed
at fast frame rate acquisition. At 33 ms temporal resolution transient confinement is not observed,
and the diffusion coefficient is slower. The authors propose that actin cytoskeletal “fences” are
the major components of the hop diffusion inducing traps as the actin depolymerizing agent
cytochalasin D alters the size of the compartments96. Thus, transient confinement is a proposed
explanation for the slow diffusion of membrane proteins in cells. Notably, hop diffusion is not
observed in all cell systems or with all lipids and proteins. Moreover, disruption of actin with
different chemical agents has given inconsistent results96,97. An alternative explanation for slow
diffusion is the intrinsically crowded nature of the cell membrane97.
The lipid raft hypothesis is a subject of great debate. At the most basic level, the lipid raft
hypothesis is the result of observations of heterogeneity within cell membranes. While there is no
consensus as to what exactly characterizes a lipid raft, it is thought to generally consist of
glycosylphosphatidylinositol-anchored proteins (GPI-APs), a high density of cholesterol that
contributes to a more “ordered” liquid phase (Lo), and sphingolipids98-101. When separated by
detergent, these components are insoluble. The reported size of rafts varies dramatically from 101000 nM in size102. Additionally, it is thought that these rafts might exist only briefly and transition
freely between both liquid orders. Some have used the lipid raft hypothesis to explain the immobile
fraction seen with most membrane proteins103. However, these studies often involve nonspecific
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cholesterol sequestration or depletion with harsh chemicals like filipin or methyl-β-cyclodextrin.
These treatments have given variable results that are confounded by the realization that they also
deplete cells of phospholipids not thought to be associated with lipid rafts. Still, advances in superresolution microscopy and other imaging techniques are being applied to better understand these
domains and their impact on membrane protein fucntion104.
The most convincing evidence of membrane organization of GPCRs is receptor
reorganization after stimulation. In ensemble studies, it has been shown that various GPCRs
cluster after stimulation, and that this clustering overlaps with CCPs. Clustering is mediated by
arrestin, and arrestin co-clusters in CCPs with many receptor types105. There have been several
studies characterizing diffusion behavior of single receptors after the addition of agonist. In one
study, β2AR and the adenosine 2A receptor (A2AR) showed no change in diffusion behavior upon
agonist stimulation, but interactions with G proteins occur more frequently in “hot spots” dictated
by actin and CCPs106. The type 3 metabotropic glutamate receptor (mGluR3) significantly slows
its diffusion rate after addition of agonist107. MOR has been shown to change spatial distribution
within the membrane after DAMGO, but not with morphine108. Whether this redistribution it related
to agonist induced clustering in CCPs is unclear.

Relating Diffusion to Function
As stated above, there is significant interest in designing drugs to drive divergent modes of
GPCR signaling. Functionally selective (or biased) ligands are a class of drugs designed to
produce specific cellular outcomes by selectively engaging downstream effectors. The most
common strategy to design functionally selective drugs is to activate either the G protein or the
arrestin pathway specifically. The aim for this class of drugs is to select for the molecular correlate
of the desired therapeutic effect while antagonizing the cellular response that leads to side effects.
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This strategy has already led to interesting results with therapeutic potential. For example, several
studies have shown that the MOR G protein signaling pathway leads to analgesia while the
arrestin pathway leads to respiratory depression109,110.
The revelation that GPCRs can compartmentalize in the plasma membrane suggests that
there are multiple populations at the cell membrane that could behave differently at any given
time. Furthermore, these compartments may be enriched in specific second messengers, or might
be somehow associated with the activation state of a given receptor. While disruption of actin
networks and lipid domains has led to variable and partial changes in diffusion behavior, addition
of agonists tends to produce robust organizational changes. These organizational changes are
typically related to interactions with arrestin, clustering in CCS and endocytosis. Thus, studying
the diffusion behavior of GPCRs after addition of agonist provides an excellent opportunity to
better understand not just the receptor membrane organization, but also the relationship between
GPCRs and arrestins.
Several recent studies have transformed how we think about arrestin-GPCR interactions. It
was originally thought that after GPCR signaling and phosphorylation, arrestin is recruited to the
membrane, binds receptor, and precipitates GPCR clustering in CCPs. We now know that arrestin
can come to the surface and remain activated after dissociating from GPCRs 111. Furthermore,
arrestin can remain at the surface and cluster in CCPs without GPCRs105. Together, these results
point towards multiple modes of arrestin-GPCR behavior that depends on the receptor type.

Summary
MOR, like many other GPCRs, is a critical pharmacological target. Despite common clinical
use in pain management for centuries, there have been minimal improvements in the
pharmacological profile of this class of drugs. In fact, we are now in a state of national emergency
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due to an explosion of opioid use and abuse. Still, there is a major need to treat pain, and opioids
are currently the most effective treatment, despite their clear problems. Understanding the
detailed mechanism of MOR signaling provides a distinct opportunity to rationally design drugs
with less side-effects. We now know that arrestin and G protein signaling pathways can lead to
different therapeutic and behavioral outcomes. Using single-molecule tracking, we can begin to
uncover

a

more

detailed

understanding

of

arrestin-dependent

GPCR

membrane

compartmentalization. With the knowledge that MORs can be differentially phosphorylated with
various agonists, it is plausible that MORs can also differentially reorganize in the membrane
depending on the agonist. Interestingly, MORs can internalize in dendrites, but not cell bodies in
medium spiny neurons, and this behavior is arrestin dependent112,113. Thus, there is evidence that
MOR function can be dictated by the specific cellular environment. Here we aim to use singlemolecule tracking to investigate the diffusion of MORs after agonist exposure to better understand
the arrestin-dependent trafficking events leading to endocytosis.
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Chapter 2. Density-Dependent Mu Opioid Receptor Function Revealed by Single-Particle
Tracking

Mu opioid receptors (MORs), members of the G protein-coupled receptor (GPCR) family, are
critical pharmacological targets. Understanding the mechanistic details of MOR signaling is a
fundamental step toward more effective treatment of physical and emotional pain and for
addressing the national opioid epidemic. Upon agonist binding, GPCRs activate G proteins and
are subsequently phosphorylated by GPCR kinases (GRKs), which enhances the recruitment and
binding of cytoplasmic arrestins to the receptor. Arrestin recruitment to the receptor has been
shown to “arrest” G protein signaling and to facilitate receptor endocytosis via clathrin-coated pits.
Arrestin can also initiate downstream signaling events independent of G proteins. Delineating the
multiple components of MOR function is of critical interest, as G protein signaling has been
associated with analgesia while components of arrestin signaling have been linked to tolerance
and respiratory depression, although this paradigm has recently been challenged. Here, we use
single-molecule tracking to describe MOR membrane diffusion and better understand endocytic
events after stimulation. By tracking individual MORs, we have revealed cell-context specific rules
for MOR immobilization and endocytosis and shown that these processes depend on receptor
density as well as the local availability of arrestin molecules. MOR immobilized in response to
DAMGO, but only when receptors are expressed at a high level. The receptor density effect can
be reproduced with the expression and co-activation of different GPCRs depending on their
affinity for arrestin. Additionally, the presence of a membrane-linked arrestin is sufficient to
promote immobilization of low levels of MOR in response to agonist.
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Single-Particle Tracking Reveals Multiple MOR Diffusion States
We have built a system for observing and characterizing the diffusion behavior of single
molecules in living cells. A combination of the application of established microscopy techniques,

A

B

Figure 2-1: Single-Molecule GPCR Expression System: A, Generation of stable GPCR
expressing cell lines. CHO cells express the tetracycline repressor protein. Genes of
interest can be routinely recombined into the custom generated FRT site within the CHO
genome. For single molecule expression, GPCRs are expressed under a crippled CMV
promoter. Modified Kozak sequence is shown. B, pcDNA5 low expression vector for SNAPfhuman Mu Opioid Receptor.

improved photophysical properties of fluorophores, and the development of a low expression cell
system has led to the ability to detect and track single molecules. Most commercially available
expression systems were designed to maximally increase expression levels for ensemble assays
or purification. To reduce expression levels to facilitate detection of single molecules, we explored
genomic incorporation strategies, various promoters, translational control elements, 3’
polyadenylation, and transcriptional repression. The gene encoding for the human full-length
MOR with an amino-terminally fused second-generation SNAPfast (SNAPf) -tag (New England
Biolabs [NEB]) (Figure 2-2B) was stably integrated into a custom Flp-IN CHO cell genome
expressing the tetracycline repressor protein (TetR) (Figure 2-1)114. The coding region of the gene
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begins with a start codon at the 5’ end of the metabotropic glutamate 5 (mGlu5) signal peptide.
While MOR does not traditionally require a signal peptide to traffic efficiently, the N-terminal fusion
of the soluble SNAPf-tag can disrupt trafficking to the cell membrane. The signal peptide is
ultimately cleaved after membrane insertion and before translocation to the plasma membrane.
Following the signal peptide sequence, and separated by a 2 amino acid linker, is the human
influenza hemagglutinin (HA) epitope tag. HA-tag serves as an alternative tagging strategy useful
in various ensemble assays. The SNAPf-tag is located 3’ to the HA-tag and is flanked by additional
short linkers. The human MOR gene directly follows the SNAPf-tag. The coding region of the gene
is preceded by a crippled CMV promotor that contains 2 TetR binding motifs (2XTO 2) that limit
transcription of the gene of interest when bound by TetR. Single-molecule levels of SNAPf-MOR
expression are achieved in four ways. First, the crippled CMV promoter decreases transcription.
Specifically, 159 3’ bases of the CMV are truncated, resulting in a 349-nucleotide modified CMV.
Second, the Kozak consensus sequence, nucleotide residues adjacent to the start codon that
control translation initiation, is suboptimal at the -3 and +4 positions (Figure 2-1A)115. Third, the
gene is recombined into a Flp-In site inserted into a region of the genome determined to yield low
expression. The CHO cell line was generated in-house by randomly incorporating the gene
encoding the flippase recognition target (FRT) (pFRT/lacZeo [Thermo Fisher Scientific])114. Under
antibiotic selection, ~50 clones were picked for further analysis. ~50 GPCR expressing cell lines
were generated by integrating the FRT containing constructs containing SNAPf-‘GPCR’ by Flprecombinase mediated recombination. Each clone was tested for fluorescent labeling in the
presence of tetracycline by flow cytometry, and cell lines that showed significant fluorescence
under induced conditions were further analyzed by fluorescence microscopy without induction.
Based on low basal and tetracycline inducible increases in expression, we ultimately picked a
single Flp-In cell line (CHO Flp-In TRex clone #32) allowing for rapid creation of multiple stable
cell lines with single-molecule expression when using our custom low expression vectors. Finally,
the CHO cell line expresses TetR, allowing both for the suppression of transcription in the absence
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of tetracycline (Low-MOR) and inducible expression useful for various ensemble and singlemolecule experiments (High-MOR). The final density of labeled receptors achieved without
induction is in the range of 0.1-0.5 particles/μm2 (Figure 2-2D).
The SNAPf-tag is a second-generation improved version of the NEB engineered SNAP-tag
optimized for labeling efficiency and reactivity. SNAPf-tag is a 182 amino acid mutant of the DNA
repair enzyme, O6-alkylguanine-DNA alkyl transferase. SNAPf-tags react covalently with diverse
substrates with benzylguanine (BG) derivative groups (Figure 2-2A)116,117. The SNAPf-tag system
has several advantages over other labeling system. It is smaller than most fluorescent proteins
like GFP (238 amino acids). It is smaller than quantum dots and does not require consecutive
labeling steps. SNAPf-tag can be labeled covalently within 30 minutes at 37°C.
Fluorescent ligands have also been used to study single GPCRs118. Fluorescent ligands do
not bind covalently, and they can stabilize GPCRs in a specific confirmation which could affect
the behavior of the receptor and prevent the use of additional ligands to probe function. There are
many commercially available SNAPf-tag (BG-) substrates from fluorophores to biotins. Organic
fluorophores offer a wide range of wavelengths with variable photophysical properties useful for
various applications including live-cell imaging and super-resolution microscopy. Additionally,
custom BG-substrates can be readily made with basic amine crosslinking chemistry. The BGorganic fluorophores used in this study were acquired through collaboration with Dr. Scott
Blanchard (Weill Cornell

Medical

College)

114

.

Briefly,

two triplet

state quenching

cyclooctatetraene (COT) groups were directly conjugated to the cyanine based Cy3 fluorophore
resulting in significantly increased quantum yield. The dyes were further improved with the
addition of electron withdrawing amide groups to each COT (AC). Cy3-AC (BG-LD555p) was
used throughout this study.
Single-molecule tracks were acquired on a custom total internal reflection fluorescence
microscope (TIRF)119,120. TIRF microscopy was a critical development for single-molecule
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capabilities121105. In our objective based TIRF system, cells are adhered to a glass coverslip and
placed on a high refractive index objective. The differing refractive index between the glass
coverslip and the solution above the coverslip allows for a critical angle to be achieved where light
directed to the coverslip is totally reflected back in to the objective. Total internal reflection results
in a thin evanescent excitation wave just above the surface of the coverslip equal to the
wavelength of the incident light. This thin evanescent field allows for the selective excitation of
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Figure 2-2: Imaging Single Molecules with TIRF Microscopy: A, SNAPf tags covalently bind
to ligand through benzylguanine. Incubation of SNAPf with benzylguanine linked Cy3-AC
fluorophore results in free guanine and B, Cy3-AC linked SNAPf. C, Objective based TIRF. CHO
cell on glass coverslip on microscope objective. Excitation light in green. Emission light in yellow.
D, Fluorescent spots corresponding to single SNAPf-MOR are shown as white puncta. A single
cell is at center, and a smaller region of a neighboring cell with higher receptor density is shown
at bottom.

fluorophores at or very near the cell membrane greatly reducing the background, which
simultaneous allows for an increased signal to noise ratio as well as a reduction in laser power,
resulting in longer fluorophore lifetimes and less damage to cells.
4000 frames of live cells were collected at a time resolution of 15 ms exposure per frame.
MOR was tracked and diffusion states were classified as described previously5,122.
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Tracking MOR reveals distinct populations of receptors based on diffusion behavior at a given
moment. While it is understood that biological systems function under the laws of
thermodynamics, many insights gained by ensemble studies are represented as static images of
single proteins because
the data are typically an
ensemble average of
the

signal

being

measured.

Tracking

single MORs in live cells
reveals a system in
constant

motion

varying

measurable

behaviors.
molecule
Figure 2-3: SNAPf-MOR Track Trajectories: A, Trajectory of a
SNAPf-MOR diffusing freely. Shown are the X and Y coordinates
of the sample area of this molecule over time. B, Trajectory of a
SNAPf-MOR molecule classified as immobile. C, Trajectory of a
molecule that exhibits multiple modes of diffusion behavior. This
molecule begins in an immobile state before transitioning to free
diffusion.

with

Singlemicroscopy

allows for the study of
not

just

individual

molecules,

but

populations

of

molecules

to

better

understand divergent behavior of membrane proteins. MORs primarily diffuse in free thermal
molecular motion termed Brownian motion (Figure 2-3A)123-125. However, there is also a significant
immobile component (Figure 2-3B). Additionally, MORs can transition between multiple modes of
diffusion (Figure 2-3C). These diffusion transitions are distinct from the previously described “hopdiffusion” between cytoskeletal fences, as the time resolution used here would not capture enough
frames to characterize the short lived (45 ms) domain residence time previously reported for
MOR80. While diffusion behavior of membrane proteins has classically been described using
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Mean Squared Displacement (MSD) analysis, MSD alone averages multiple modes of diffusion
behavior and fails to classify each mode separately. Alternatively, rolling window methods have
been used to calculate diffusion coefficients of track segments before assigning each segment to
a diffusion classification based on the diffusion coefficient. However, the accuracy of the
calculated diffusion coefficient depends on the length of the track. Thus, using the diffusion
coefficient to segment tracks could lead to inaccurate identification of diffusion mode transitions.
Here, we use the “divide and conquer moment scaling spectrum” (DC-MSS) method to first
segment tracks by classification before calculating the diffusion coefficient122. Briefly, a small
rolling window (11 frames) is used to identify transitions between diffusion modes using the
maximum pairwise distance (MPD) local movement descriptor. Diffusion coefficients and segment
classifications are then calculated for segments greater than 20 frames using MSS analysis.
Unclassified segments are then merged with adjacent segments as dictated by the DC-MSS
algorithm122.
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Figure 2-4: MOR Diffusion: A, MOR trajectories collected over the course of
one minute are segmented and characterized based on diffusion behavior.
Each segment is weighted by time and binned in one of four groups. For each
cell, all tracks are represented by four spots divided between diffusion
classification. Shown here are 4 different experiments with 35 total cells. B,
Diffusion coefficients for each state. C, Confinement radii for immobile and
confined states.

At low density, MOR exhibits three main modes of diffusion. MOR diffuses primarily freely
(54%) with the remaining trajectory fragments being classified as either immobile (20%) or
confined (22%). Additionally, a small “super-diffusion” component that diffuses in a directed
motion is observed (4%) (Figure 2-4A). Each diffusion state is characterized by a diffusion
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Figure
2-5:
Low-MOR
Diffusion + DAMGO: Shown
here
are
4
different
experiments with 35 total
cells. B, Low-MOR before and
after addition of DAMGO.
Immobile
and
confined
segments from (A) are
combined into a single
“immobile” plot. Red is
DAMGO treated cells. There
is no significant difference
between before and after
DAMGO treatment. Unpaired
t-test, p=0.8718

diffusion
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and
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immobile and confined track
segments are biologically
indistinguishable

in

this

work and are combined here
and

described

“immobile”.

As

as
stated

above, MOR undergoes endocytosis after stimulation. MOR endocytosis is preceded by
association with arrestin and clustering in clathrin coated structures (CCS) on the cell membrane.
Using single-molecule microscopy, we sought to characterize the changes in diffusion behavior
after agonism as single MORs interact with endocytic machinery on the way to internalization.
Our expectation was that even at low expression levels MOR would become more immobile after
addition of DAMGO as receptors associate with relatively immobile clathrin structures and that
we could for the first time track individual receptors as they go through the activation and
immobilization process.
Surprisingly, Low-MOR stimulation did not change the fraction of immobility after addition of
DAMGO (Figure 2-5). Given that MOR has previously been shown to cluster in immobile spots
overlapping with CCSs after DAMGO stimulation, this unexpected result led us to investigate the
functionality of SNAPf-MOR in CHO cells by other more traditional ensemble-based assays.
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Figure 2-6: MOR Clusters in Clathrin Coated Structures and Internalizes: A, Stable
SNAPf-MOR CHO cell induced with 1000 ng/ml tetracycline and treated with 1 μM
DAMGO. Left, clathrin light chain (CLC)-mNeonFreen clusters shown in green. Middle,
SNAPf-MOR clusters shown in red. Right, overlapping image showing overlapping spots.
B, Quantification of ensemble colocalization of MOR and CCSs. Unpaired t-test,
p=0.0074. C, ELISA of Low and High-MOR before and after 30 minutes 1 μM DAMGO.
Unpaired t-test p=0.0038.
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MOR Colocalizes with Clathrin Coated Structures and Internalizes
To validate the SNAPf-MOR CHO cell line, we sought to establish that MOR responds to
DAMGO by clustering in CCSs and internalizing. Our expectation of immobilization of single
MORs in response to DAMGO is based on previous observations of MOR clustering in CCSs
after stimulation126. To be consistent with previous work, we induced high expression with the
addition of tetracycline. Cells were also transfected with clathrin light chain (CLC) linked to the
fluorescent protein mNeonGreen. Consistent with previous work, High-MOR forms clusters and
colocalizes with CCSs after DAMGO treatment (Figure 2-6A, B). We also measured the surface
expression levels of MOR before and after DAMGO treatment. In an enzyme-linked
immunosorbent assay (ELISA), we were able to detect a significant decrease in MOR surface
expression after a thirty-minute DAMGO incubation when cells were induced (High-MOR).

Figure 2-7: SNAPf-MOR CHO Cells with Various Expression Levels and Labeling
Schemes: Left, Low-MOR uninduced and labeled with 500 nM Cy3-AC for 30 minutes,
37°C. Middle, High-MOR induced with 1000 ng tetracycline overnight and labeled with 500
nM Cy3-AC for 30 minutes 37°C. Right, High-MOR induced with 1000 ng tetracycline
overnight and labeled with 250 pM Cy3-AC for 30 minutes 37°C

Absorbance detected in the same assay from Low-MOR was not distinguishable from background
before or after stimulation (Figure 2-6C). Thus, MOR colocalizes with clathrin coated pits and
internalizes after agonist stimulation under high expression conditions. In the absence of data
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confirming the functionality of Low-MOR, we adjusted our methods to perform single-molecule
tracking diffusion analysis with High-MOR. By labeling High-MOR cells with 2000-fold less Cy3AC (250 pM), we were able to replicate the particle density achieved with fully labeled Low-MOR;
however, under the induced condition, there is an ~2,000-fold excess of unlabeled “dark” MOR
(Figure 2-7).
We then applied the same tracking and diffusion analysis to under-labeled High-MOR. Now
DAMGO significantly increased High-MOR immobilization from 31% immobile to 51% (Figure 28A). Notably, the immobile fraction is smaller under induced and underlabeled conditions. This
could be due to less non-specific labeling when using 250 pM Cy3-AC or that there is a fraction
of immobility that can be overcome by excess MOR. Single-molecule clathrin colocalization was
applied to determine the degree of MOR colocalization with CCSs. High-MOR colocalizes with
CCS after agonist stimulation, while Low-MOR does not (Figure 2-8B). A fraction of High-MOR
does not overlap with CCSs in both ensemble and single-molecule colocalization studies
suggesting incomplete labeling of native CCSs by the fluorescent protein or alternative MOR
associating domains. As discussed above, MOR internalization requires arrestin binding to the
phosphorylated C tail of MOR as blocking C-tail phosphorylation, inhibited internalization. To
further establish that immobilization is caused by endocytosis machinery, we applied the GRK2/3
inhibitor CMPD101 to High-MOR before adding DAMGO and analyzed diffusion. As predicted,
inhibition of GRK2/3-mediated phosphorylation prevented immobilization (Figure 2-8C).
Furthermore, mutating 11 C-tail serine and threonine residues to alanine (MOR-11S/T-A)

39

Figure 2-8: High-MOR Diffusion and Clathrin Colocalization: A, Diffusion analysis of
High-MOR induced with 1000 ng tetracycline overnight and labeled with 250 pM Cy3-AC.
Unpaired t-test p<0.0001. B, Underlabeled High-MOR and CLC-mNeonGreen
colocalization. One-way ANOVA with Dunnett test. C, High-MOR diffusion analysis after
30 minutes 30 μM CMPD101, 37°C. D, High-MOR11S/T-A diffusion analysis.

prevented immobilization in response to DAMGO (Figure 2-8D). Thus, at high levels of
expression, MOR immobilization occurs, as expected, under conditions that promote
40

internalization and engagement with the endocytosis machinery. One might have expected that
Low-MOR would more readily immobilize after DAMGO given the relative stoichiometric excess
of arrestin and other internalization-promoting interacting molecules. However, it appears that
there is a receptor density threshold for engagement with endocytosis machinery. By simply
increasing the amount of MOR without changing the expression of other internalization promoting
proteins enhances the endocytosis process, despite the fact that we are creating a less favorable
ratio between receptor and arrestin.
As mentioned above, several recent studies have described unexpected behaviors of arrestin
at the cell membrane after GPCR stimulation. Previously, it was demonstrated that arrestins
undergo conformational changes after GPCR stimulation127,128. These conformation changes
correlate to receptor association as well as arrestin-mediated signaling like ERK activation129.
Recently, it was shown that arrestin can remain at the surface and remain in an active
conformation after dissociating from GPCRs111. This suggests that the interaction with GPCRs
can be transient, and that arrestin can continue to reside at the membrane in an active
confirmation after dissociation. Building on this and other work, Eichel et al., identified two
mechanisms by which arrestin can be recruited to the membrane and cluster in CCSs. The
“scaffolding” mechanism requires tight interaction between arrestin and receptor. This tight
interaction leads to arrestin and receptor co-clustering in CCS. The authors also identified a
“catalytic” mechanism by which arrestin can be recruited to the membrane and remain there after
dissociating from a weak affinity GPCR before clustering in CCSs independently of the stimulated
GPCR105. While class B arrestin interacting GPCRs may exhibit “pure” arrestin scaffolding
behavior, Class A GPCRs might vary in their likelihood to cluster, as two class A GPCRs, β1 and
β2ARs, behaved differently in this work. Indeed, the probability that class A arrestin interacting
GPCRs cluster in CCSs likely depends on the inherent GPCR-arrestin affinity, which could, in
turn, depend on the ligand. Interestingly, while β2AR did cluster in CCSs with arrestin, there was
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a stoichiometric excess of arrestin in CCSs relative to β2AR. These results were interpreted as
an innate feature of arrestin involving a lipid interaction that allows arrestin to remain at the
membrane after dissociation from receptors. Building on these observations, we suspect that an
arrestin that is recruited to the surface and dissociates from β2AR might re-associate with multiple

Figure 2-9: Density Dependent Recruitment of Arrestin and MOR Immobilization:
Above, activated Low-MOR (a class A arrestin interacting GPCR) does not form long
lasting interactions with arrestin due to a relatively low affinity. Immobilization, in this case,
does not occur due to a low rate of MOR occupancy by arrestin. Below, activated HighMOR can recruit more arrestin to the surface creating a high density of arrestin that can
bind multiple MORs consecutively. MORs are more likely to translocate to CCS due to an
increased frequency of arrestin interactions.

receptors if there are activated receptors in close proximity. Thus, β2AR might partially scaffold
arrestin and co-cluster in CCSs while also catalyzing arrestins to the cell surface. Implicit in this
finding is that the amount of receptor in a cell can affect the amount of arrestin catalyzed to the
surface.
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In the work presented here, Low-MOR might fail to immobilize due to a lack of sufficient
arrestin recruitment to the cell surface. High-MOR might immobilize in response to DAMGO by
catalyzing arrestin to the surface where an increased local arrestin density increases the
frequency of MOR-arrestin interactions and ultimately leads to more efficient trafficking to CCSs
and subsequent immobilization (Figure 2-9).

GPCR Co-expression
If MOR immobilization can be achieved by reaching a receptor density sufficient to recruit and
catalyze arrestin to the surface of the membrane, then other GPCR types might facilitate LowMOR immobilization by increasing the membrane concentration of arrestin upon their costimulation. From the work of Eichel et al., and others, we know that different receptor types have
various affinities for arrestin, and that this affinity can affect the membrane organization of both
receptors and arrestins after stimulation105. Depending on the affinity for arrestin, other coexpressed GPCRs could either facilitate or inhibit Low-MOR immobilization, by recruiting and
releasing arrestin to raise its concentration near the cell surface or tightly binding and depleting
free arrestin at the cell surface, respectively. We would expect that stimulating class A arrestin
interacting GPCRs would increase the amount of free arrestin at or near the cell membrane and
enhance Low-MOR immobilization in response to DAMGO. Conversely, Class B arrestin
interacting GPCRs would recruit arrestin to the membrane but bind tightly and sequester it away
from both Low-MOR and High-MOR.
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Figure 2-10: Low-MOR Diffusion with GPCR Co-expression: A, Diffusion analysis of
Low-MOR with transfected Halo-β2R. 250 ng with Halo-β2AR was transfected and cells
were selected based on fluorescence in the Halo labeled channel. Cells were treated
with 1 μM DAMGO and 10 μM Isoproterenol for 30 minutes. Unpaired t-test p<0.0001.
B, Diffusion analysis as in (A), but with Halo-D2s transfected. Cell were treated for 30
minutes with 1 μM DAMGO and 10 μM quinpirole. Unpaired t-test p<0.0001. C, Diffusion
analysis as in (A) and (B), but with Halo-V2R transfected Unpaired t-test p=0.0008. Cells
were treated for 30 minutes with 1 μM DAMGO and 10 μM AVP. D, Diffusion analysis
of induced High-MOR (1000 ng/ml tetracycline). Cells were treated for 30 minutes with
1 μM DAMGO and 10 μM AVP.
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To determine whether other receptors can affect the DAMGO induced immobilization
response of Low-MOR, we transfected the cells with either class A or class B arrestin interacting
GPCRs. Transfected GPCRs were conjugated to the fusion peptide “HaloTag” encoded at the N
terminus130. Transfection was verified by labeling cells with HaloTag ligand JF646 and selecting
cells showing fluorescence in the red wavelength131.

Indeed, the class A arrestin interacting

GPCR β2AR enhanced DAMGO induced Low-MOR immobilization when co-expressed and costimulated with isoproterenol and DAMGO (Figure 2-10A). The immobilization effect is even
greater with Dopamine D2 receptor (D2R) co-expressed and co-stimulated with quinpirole and
DAMGO (Figure 2-10B). The difference in Low-MOR immobilization in the presence of β2AR and
D2R could be due to varying arrestin affinities between the two receptors. Importantly, each of
these two co-expressed GPCRs couples to different Gα subunits. Thus, the mechanism is not Gα

Figure 2-11: Co-expression of GPCRs Leads to Arrestin Sharing and MOR
Immobilization: Above, activated Low-MOR (a class A arrestin interacting GPCR)
does not form long lasting interactions with arrestin and does not immobilize. Below,
co-expressed and activated GPCR (β2AR) can recruit arrestin to the surface creating
a high density of arrestin that can interchange between GPCR subtypes and facilitate
Low-MOR immobilization.
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subtype dependent, as both Gαs and Gαi coupled GPCRs enhance Low-MOR immobilization
when co-expressed and co-stimulated. To confirm that C-tail phosphorylation was necessary for
co-expression induced immobilization, β2AR was co-expressed in Low-MOR-11S/T-A cells
(Figure 2-12). β2AR stimulation-induced immobilization of Low-MOR-11S/T-A in response to
DAMGO was substantially less than wildtype Low-MOR (Figure 2-10A).
The vasopressin ArgV2 receptor (V2R) is a class B arrestin binding GPCR that binds arrestin
with high affinity. When co-expressed and co-stimulated with arginine vasopressin (AVP) and
DAMGO, Low-MOR is immobilized to a lesser degree (Figure 2-10C). Furthermore, V2R
stimulation prevents High-MOR immobilization (Figure 2-10D). Thus, a class B arrestin interacting
GPCR acts to block immobilization and internalization of MOR by sequestering arrestin required
for accumulation of receptors in CCSs.
GPCRs have previously been shown to affect the internalization of other GPCR subtypes.
For example, Dopamine D1 and D2 receptors were shown to co-internalize after stimulation132.
Additionally, DOR was
shown to immobilize in
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interpreted as evidence of GPCR heterodimers. In the heterodimer mechanism, one receptor is
stimulated by agonist and in the process of trafficking to CCSs “drags” other GPCRs by a physical
interaction at a dimeric interface. While it is tempting to interpret the above data as evidence of
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dimers, β2AR immobilization MOR is substantially reduced when phosphorylation residues are
mutated to alanines, indicating that this is not a heterodimer mechanism as it requires a receptor
capable of itself being internalized if provided with sufficient access to the endocytosis machinery.
Furthermore, the ability of a GPCR to facilitate or prevent immobilization depends on the inherent
affinity of that receptor to arrestin, as the high arrestin affinity receptor V2R prevented High-MOR
immobilization and the lower affinity arrestin binding GPCRs β2AR and D2R enhanced Low-MOR
immobilization. Indeed, other work has demonstrated GPCR internalization inhibition by other
GPCR subtypes. Specifically, the class B arrestin interacting GPCR Neurokinin 1 receptor (NK1R)
was shown to inhibit endocytosis of MOR. Inhibition in this case was overcome with the addition
of arrestin134, consistent with our proposed mechanism of depletion of unbound arrestin and not
with formation of a dimer. Thus, while much work has attributed GPCR endocytosis crosstalk to
receptor heterodimerization135,136, the work described here offers an alternative means by which
GPCRs can interact through arrestin sharing (Figure 2-11) or sequestration.
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Figure 2-13: Co-expressing a Membrane-Linked Arrestin Facilitates Low-MOR
Immobilization: Above, activated Low-MOR (a class A arrestin interacting GPCR)
does not form long lasting interactions with arrestin and does not immobilize. Below,
HaloTag-arrestin3 with myristoylation and palmitoylation (Myr-PA) sites encoded on
the HaloTag allow for increased surface density of arrestin which allows for increased
frequency of interactions, thereby facilitating Low-MOR immobilization.

MOR Immobilization Occurs with co-expressed surface tethered arrestin or GRK2
We hypothesized that MOR interacts with arrestin transiently and can be directed to CCSs
and immobilized when a sufficient level of arrestin is catalytically recruited to the cell surface.
While Low-MOR is not immobilized by DAMGO, we have shown that recruitment of sufficient
arrestin to the surface can be achieved either by increasing the surface density of MOR or by coexpressing and activating other GPCR types that transiently interact with arrestin and “share”
activated arrestin by recruiting and releasing it, thereby raising the concentration of arrestin at the
cell surface where it can rebind neighboring receptors. High-MOR and co-expressed GPCRs at
the cell surface recruit arrestin to the surface creating an “affinity sink” where arrestin remains
membrane-associated through recurrent interactions with multiple activated GPCRs. This
48

catalytic mechanism of arrestin recruitment results in an elevated membrane density of arrestin
through which weak MOR interactions become more frequent and more productive, ultimately
resulting in MOR trafficking to CCSs. To directly test the role of increased membrane-associated
arrestin in MOR immobilization, arrestin with a myristoylated and palmitoylated HaloTag that
anchors it to the cell surface independently of receptor activation (myr-pa-arrestin) was introduced
to Low-MOR cells that previously had not shown a MOR diffusion change in response to DAMGO.
Under these conditions Low-MOR immobilized in response to DAMGO, confirming that MOR

Figure 2-14: Low-MOR Diffusion with Myr-Pa-Arrestin or GRK2: A,
Diffusion analysis of Low-MOR with transfected Myr-Pa-HaloTag-Arrestin3.
250ng with Myr-Pa-HaloTag-Arrestin3 was transfected and cells were
selected based on fluorescence in the Halo labeled channel. Cells were
treated with 1 μM DAMGO. Unpaired t-test p<0.0001. B, Diffusion analysis as
in (A), but with Halo-GRK2 transfected. Cell were treated for 30 minutes with
1 μM DAMGO. Unpaired t-test p<0.0001.

immobilization and internalization is enhanced by the increase in surface arrestin, which can be
achieved by membrane-tethering arrestin, increasing surface MOR, or stimulating co-expressed
GPCRs (Figure 2-14A).
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Inherent to the arrestin-dependent MOR immobilization observed thus far is the affinity of
MOR to arrestin. As noted above, MOR can interact with arrestin with varying affinity depending
on the agonist used. This affinity difference reflects a difference in MOR phosphorylation
efficiency by GRKs. For example, morphine was shown to selectively phosphorylate serine375,
while DAMGO robustly phosphorylates the

370

TREHPSTANT379 and weakly phosphorylates

354

TSST357 residues68. We next sought to determine if Low-MOR could become efficiently

immobilized if phosphorylation efficiency was enhanced. Low-MOR immobilized in response to
DAMGO when GRK2 was co-expressed (Figure 2-14B). Still, it is not known whether
immobilization in the presence of GRK2 is simply due to enhanced MOR phosphorylation in
response to DAMGO in both low and high expression, or whether Low-MOR is uniquely poorly
phosphorylated. One could imagine GRK2 behaving similarly to arrestin in that the more receptor
available at the surface, the more GRK2 is able to be recruited to the surface creating a GRK2
affinity sink as well. In the GPCR co-expression experiments, it could be that transphosphorylation
between receptors also contributes to the ability of other receptor types to enable Low-MOR
immobilization. In fact, the concept of transphosphorylation has been described previously137. The
Neuropeptide FF2 receptor (NPFF2) was shown to phosphorylate residues on MOR when coexpressed and stimulated without stimulation of MOR. Moreover, the extent of phosphorylation
was shown to be similar to DAMGO alone. Interestingly, NPFF stimulation did not promote
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internalization. The transphosphorylation described was attributed to GPCR heteromerization.
Here we propose a different mechanism in which no physical interaction between receptors is
necessary. Instead, activation of receptors relocates second messengers to the cell membrane
where they can be shared within and between receptor types.
Interestingly, a lack of phosphorylation can be overcome by the addition of myr-pa-arrestin
(Figure 2-15A). High-MOR in the presence of CMPD101 does not immobilize after DAMGO
treatment, nor does Low-MOR alone. However, Low-MOR does immobilize in response to

Figure 2-15: Low-MOR Diffusion Change Without Phosphorylation: A, Diffusion analysis of
Low-MOR with transfected Myr-Pa-HaloTag-Arrestin3. 250 ng with Myr-Pa-HaloTag-Arrestin3
was transfected and cells were selected based on fluorescence in the Halo labeled channel.
Cells were incubated for 30 minutes with CMPD101 before treatment with 1 μM DAMGO.
Unpaired t-test p<0.0001. B, Diffusion analysis as in (A), but with Halo-GRK2 transfected. Cell
were treated for 30 minutes with 1 μM DAMGO. Unpaired t-test p<0.0001.

DAMGO in the presence of CMPD101 if myr-pa-arrestin is present (Figure 2-14B). Similarly, Low51

MOR-11S/T-A immobilizes in response to DAMGO in the presence of myr-pa-arrestin. Thus, a
weak affinity to arrestin is sufficient to immobilize activated MOR if arrestin is in abundance at the
cell surface. This also implies that there is a phosphorylation independent affinity of arrestin to
activated MOR. While GPCR core engagement by arrestin has been shown in structure studies,
the degree to which core and other arrestin-GPCR interactions contribute to trafficking and
signaling is yet unknown46,138.

Summary
MORs like other GPCRs undergo endocytosis after G protein signaling and arrestin
recruitment. Endocytosis begins with the phosphorylation of residues primarily on the C-tail of
MOR by GRKs. The phosphorylated C-tail acts as a natural ligand for arrestin which translocates
to the membrane, binds to receptor, and becomes active. Activated arrestin can signal through
ERK and Akt pathways. Arrestins ultimately aggregate in CCSs. The ability of arrestins to cocluster in CCSs depends on the affinity of the phosphorylated C-tail to the arrestin. Here we
introduce an additional component that contributes to the likelihood of GPCR translocation to
CCSs. The efficiency of MOR immobilization and internalization depends on the availability of
arrestins at the cell membrane. By increasing the density of arrestin to the cell membrane, by
increasing the density of arrestin ligand (phosphorylated MOR C-tail), MOR-arrestin interactions
become more frequent. The increased surface density of arrestin can also be achieved by the coexpression of other GPCR types, but only if the GPCR introduced has a low affinity for arrestin.
The concept of arrestin sharing between GPCR subtypes is described here for the first time.
GPCRs can also work to block endocytosis of other GPCRs by scavenging arrestin. Ultimately,
receptor crosstalk and receptor density work through increasing the availability of second
messengers. The addition of surface tethered arrestin or GRK2 can promote immobilization.
Furthermore, the addition of surface tethered arrestin can enhance immobilization even in the
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absence of sufficient phosphorylation. The interaction lifetime of GPCR to arrestin is yet unknown.
Additionally, the interaction lifetime required to drive GPCRs to CCSs, is unexplored. Using singlemolecule tracking we are able to observe MORs engagine in divergent diffusion behavior at any
given moment. Determining whether or not MOR and arrestin interact in mobile or immobile spots
and whether or not these arrestins signal differently depending on their membrane environment
is of critical interest. In highly compartmentalized cells like neurons, one could imagine different
densities of receptors and second messengers in different structures and compartments. In
dendritic spines, there might be higher densities of GPCRs relative to axon terminals resulting in
different trafficking responses to agonist. Indeed, it has been shown that MOR internalizes in
dendrites, but not in axon terminals in response to morphine112. Additionally, GPCRs are highly
co-expressed across the brain, and many GPCR subtypes can occupy the same neuron139,140.
Here we demonstrate a mechanism by which one GPCR can potentiate or blunt the response of
another GPCR type. This may be of critical interest in native cells.
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Chapter 3. CRISPR-Cas9 for Primary Neuronal Cultures
While the insights gained by tracking single GPCRs in CHO cells have yielded unprecedented
insight into the biophysical properties and general mechanisms of GPCR organization in cell
membranes, the GPCR neurotransmitter receptors studied here are not in their native
environment, neurons. Neurons are highly compartmentalized and structured cells. In addition to
differential lipid membrane compartments, actin structures, and endocytic machinery, neurons
have several other features that would likely affect the diffusion and trafficking of GPCRs. Given
the importance of GPCRs as drug targets and our finding that GPCR function depends on cell
context, we sought to extend our single-molecule tracking methods to study GPCRs in neurons.
The aim of this work is to generate primary neuronal cultures and track native GPCRs in their
native cell types. Using CRISPR-Cas9 we have generated three mouse lines with fusion tags
inserted at the N termini of two different GPCRs, MOR and D2R. Additionally, methods for
generating primary cultured medium spiny neurons for TIRF microscopy were optimized. These
new tools will be the basis for building an understanding of GPCR diffusion regulation in neuronal
cell membranes before and after agonist.

Neurotransmitter Receptor Membrane Organization
Neurons are highly structured cells141. While neurons vary widely in size, morphology,
function, and location, a typical neuron has a cell body (soma), dendrites, and an axon terminal142.
The polarity of neurons contributes to efficient compartmentalization of various signaling
events141. Neurons are the functional units in the brain and, as such, facilitate the rapid
transmission and storage of information necessary for various functions, such as sense,
movement, and the execution of complex social behaviors. With 86 billion neurons, the need for
rapid information transmission with high precision requires a sophisticated information transfer
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scheme that includes spatial segregation of signaling events143. To achieve compartmentalized
signaling, neurons transmit information through synapses. Synapses refer to a structure that

Figure 3-1: GPCRs in the Synapse: Above, Axon terminal
of one neuron (above, left) forms a chemical synapse with
another neuron (above, right). Zooming in (right), we see a
presynaptic terminal with neurotransmitters in vesicles.
Upon stimulation, vesicles fuse to the cell membrane, in a
calcium-dependent manner, releasing neurotransmitter
into the synaptic cleft. Neurotransmitter receptors on the
postsynaptic cell detects extracellular neurotransmitter and
relays the signal in to the cell. GPCRs can modulate either
neuron in the synapse.

bridges the extracellular space between two neurons usually between axon terminals and
dendrites or soma (Figure 3-1). Depolarization of a neuronal cell membrane occurs upon arrival
by an action potential that initiates the opening of voltage-gate calcium channels. The increased
calcium transient stimulates synaptic vesicle release from an “active zone” at presynaptic
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terminals144. Neurotransmitter is then released into the synaptic cleft, the space between the two
neurons. While this well-defined fast synaptic transmission describes some synapses like
glutamate, other neurotransmitter release, like dopamine transmission, occurs less at active
zones and is more widespread at release sites.
Neurotransmitter receptors on the post-synaptic neuron detect the neurotransmitter and relay
the signal in various ways. While ionotropic neurotransmitter receptors open channels allowing
for the flow of ions across the membrane, GPCR neurotransmitters can initiate diverse molecular
signaling events without the passage of ions or molecules across the membrane. GPCRs are
concentrated in post synaptic densities of synapses but can also be expressed presynaptically
where they can regulate neuronal activity, vesicle fusion and neurotransmitter release,
neurotransmitter

synthesis,

and

neurotransmitter

clearance

from

the

synaptic

cleft

(reuptake)145,146.
The importance of the dynamic nature of the synapse came into clearer view with the study
of synaptic plasticity147. Learning involves the strengthening of synapses to reinforce a specific
connection between neurons. The strengthening of the synapse was shown to involve the
insertion of ionotropic glutamate receptors into the postsynaptic membrane from intracellular
compartments148. Insertion of more receptors into the postsynaptic membrane increases the
sensitivity of the synapse and the probability of the cell to fire an action potential. More recently,
lateral diffusion of receptors into the synapse has been explored as an additional mechanism of
plasticity149,150. Using single-molecule tracking, ionotropic glutamate receptor α-amino-3-hydroxy5-methyl-isoxazolepropionic acid receptors (AMPA receptors) were shown to cluster in immobile
nanodomains within the synapse in areas populated with the PDZ domain aggregating postsynaptic density protein, PSD95151. Notably, disruption of these clusters by PSD95 shRNA knockdown decreased excitatory postsynaptic currents. Outside of the postsynaptic nanodomains,
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AMPARs diffused more freely. Furthermore, the dwell time of AMPAR within nanodomains was
shown to decrease in the presence of glutamate152.
The membrane organization of GPCRs at the synapse has been little explored by singlemolecule tracking153-155. In hippocampal pyramidal neurons, it was shown the adenosine 2A
receptor (A2AR) diffuses in two modes, immobile and confined. A2AR shifts to immobile diffusion
with the addition of agonist, but only if the C-tail is intact154. These results are consistent with the
work outlined in chapter 2 describing MOR immobilization in response to agonist in CHO cells in
a C-tail phosphorylation dependent manner. The authors go on to identify an interacting protein
comprised of the SH3 domain and guanylate kinase domain of synapse-associated protein 102

Figure 3-2: GPCR Dynamics at the Synapse: Schematic of a post
synaptic density. GPCRs can change the strength of a synapse by entering
or leaving the post synaptic density. The importance of neurotransmitter
receptors entering the synapse from intracellular stores has been well
characterized, but only recently has the importance of lateral diffusion into
the post synaptic density become clearer. Diffusion behavior of GPCRs at
the synapse is little studied.

(SAP102) important for A2AR immobilization by agonist. In another study, dopamine D1 receptor
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(D1R) was shown to interact with the glutamate N-methyl-D-aspartate receptor (NMDAR) in
hippocampal pyramidal neurons155. Both receptors tend to co-cluster in synapses, and stimulation
of one receptor can affect the spatial organization of the other. Thus, the diffusion of GPCR
neurotransmitter receptors is highly regulated in neurons in order to modulate synaptic
transmission. GPCR mobility can be altered in neurons by stimulation, but the mechanisms
controlling immobility may involve interacting proteins enriched in postsynaptic densities (or
presynaptic active zones) that are not present in CHO cells. We have demonstrated a mechanism
of GPCR subtype interactions in CHO cell that involves the influence of diffusion behavior and
membrane organization. Understanding interactions between native receptors in native cells will
have further reaching implications as we begin to consider disease states.
Like MOR, D2Rs are critical GPCR pharmacological targets. The dopamine system controls
reward, motivation, and locomotion. Additionally, dopamine related psychiatric disorders, like
schizophrenia, are a major burden to society. Schizophrenia is a debilitating psychiatric illness
affecting one percent of the United States population. Symptoms include delusions,
hallucinations, disorganized speech and paranoia. These symptoms, and others, are extremely
disruptive to maintaining social relationships and sustaining meaningful vocation. The revelation
that clinically used antipsychotics affect dopamine receptors came decades after their clinical use.
Dopamine storage and release are increased in the striatum of patients, and there is a small but
consistent increase in D2R levels in this region. Together, these results suggest that increased
D2R signaling contributes to psychosis in schizophrenia patients. Despite the early implications
of D2R in schizophrenia, only marginal subsequent improvements in treatment have been made.
Thus, understanding the spatial organization and receptor availability of D2R at the synapse
could have implications for psychiatric disease. Here we aim to apply single-molecule tracking
methods developed to study GPCRs in CHO cells to neurons with the initial focus on D2R in
striatal medium spiny neurons.
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Strategy for Visualizing GPCRs in Neurons
Studies attempting to visualize neurotransmitter receptors in neuronal cultures have typically
involved delivery of exogenous genes by viral or non-viral methods. In utero electroporation has
emerged as the preferred method of single-molecule tracking studies for many groups likely due
to gene delivery efficiency and that neurons are better able to recover for longer in their native
environment resulting in healthier cells for live cell imaging as opposed to other ex utero methods
like lipofection or viral infection. Still, in utero electroporation requires a difficult surgical procedure,
and special equipment. If successful, a DNA plasmid containing the tagged gene of interest is
introduced to the embryo. In single-molecule tracking studies, GFPs are often conjugated to the
gene of interest and labeled with quantum dot-linked antibodies. There are drawbacks to this
method. First, this is a time-consuming method that requires repetition throughout a study since
a transgenic mouse is not created. Second, the delivered exogenous gene could be processed
differently than the native gene in terms of post-translational modifications and trafficking. Third,
the introduction of an exogenous gene may alter the expression levels of the gene of interest and
other associated proteins. Finally, antibodies and quantum dots together are a large modification
and can alter the diffusion behavior of membrane proteins156.
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Figure 3-3: CRISPR-Cas9 to Generate SNAPf tagged Dopamine D2 Receptor in Mouse: A,
CRISPR-Cas9 works as an RNA protein complex called a ribonucleoprotein (RNP) complex. The
RNA is made up of two components, a variable recognition sequence (crRNA) and a universal
sequence (tracrRNA) that forms a complex with Cas9. Typically, the two RNAs are joined as one
sgRNA. The 5’ end of the sgRNA contains ~20 complimentary nucleotides to the target genome
DNA. For Cas9, the 20-nucleotide target region is directly 5’ of a protospacer adjacent motif (PAM),
NGG. If recognition is successful, a double strand break is made (red line). B, Our experimental
design. A double strand break will be made near the start codon of the dopamine D2 gene (exon
2). Double strand breaks can be repaired either by non-homologous end joining, or homology
directed repair (HDR). Introducing ssDNA with homology arms corresponding to either side of the
double strand break initiates HDR. C, We aimed to use HDR to introduce an HA-Tag and a SNAPfTag to the N terminus of the D2 gene. D, Ultimately, we wish to recreate the system we have used
in CHO cells to image single GPCRs in neurons.
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Still, studies using this method have yielded important results with major implications to our
understanding of synaptic plasticity. Very little work has been done in this area with GPCRs.
Having built a strategy for imaging single GPCRs in CHO cells, we sought to recreate the system
we built in CHO cells in primary neurons. As discussed above SNAPf-tag and HaloTag have
several preferred properties making them ideal for fluorescence microscopy in cell biology.
Fluorescent dyes conjugated to reactive groups corresponding to each tag bind with fast kinetics
and high specificity. The reactive groups can be conjugated to diverse fluorophores of various
color and photophysical behavior allowing for experimental flexibility. Organic fluorophores are
smaller than quantum dots and blink less. Additionally, new methods in chemistry have yielded
fluorophores with much improved quantum yields114,131.
We began this study by targeting the gene encoding the dopamine D2 receptor. CRISPRCas9 has revolutionized genome editing and generation of transgenic animals157,158. Briefly,
CRISPR works with three components159. First, CRISPR RNAs (crRNA) are ~20 nucleotide
sequences that act as a recognition site to the targeted region where the modification is to be
made. crRNA can recognize either the sense or the antisense strand but is directly 5’ of a
“protospacer adjacent motif” (PAM) encoded by “NGG” for Cas9. The crRNA is often conjugated
to the trans-activated CRISPR RNA (tracrRNA) that binds to the second component necessary
for CRISPR, CRISPR associated protein (Cas). These RNAs together are often referred to as
single-guide RNAs (sgRNAs). The second component, Cas9, works with the combined sgRNA to
form a ribonucleoprotein complex (RNP) and act as a DNA endonuclease enzyme to make a
double strand break three nucleotides 5’ of the PAM sequence (Figure 3-3A). The third
component is a DNA repair template that has two homology arms, corresponding to either side of
the double strand break, which flank the gene modifying piece of DNA (in our case a fusion protein
tag insertion). To generate a knock-in mouse, all three components are injected into fertilized
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mouse eggs, which are then implanted in a pseudo pregnant female mouse. Mouse pups are
genotyped by PCR.

Generation of a SNAPf-D2R Mouse
With the goal of inserting a SNAPf-tag construct (signal peptide—linker—HA-tag—linker—
SNAPf-tag) at the beginning of the gene encoding for the N terminus of the native D2R, we
designed several guide sgRNAs and tested the cutting efficiency in vitro (Figure 3-4). Four guides
were generated using the Massachusetts Institute of Technology offered CRISPR Design Tool
(guides 1-4) 159 while the other 4 were created with the CRISPRscan design tool (guides 5-8)160.
All guides cut the target DNA to some degree, but 3 were chosen as the best candidates (guides
3,7, and 8). While, some validate cutting efficiency in cells after validation in vitro, we reasoned
that cutting efficiency often depends on local genomic DNA tertiary structures that varies between
species. Cutting efficiency in cells may not be comparable to efficiencies in mouse. Thus, we
moved straight to fertilized egg injections with the help of the Columbia University transgenic core
facility.
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Figure 3-4: CRISPR-Cas9 In vitro Digest to Test sgRNA Cutting Efficiency. A, 8
guides were designed using two different online platforms. Generally, guides are
evaluated for cutting efficiency and off-target activity and scored accordingly. The top
4 guides were chosen from each online tool. B, Lane 1 is a molecular weight marker,
Lane 3 and 4 are target DNA and target DNA + Cas9 (no sgRNA) negative controls.
Lanes 5-12 are target DNA + RNP with various sgRNAs. Top bands correspond to
uncut target DNA. Bottom two bands are cut DNA, the molecular weight of which
would add up to the weight of the top band. All guides cut to some degree. Guides 3,
7, and 8 had the strongest cutting efficiency. Guide 7 is a strong cutter and is the
closest of the best cutting sgRNAs to the start codon.

We attempted three consecutive strategies for generating a double strand break and for gene
insertion with the repair template before succeeding. The first strategy involved the use of sgRNAs
and ssDNA generated in-house and did not result in any insertion of the donor template. The
second strategy of using duplexed crRNA and tracrRNA commercially bought from Integrated
DNA Technologies (IDT) and a circular plasmid of the donor template yielded random
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incorporation. Finally, guide 7 sgRNA purchased from Synthego modified with a 5’ cap that
protects the RNA from degradation and purchasing megamer ssDNA from IDT with 200 bp and
100 bp homology arms resulted in three potential founders confirmed by PCR genotyping (Figure
3-5). Through the course of this work, our strategy was informed by other projects at the Columbia
University transgenic core facility, in conversation with a company collaboration “Applied Stem
Cell”, and through other advances in the field161,162. Two of the founder mice were transferred for
breeding, and one founder gave birth to pups that became a colony.
Critically, CRISPR modifications can result in incomplete gene editing in the form of
heterozygous or mosaic animals. If gene editing occurs in a single cell fertilized egg, either one
or both genes will be edited. If the modification occurs after cell division, a fraction of the genes
and cells will carry the mutation, and it is not guaranteed that the genetic modification will be in
the germline. Gene transmission between generations of animals is a critical evaluation of the
success of a transgenic animal generated by CRISPR.

Figure 3-5: SNAPf insertion validated by PCR: Tails from 14d mouse pups
were genotyped by PCR. Lane 2 is a positive control. Lanes 3-8 are 6 different
mouse pups from a single litter. 3 mice were positive for the insertion and 2
were of the correct molecular weight.
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Validation of SNAPf Insertion
The expression of the SNAPf-HA insertion was evaluated by slice immunohistochemistry.
Coronal slices from wild-type and SNAPf-D2 animals were collected by live brain slicing. Slices
were either incubated with BG-Cy5-AC and fixed or fixed and permeabilized and incubated with
anti-HA or anti-D2 antibody (Figure 3-6). Wild type striatum showed D2 staining, but no HA or
SNAPf staining. SNAP-D2 striatum showed D2 staining and substantial HA staining relative to
wild type. There was clear SNAPf staining in the SNAPf-D2 animal despite a relatively weak
signal. Thus, SNAPf-HA was successfully incorporated into the mouse genome and is expressed
in the anticipated region of the brain.

Figure 3-6: Mouse Striatal Immunohistochemistry and SNAPf labeling: SNAPf-D2 mouse
and (above) and wild type mouse (below) sections. Live coronal sections were collected and
either stained for BG-Cy5AC (left), HaTag (middle), or D2R (Right). Positive signal was seen for
SNAPf, HA, and D2 for sections from the SNAPf-D2 mouse. Wild type mice only showed positive
staining for D2. BG-Cy5-AC signal in striatum is only slightly higher than cortex for the SNAPfD2 mouse. Signal to noise could be improved with optimized labeling conditions. Difference in
brightness was not interpreted as difference in expression level as various slices in the same
labeling conditions showed various degrees of intensity.
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Primary Culture
To image single D2Rs or MORs in neurons, we plan to culture primary neurons expressing
each GPCR. As mentioned above, MSNs express both D2R and MOR, so we first sought to
develop methods to culture healthy MSNs for TIRF microscopy. While culturing primary neurons
is

a

routine

Figure 3-7: Striatal-Cortical Co-Cultures: DIV-4 Cultured primary
neurons adhered directly to coverslips. Potential Medium Spiny Neurons
are indicated by red arrows.

procedure, our specific application required a customized protocol. Specifically, to image cells in
TIRF microscopy, it is necessary to have cells directly attached to the cover slip so that the cell
membrane expressing the fluorophore tagged GPCR is within the TIRF field. However, MSNs,
like other neurons, grow best on a monolayer of glia. We found the best technique to achieve
healthy MSNs on the surface of glass coverslips is a modified “banker technique”163. Briefly,
astrocytes are cultured on coverslips one week before neuronal cultures are to be cultured.
Suspended striatal neurons are mixed with cortical neurons in a 9:1 ratio before plating on poly-
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D-lysine and laminin coated coverslips. Glia coverslips are then inverted and incubated on top of
the MSN coverslip. After 4-7 days, glia coverslips are removed, and MSN coverslips are imaged
(Figure 3-7).
Thus, we have successfully generated a transgenic SNAPf-D2 knock-in using CRISPR-Cas9.
We plan to continue validating this mouse line and optimizing primary culture methods and
labeling strategies to achieve single-molecule resolution of the native D2R.

HaloTag-D2 and HaloTag-MOR
In collaboration with Chyuan-Sheng (Victor) at the Columbia University transgenic core
facility, we found that the ability of the guide RNA to make a double strand break is the limiting
factor in the success of gene modification. Having found a guide that works for N-terminal
modification of D2R, we can now insert various tags at the D2R N terminus. The HaloTag is a
slightly larger fusion peptide that reacts with a chloroalkane reactive group164. Despite the larger
size, the HaloTag reacts faster and with higher labeling efficiency than the SNAPf-tag165.
Furthermore, our collaborator, Luke Lavis at Janelia Research Campus, has developed a wide
variety of HaloTag fluorophores specifically designed for various applications in the brain and in
neurons. Remarkably, HaloTag-reactive dyes can be injected retro-orbitally into a living mouse,
achieving efficient labeling of HaloTagged proteins in the brain. Therefore, using the same
process, we used to generate the SNAPf-D2 mouse, we have also generated a HaloTag-D2
mouse. In parallel, we worked with Applied Stem Cell to develop a strategy and generate a
HaloTag-MOR mouse.
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Conclusions and Future Work
We have built tools to study GPCRs in neurons. With the generation of transgenic mice
carrying SNAPf-tags or HaloTags to D2 and MOR, we can now image native GPCRs in native
cells. Given the highly compartmentalized nature of neurons, we believe that by extending
diffusion analysis studies will reveal behavior unique to neurons that would not be observed in
CHO cells. We will begin by looking at GPCR dynamics in response to agonist in postsynaptic
cells (MSNs). Given that the SNAPf and HaloTags are expressed at the native gene, D2R and
MOR will be expressed wherever they are endogenously expressed. Thus, we have the ability to
observe D2R dynamics in presynaptic dopaminergic terminals, or MOR diffusion in dorsal root
ganglion primary neuronal cultures.
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Chapter 4. Summary and Conclusions
GPCRs are critical pharmacological targets accounting for a large proportion of all available
drugs. GPCRs are involved in almost all physiological processes of the body making the
understanding of GPCR signaling of importance to virtually all areas of medicine.
One of the most common causes of hospitalization and primary care doctor visits is pain. Pain
management was an earlier driver of the creation of the pharmaceutical industry. Indeed, opioids
have been used to treat pain for centuries. Still, opioids are a highly problematic therapeutic.
Opioid use can lead to tolerance and respiratory depression. Additionally, opioid use has euphoric
effects which has led to recreational abuse. Chronic use of opioid for chronic pain, or opioid abuse
for the euphoric feelings in combination with tolerance and addiction has led to a nation-wide
opioid epidemic Recently, there has been an increase in prescribed opioids for pain. The abuse
of prescription-opioids is a contributing factor to heroin use which has dramatically risen in recent
years166. As such, there is a critical need to find better drugs with improved properties for pain
and to find treatments for those currently addicted to opioids. Additionally, pain circuits have
recently been shown to overlap with those of emotional pain, and there is progress in research
for using opioid to treat major depressive disorder. Thus, the need for increased research in
opioids is of utmost urgency.
MOR is the primary target of morphine and has long been the focus of most research for
opioid-based strategies for treating pain. Like other GPCRs, much work has been done to identify
functionally selective ligands that selectively signal through one MOR pathway and not the other
with the goal of finding the cellular and molecular correlates of analgesia and respiratory
depression. To that end, work has described MOR G protein signaling as being important for
analgesia while arrestin signaling leads to respiratory depression167. However, in another studies,
preventing MOR phosphorylation and arrestin recruitment did not prevent respiratory depression
or tolerance72. It is clear that details of each signaling pathway are not fully understood.
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Particularly, as we are learning that these pathways often converge and overlap168. Ultimately,
arrestin has multiple functions in the cell and understanding which of these accounts for negative
(or positive) effects of GPCR stimulation is of importance.
In addition to arresting G protein signaling by competing for binding of GPCRs, arrestins also
traffic GPCRs to clathrin coated pits for internalization and engage in cellular signaling through
Akt and ERKs. Once considered a universal mechanism, arrestin-dependent trafficking of GPCRs
to CCSs is now being appreciated as more complex. Notably, not all GPCRs cluster in clathrin
coated pits, and some receptors only cluster and internalize with certain ligands. For example,
MOR clusters in response to DAMGO, but not morphine in cells169. Understanding the differential
outcomes of MOR agonism, particular with respect to arrestin-dependent mechanisms will
uncover new avenues for connecting cellular and molecular signaling to therapeutic outcomes.
Here we have built the tools to study the dynamic regulation of individual MOR organization
at the surface of CHO cells. By studying the events following MOR agonism by DAMGO, we have
uncovered specific cell-context dependent rules for immobilization and endocytosis. MOR
immobilization is a correlate of receptor colocalization in CCS and endocytosis. MOR
immobilization requires a high cell membrane density of receptor. We suspect that MOR-arrestin
interactions are relatively short and often unproductive when there are few MORs at the cell
surface. This can be overcome by increasing the MOR density, thereby significantly catalyzing
arrestins to the cell surface and creating an affinity sink where interactions become more frequent
and more productive. Interestingly, this allows for the possibility of receptor crosstalk whereby
different receptor types can either catalyze arrestins to the surface where they can engage with
different receptor types, or by scaffolding arrestins in a C-tail affinity dependent manner
sequestering free arrestin away from a weaker affinity GPCR. Low level MOR can immobilize if
high levels of membrane tethered arrestin or GRK2 are present, confirming that access to
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sufficient arrestin or arrestin affinity are two limiting factors in MOR immobilization and
internalization.
The implications of these findings are far reaching. Here, we have uncovered new details
about receptor interactions with arrestins that would be completely hidden to ensemble studies.
As we have stated, understanding divergent signaling of GPCRs in general, and MOR specifically,
could lead to a better understanding of the molecular correlates of adverse and therapeutic drug
effects. Still, there are several unanswered questions with regard to arrestin. Implied in our work
is that arrestin engagement is transient with MOR and that increasing the surface level of arrestin
increases the frequency of interactions. We do not know how long these interactions last, or how
frequent they become with increased MOR density. Do we see more frequent interactions or
longer-lived interactions when receptor levels are increased? How long of an interaction is
necessary for low level receptor to translocate to clathrin coated pits? We are taking steps in the
lab to answer these questions by observing single arrestin molecules as they are recruited to the
surface after MOR agonism. Additionally, we do not know the receptor density threshold
necessary to initiate arrestin catalysis to the membrane, and the exact interplay between shared
GRK2 and arrestin. We have also demonstrated GPCR crosstalk can impact GPCR trafficking.
Understanding the effects of GPCR interactions is of interest in the brain where GPCRs are often
co-expressed and multiple neurotransmitter systems can overlap in the same brain regions.
Having demonstrated the power of single-molecule GPCR tracking to reveal insights into
unique cellular behaviors, we plan to extend our methods to the study of GPCRs in neurons.
Neurons are highly compartmentalized cells with unique structures that enable precise signaling
between cells. We have built the tools to measure GPCR diffusion in neurons. Using CRISPRCas9 we have generated SNAPf-D2, HaloTag-D2, and HaloTag-MOR transgenic mouse lines.
We can now generate MSN cultures and label receptors with various organic fluorophores for
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single-molecule tracking. The initial goal is to characterize diffusion behavior in primary neurons
before and after agonist and resolve dwell times at post synaptic densities.
While we aim to image the native receptors, the modifications we have made to the genome
could have unintended effects on normal protein expression or trafficking. Thus, further
characterization is needed. For the SNAPf-D2 mouse line, we will characterize expression level
by D2 ligand binding and by immunoblotting. We will also characterize receptor functionality by
slice electrophysiology. Spontaneous spiking of neurons in the paraventricular thalamus is
inhibited with the addition of the D2 inhibitor, quinpirole. Comparing the SNAPf-D2 mouse to
wildtype would demonstrate normal circuit function. Finally, D2R-dependent behaviors such
locomotion and motivation will be assessed.
These mice can be used for microscopy techniques beyond primary culture. Researchers are
beginning to apply single-molecule tracking techniques to investigate receptor diffusion behavior
in intact brain preparations170. This has the advantage of keeping receptors not only in their native
cell environment but has the potential to keep native synapses intact. We are also optimizing
methods for labeling tagged receptors. As discussed above, retro-orbital injections can lead to
efficient labeling of HaloTagged proteins in intact mice. Brains can then be sectioned for live
single-molecule tracking. Alternatively, having labeled all receptors in the brain, we can further
investigate the distribution of D2R. Whole brains or sections can then be cleared using various
clearing methods and imaged using lattice light sheet microscopy. With next generation bright
fluorophores and cleared brain tissue, we would be able to generate the best resolution image of
native D2R expression in the brain to date.
GPCRs have been studied for decades and have led to a vast array of treatments for various
diseases and ailments. Yet, the study of GPCRs continues to unveil new complexities regularly.
The therapeutic potential of this class of receptors has led researchers to push our understanding
of GPCRs by developing new tools and strategies. While the work described here is a step forward
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in understanding a clinically relevant detail in MOR biology, it also offers insights into the dynamic
nature of the cell membrane. By using single-molecule tracking, we are able to observe receptors
moving randomly in a chaotic thermodynamic milieu. Through coordination and mass action,
receptors can organize and engage in productive behavior.
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Methods

MOR Diffusion
Plasmids
pcDNA5 FRT/TO plasmid coding SNAPf-MOR, SNAPf-MOR11S/T-A, SNAPf-β2AR, SNAPfV2R were made using standard molecular cloning procedures. pcDNA3.1 plasmids coding for
Halo-β2AR, Halo-V2R, Halo-MOR11S/T-A were made using standard molecular cloning
procedures. Arrestin plasmids were carried in pIRES-puro plasmid (Myr-Pa-Halo-Arr3). GRK2Halo was carried in pcDNA3.0.
Generation of stable cell lines
T-Rex Chinese hamster ovary (CHO) cells (Thermo Fisher Scientific) were stably transfected
with pFRT/lacZeo (Thermo Fisher Scientific) and colonies were selected with 50ug/ml zeocin.
pcDNA5 low expression GPCR constructs (SNAPf-MOR) were stably integrated into the T-Rex
Flp-In cell lines and recombined into the genome by Flp recombinase-mediated DNA
recombination. Cells were grown under 500ug/ml hygromycin selection. T-rex expression was
maintained by 15ug/ml blasticidin.
Cell Maintenance
CHO cells were maintained in modified Ham’s F12 with L-glutamine (corning) supplemented
with 10% fetal bovine serum (invitrogen), 1% penicillin-strepomycin (corning), and 1% L-glutamine
(corning) at 37°C with 10% CO2. Cells were passaged with 0.05% trypsin in 0.53 mM EDTA
(corning) in to fresh supplemented Ham’s F12.
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Transfections
CHO cells were transfected in six-well format two days before microscopy. For HaloTag-myrpa-Arr3, HaloTag-GRK2, HaloTag-β2AR, HaloTag-D2s, HaloTag-V2R, and HaloTag-MOR11S/TA, 250 ng DNA was incubated with 3ul plus reagent in 150ul Opti-MEM (Gibco). 10ul
Lipofectamine LTX (Thermo Fisher Scientific) was also preincubated with 150 ul Opti-MEM before
combination with DNA mix. 300 ul total transfection mix was added to 70% confluent CHO cells
in fresh Ham’s media without selection antibiotics. CHO cells incubated in transfection reagent
overnight and replaced with fresh media. Cells were allowed to recover for 24 hours before
imaging.
Labeling cells
Low-MOR CHO cells without transfection were labeled as previously described114. Cells were
washed once with Dulbecco’s phosphate-buffered saline (DPBS) before being lifted with enzymefree dissociation buffer (Millipore). Cells were spun down at 800 x G for 3 minutes before being
resuspended in 500 nM Cy3-AC in DPBD supplemented with 0.1% bovine serum albumin (BSA)
(Millipore). Cells were labeled at 37°C. Cells were washed by suspension in DPBS supplemented
with 0.1% BSA (PBA) 5 times. Cells were then seeded on a fibronectin-coated coverslip (22 mm
x 22 mm x 0.17 mm, SCHOTT Nexterion) and transferred to 37°C CO2 incubator in FluoroBrite
DMEM medium (Thermo Fisher Scientific). Cells were incubated until flat (1.5-2.0 hours). HighMOR was labeled as described above, but with 250 pM Cy3-AC.
Transfected cells were labeled in media in the 6 well dish. 500 nM or 250 pM Cy3-AC and 100
nM Halo-JF-646 in 300ul supplemented Ham’s F12 was added to cells in dish for 20 minutes.
Cells were washed with PBA before addition of 2mL fresh Ham’s F12. Cells were incubated for
40 minutes before PBA wash and lifting with enzyme-free dissociation buffer. Cells were further
processed as described above.
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Coverslips were cleaned by incubation in 1:0.25:5 solution of hydrogen peroxide and
ammonium hydroxide in water at 75-80°C in a quartz beaker. After 90 minutes, coverslips were
rinsed in deionized water and 100% ethanol before individual dried with filtered air. Before
fibronectin coating, cells were plasma cleaned with a Zepto LF Diener electronic plasma surface
technology plasma cleaner. 100 ul of 10ug/ml fibronectin was then added to coverslip and allowed
to incubate for at least 30 minutes before a 1mL wash od DPBS and addition of labeled cells.
TIRF Microscopy
Image sequences were acquired as preciously described171. Single SNAPf-MOR sequences
were acquired on an objective-based TIRF microscope (IX81 with CellTIRF illuminator, Olympus).
A 100x oil-immersion objective (UAPON NA 1.49, Olympus) was used. A laser autofocus system
was used to minimize focus drift (ZDC2, Olympus). Cy3-AC fluorophores were excited by a 532
nm laser (Torus 150mW, Laser Quantum). HaloTag-JF646was excited by a 640 nm laser
(100mW, Olympus). Emission and excitation light were separated with a dual band filter set
(ZET532/640x, ZET532/640m, ZT532/640rcp, Croma). Emission continued through a dual
emission image splitter (OptoSplit-II, CAIRN) with an Optosplit filter cube that separated emission
from Cy3 and JF646. Light was collected on an electron multiplying charge coupling device
(EMCCD) camera (Evolve 512, Photometrics). Images were acquired at 15ms time resolution.
Pixel size was 160 nm.
Agonist Treatment
1 μM DAMGO (sigma) was applied at 37°C for thirty minutes before microscopy. 1 μM
DAMGO was combined with 10 μM quinpirole, isoproterenol, or AVP for co-expression
experiments. Cells were pretreated for 30 minutes with 30 μM CMPD101 for GRK2/2 inhibition
experiments 37°C. 1 μM DAMGO was then added with 30 μM CMPD101 for 30 minutes at the
end of the 30 μM CMPD101 pretreatment.
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Data Analysis
Single-molecule trajectories were generated using the algorithm “uTrack” previously
described5. Briefly, the algorithm detects spots, links spots between frames, then links track
segments into single trajectories. Constants applied for tracking SNAPf-MOR are shown in Figure
5-1. Motion classification was performed using the DC-MSS algorithm described previously122.

Figure 5-1: uTrack Parameter Settings: Settings were selected in consultation
with Khuloud Jaqaman5, and through iteration. Highlighted in red are parameters
that should be customized depending on experimental design.

ELISA
Cells were transfected in 6 well format on Day 1. Day 2, cells transfection reagent was washed
out and cells were seeded in 24 well format. Day 3, cells were treated with 30min with agonist at
37°C. Cells were then washed with TBS and fixed for 30 minutes at RT with 4%
paraformaldehyde. Cells were then incubated for 4 hours (or overnight) in blocking buffer (0.1M
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NaHCO3 pH 8.6, 1% fat free milk). Cells were then incubated in primary antibody in TBS + 0.1%
BSA (mouse anti-HA, 1:1000 [Sigma]). Day 4, Cells were washed in TBS and incubated in
secondary antibody in freshly prepared blocking buffer (anti-mouse-Horse Radish Peroxidase
1:10000 [Sigma]). Cells were washed in TBS before addition of ODP substrate (Thermo Fisher
Scientific). Reaction was stopped with the addition of 1M H2SO4.

Generation of SNAPf-D2
Animals
C57BL6 x CBA F1 hybrid mice (B6CBAF1) were used to generate SNAPf-D2 transgenic mice.
Fertilized egg injections were performed at the Columbia University Medical Center Transgenic
Mouse Core Facility. 5ng/ul sgRNA and 40ng/ul Cas9 (IDT) + 10ng/ul ssDNA (IDT Megamer) was
injected into fertilized B6CBAF1 hybrid eggs. Eggs were implanted into pseudo pregnant females.
Halo-D2 mice were generated with C57BL6 inbred mice (Jackson labs).
In vitro digest
The following primers were used to generate double stranded DNA encoding sgRNA:
P1: Ttaatacgactcactata-XXXXXXXXXXXXXXXXXXXX-GTTTTAGAGCTAGAAATAGC
P2: AAAGCACCGACTCGGTGCCACTTTTTCAAGTTGATAACGGACTAGCCTTATTTTAACTT
GCTATTTCTAGCTCTAAAAC

Targeting sequence was inserted into the variable region of primer 1 (P1). Double stranded DNA
was generated by PCR. sgRNA was generated using a T7-RNA polymerase kit (NEB). dsDNA
was incubated with NTPs, reaction buffer, and T7 RNA Polymerase in DNase free water.
Importantly, DEPC treated water should be avoided to maintain Cas9 activity. sgRNA was phenolchloroform extracted and ethanol precipitated after 16 hours at 37°C.
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In vitro digestion of double stranded target DNA was performed following Cas9 manufacturer
instructions (NEB). Briefly, 3 nM DNA was incubated with 30 nM sgRNA and 30 nM Cas9 protein
in NEBuffer 3.1 and nuclease-free water for 15-30 minutes at 37°C before addition of proteinase
K and gel analysis.

Generation of ssDNA
Initial generation of ssDNA was performed in-house. dsDNA was generated with two primers,
one of which was had a 5’ phosphorylated cap. 4ug of PCR generated DNA was incubated with
4Units of lambda exonuclease (NEB) for 30 min at 37°C. ssDNA was separated on agarose gel.
Lower bands were excised and gel digested (Figure 5-2).
ssDNA “megamer” was also purchased from IDT. SNAPf ssDNA donor template insert was
flanked 5’ by 200bp and 3’ by 100bp of the DNA flanking the sgRNA cut site. Sense strand was
used.

Figure 5-2: Generation of ssDNA by Lambda Exonuclease: Upper band is
undigested dsDNA. Lower band is ssDNA. All wells are identical independent
reactions.
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Immunohistochemistry
Mouse brains were live sectioned (Leica VT 1200) in artificial cerebral spinal fluid (ACSF)
containing glucose. Acute slices were incubated for at least 30 minutes in ACSF at 32°C. Slices
were transferred to vials for either SNAPf labeling, or fixation. SNAPf labeling was performed with
BG-Cy5AC for 1 hour are room temp. Slices were washed two times in Dulbecco’s Modified Eagle
Medium (DMEM) for twenty minutes. Slices were then fixed with ice cold MetOH/Acetone (1:1)
for ten minutes at -20°C before mounting. All other slices were fixed in 4% PFA for 1 hour at room
temperature. Slices were washed 3x ten minutes in TBS. Slices were incubated in blocking buffer
for 2 hours at room temp (TBS, 10% FBS, 0.5% triton-100, 0.5%BSA). Slices were then incubated
in primary antibody in blocking buffer for at least 40 hours at 4°C (two nights) (1:200 for both antiD2 and anti-HA). Slices were washed 3x ten minus in TBS before incubation with secondary.
Slices were incubated in secondary antibody in blocking buffer for 2 hours at room temp (1:750
anti-rabbit AF647). Slices were washed 3x ten minutes in TBS before mounting. Images were
acquired on a Leica TCS SP8 Confocal Microscope.

Primary culture
Generation of primary culture was performed in accordance with the David Sulzer lab
protocol172. Briefly, glia monolayers were cultured from rat pups p0-p3. Brains were surgically
sectioned, and cortices were collected and digested in papain solution. Cortical cells were plated
on poly-D-lysine coated coverslips in M10C-G media (MEM, calf serum, glucose, pen-strep,
insulin and glutamine). After one week, striatal-cortical co-cultures were generated from p0-p3
SNAPf-D2 mouse pups. Striatum and cortex were surgically removed from mouse brain and
papain digested separately. Cells were combined 9:1 and plated on poly-D-lysine and laminin
coated coverslips in Sf1C media (BSA, MEM, DME, F-12, glucose, glutamine, calf serum, liquid
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catalase, kynurenic acid, DiPorzio concentrate, and HCl). Glia coverslips were then inverted and
floated in neuronal culture dishes. Neuron health and morphology were observed under light
microscope (Nikon TMS)
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